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The relative rates for the acid-catalyzed addition of H2180 to the carbonylgroup of the conformationally 
fixed bridged biaryl ketone, 1, and several derivatives bearing methyl, chloro, and methoxy substituents 
in axial-like and equatorial-like orientations have been measured. The effects of axial- versus diaxial- 
like methyl and chlorosubstituents produce rate decreases which are consistent with the antiperiplanar 
(hyperconjugative) interaction proposed by Cieplak; however, the negligible influence of a methoxy 
group when antiperiplanar is not consistent. Theoretical calculations suggest an unsymmetrical 
structure for the transition state. On the basis of this structure, the results may be rationalized by 
a large steric interaction for the first axial methyl or chloro substituent (synperiplanar to the 
nucleophile) and a small one for the second (antiperiplanar) substituent. An axial methoxy can 
stabilize the transition state by hydrogen bonding when syn but can only exert the observed small 
steric retardation in the transition state involving antiperiplanar attack. 

More than 30 years ago Cram and co-workers formulated 
a rule for predicting the preferred face of attack by a 
nucleophile at a carbonylgroup adjacent to an asymmetric 
center.' Subsequently, a number of alternate models were 
put forward by Cornforth,2 Karabataos? and Felkin.4 The 
four models which represent different rotameric transition 
states are shown in Figure 1. Later, theoretical calculations 
by Anh and Eisenstein5 supported the Felkin model, 
particularly when modified to allow nonperpendicular 
attack by hydride ion.6 In arriving at  this conclusion, they 
attributed a key role to the strong energetic preference for 
an antiperiplanar (app) approach to permit an n,u* 
interaction between the pair of the electrons of the 
nucleophile and the u* antibonding orbital of the anti- 
periplanar c-L bond.' They also compared the relative 
stabilization energies due to an app C-H, C-C, and C-C1 
bond in the transition state for hydride ion addition. The 
energies were calculated to be 35.5, 37.4, and 59.0 kcal/ 
mol, respectively (relative to unreacting starting material). 
In contrast, the exact opposite order of stabilization 
energies was predicted by Cieplak.8 Based on his extensive 
analysis of the literature of hydride ion reductions of 
cyclohexanone, Cieplak put forward the novel proposal 
that the ubiquitously preferred axial attack was only 
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Figure 1. Models proposed to esplain 1,Zaeymmetric induction. 

explicable by an orbital interaction, (u,u2*) between the 
app C-H bond (axial and CY to the C=O acting as donor) 
and the incipient bond formed by the hydride ion 
(antibonding and acting as a~ceptor).~ His proposed order 
of donor strength, based on qualitative considerations of 
hyperconjugative abilities and electronegativities, was 
cited as an important influence on any nucleophilic 
addition to a carbonyl.lO Recent calculations by Wu and 
Houk failed to support either of the above predictions 
regarding the app effect but instead indicated torsional 
effects as the major influence on the stereoselectivity.ll 
The importance of electrostatic interactions has also been 
advanced.lleJ2 In order to test the validity of these 
theories, we have studied the effects of an a-methyl, 
a-chlorine, and a-methoxy versus hydrogen on the rates 
of addition of H21'30 to ketone l.'3 
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Figure 2. Structural and 3-dimensional representation of 
compounds 1-12. 

Bridged biaryl ketone 114 was chosen for the study of 
substituent effects in a position app to the attacking 
nucleophile as it has several advantages over cyclohexanone 
as a model for studying conformational effects on reac- 
tivity. While maintaining axial-like and equatorial-like 
bonds a to the carbonyl (see Figure 2), the seven membered 
ring has a greater rigidity15 and has no intermediate boat 
conformation.16 In addition, because 1 possesses a C2 axis, 
it offers the possibility for the disection of steric from 
electronic effects (vide infra). 

Recently, several novel approaches to the elimination 
of steric influences on the face selectivity of reactions of 
a carbonyl group have been described. Cieplak, Tait, and 
Johnsonlo have studied the effects of electronegative 
substituents at  C-3 of cyclohexanones and methylenecy- 
clohexanes, both of which produced Hammett correlations 
with face selectivity. Based on their extensive studies of 
electronegativity on the stereoselectivity of additions to 

5-substituted adamantan-2-ones, le Noble and his co- 
workers have provided valuable data free from steric effects 
as a consequence of the unique nature of this rigid 
structure.17 Mehta and Khan reported nucleophilic ad- 
ditions to substituted norbornanones,18 and Halterman 
and McEvoy described hydride reductions of unsymmet- 
rical cyclopentan~nes.~~ The observed stereoselectivities 
have been explained by the Cieplak theory. However, 
calculations by Wu and Houk and by Paddon-Row and 
Wong have indicated that all of these results can be 
understood by a combination of geometrical distortions 
and through-space electrostatic effects caused by the 
remote substituents.ll**N 

Preparation of Derivatives of 1. Syntheses of the 
methyl derivatives were accompanied by routine methods. 
The monoequatorial compound 2 was prepared via alky- 
lation of the NJV-dimethylhydrazone of 1,14 followed by 
oxidative hydrolysis. The monoaxial ketone 3 was ob- 
tained as the major product of direct alkylation (LDA, 
CHBI) of 1. The diaxial derivative 4 was obtained in the 
same manner by reaction of 3 with 1.2 equiv of base and 
excess methyl iodide. The diequatorial derivative 5 was 
obtained by epimerization of 4 with sodium methoxide. 
Each of the compounds 2-5 was obtained pure by column 
chromatography. The monoequatorial chloro derivative 
6 was prepared in 60% yield by a recently described 
method2' using trimethylchlorosilane and dimethyl sul- 
foxide with bromide ion catalysis. The monoaxial chloro 
ketone 7 was obtained as a 60:40 mixture with 6 by direct 
chlorination using sulfuryl chloride.22 Attempts to obtain 
pure isomer 7 were not successful since isomerization to 
6 occurred during purification. Because a mixture of 6 
and 7 was required for determination of relative rates, a 
50:50 mixture, fully characterized by lH and 13C NMR 
and mass spectrometries was prepared. The diaxial 
dichloro ketone 8 was obtained as the major product when 
2 equiv of sulfuryl chloride was used. Column chroma- 
tography afforded pure 8. Isomerization of 8 on active 
silica gel gave a mixture of diequatorial dichloro ketone 
9 and a-equatorial, a-axial dichloro ketone 10, which was 
separated by repeated recrystallizations. The methoxy 
derivatives 11 and 12 were obtained by methanolysis of 
6. All attempts to obtain either dimethoxy derivative from 
methanolysis of 8 or 9 failed due to concurrent rearrange- 
ment to the geminal dimethoxy derivative. Proof of 
configuration of the derivatives was provided by NOE 
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chloride, pyr. 

Hz), 6.55 (1 H, d, J = 1.63 Hz), 6.62 (1 H, d, J = 1.63 Hz); 13C 
NMR6-6.73,16.54,20.26,26.01,65.74 (q, J=  35.1 Hz), 111.50, 
121.53,122.61 (q, J = 281.4 Hz), 148.55,161.64,168.91; l9F NMR 
6 3.0 (d, J = 5.9 Hz); IR (neat) Y 2950, 2925, 2900, 2850, 1770; 
HRMS calcd for C&lFsO&i 322.1212, found mle 322.1207. 
2-[2’,2’~’-Trifluoro-1’-(isobutyroyloxy)ethyl]-5-(trimethyl- 
sily1)furan (312): yield 95%; bp 70-75 ‘Cl2.0 mmHg; Rf 0.60 
(AcOEtHex = 1:7); 1H NMR 6 0.24 (9 H, s), 1.17 (3 H, d, J = 
7.00 Hz), 1.20 (3 H, d, J = 6.96 Hz), 2.66 (1 H, sep, J = 7.02 Hz), 
6.32 (1 H, q, J = 6.68 Hz), 6.51 (1 H, d, J = 3.30 Hz), 6.58 (1 H, 

J = 35.0 Hz), 111.21 (q, J = 1.2 Hz), 120.30,122.66 (9, J = 281.6 
Hz), 148.59 (9, J = 1.4 Hz), 162.93, 175.07; 19F NMR 6 3.0 (d, J 
= 6.8 Hz); IR (neat) Y 2975,1760; HRMS calcd for ClsHlpaOsSi 
308.1066, found mle 308.1039. 24 tert-Butyldimethylsily1)- 
54 (1’-i~butyroylo.y)-2’,2’,2’-trifluoroethyl]furan (3d): yield 
90%; bp 86-89 ‘ClO.8 mmHg; Rf 0.68 (Ac0Et:Hex = 1:7); lH 
NMR60.21(6 H,s),0.88 (9H, s), 1.16 (3 H, d, J= 6.96Hz), 1.20 
(3 H, d, J = 6.87 Hz), 2.65 (1 H, sep, J = 6.99 Hz), 6.31 (1 H, q, 
J = 6.69 Hz), 6.51 (1 H, d, J = 3.30 Hz), 6.60 (1 H, d, J = 3.14 
Hz);WNMR6-6.76,16.54,18.45,26.02,33.63,65.70(q, J=35.2 
Hz),111.20,121.51,122.74 (q, J= 282.2Hz), 148.74,161.64,175.00; 
19F NMR 6 2.6 (d, J = 6.7 Hz); IR (neat) Y 2975,2950,2875,2850, 
1760; HRMSdcdforC&&~O~Si350.1525,found m/e 350.1551. 

Enzymatic Hydrolysis. To a 0.1 M solution of an ester in 
H20 was added lipase (6000 unit for 1 mmol of the substrate), 
and the reaction mixture, maintained at  about pH 7 by titration 
with 1 N NaOH aq, was stirred at  40 ‘C. When the conversion 
wasfoundtoreachtoabout50%, flocculant (P-713,DaiichiKogyo 
Seiyaku, Japan) was added. The whole was filtered through 
Celite-545 to remove the enzyme, and the aqueous phase was 
treated as usual. Isolation by silica gel column chromatography 
gave an optically active alcohol and an ester. Physical properties 
of the obtained materials were identical to those of the corre- 
sponding racemic compounds expect for their optical rotations. 
The enantiomeric excess was determined by capillary GC after 
derivatization into the corresponding MTPA esters. (1’s)-2- 
[ 1’- (2‘,2‘,2’-Trifluoro- 1’- hy droxyet hyl) ]-5- (trimet hy lei1 y 1) - 
furan (28): [aInD +7.45’ (c 1.10, MeOH), 97.6% ee. (1’R)-2- 

d, J = 3.18 Hz); ‘aC NMR 6 -2.08, 18.41, 18.50, 33.59, 65.61 (q, 

[ 1’-( 1’-Acetoxy-2’,2’,2’-trifluoroethyl)]-5-( trimethyl- 
sily1)furan (38): [(YImD -102.68’ (c 1.28, MeOH), 94.3% ee. 
(1’5)-2- ( tert-Butyldimet hylsilyl)-5-[ 1’-( 2’,2’,2’-trifluoro- 1’- 
hydroxyethy1)lfuran (2b): [a]”D +14.33’ (c 1.13, MeOH), 
98.4% ee. (1”-24 1’-(2’,2’,2’-Trifluoro-ethyl-l’-isobutyroy- 
loxy)]-5-(trimethylsilyl)furan (312): [CX]’~D -3.3’ (c 0.77, 
MeOH), 39.1 7% ee. (1’R)-2-[ 1’-( l’-Acetoxy-2’,2’,2’-trifluoro- 
ethyl)]d-( tert-butyldimethylsily1)furan (3b): [alaO~-68.33’ 
(c 1.47, MeOH), 88.2% ee. The obtained esters were hydrolyzed 
by methanolic KzCOa (1.2 equiv) at  0 “C, and the usual workup 
and purification afforded the hydrolyzed alcohols in >95 % yield. 

Silylation of Fury1 Alcohols. A 0.5 M CHzClz solution of 
fury1 alcohol 2 (70.00 mmol) was treated with imidazole and an 
appropriate silyl chloride (both 1.2 equiv) under Nz at  0 “C. The 
reaction mixture was stirred overnight at  room temperature. The 
usual workup followed by distillation furnished the desired silyl 
ether. (1’5)-2-[ 1’-( tert-Butyldimethylsiloxy)-2’,2’,2’-triflu- 
oroethyll-5-( tert-butyldimethylsily1)furan (5a): quantita- 
tiveyield; bp93-95 ‘Cl0.8mmHg; [(r]17D +46.25” (c 1.33, MeOH), 
98.4% ee; Rf 0.79 (Ac0Et:Hex = 1:7); lH NMR 6 -0.02 (3 H, s), 
-0.01 (3 H, s), 0.21 (6 H, s), 0.86 (9 H, s), 0.90 (9 H, s), 5.02 (1 
H, dq, J = 0.52,6.28 Hz), 6.43 (1 H, d, J = 3.30 Hz), 6.60 (1 H, 

25.27,26.07,68.21 (q, J = 34.1 Hz), 109.31, 121.68,123.72 (q, J 
= 283.1 Hz), 153.10, 159.93; 19F NMR 6 -0.0 (d, J = 5.6 Hz); IR 
(neat) v 2975,2925,2900,2850; HRMS calcd for ClaH&sOzSiz 
394.1971, found mle 394.1953. (1’5)-2-[2’,2’,2’-Trifluoro-l’- 
(trimet hylsiloxy)ethyl]-5- (trimet hylsily1)furan (5b): yield 
98%; bp 71-73 ‘Cl1.3 mmHg; [(uIz7D +43.61’ (c 0.57, MeOH), 
97.6% ee; Rf 0.87 (Ac0Et:Hex = 15); lH NMR 6 0.09 (9 H, s), 
0.24 (9 H, s), 5.03 (1 H, q, J = 6.46 Hz), 6.21 (1 H, d, J = 3.28 
Hz), 6.57 (1 H, d, J = 3.26 Hz); “C NMR b -1.98, -0.67, 68.79 
(q, J = 34.3 Hz), 109.49,120.52,120.38 (q, J = 282.5 Hz), 152.73, 
161.64; 19F NMR 6 0.6 (d, J = 5.9 Hz); IR (neat) v 2975, 2925; 
HRMS calcd for ClzHzlFsOzSiz 310.1032, found mle 310.1023. 
(1’R)-2-[ 1’-( tert-Butyldimethylsiloxy)-2‘,2‘,2’-trifluoroeth- 
yl]-5-(trimethylsilyl)furan (512): yield 93%; bp 67-69 ‘C/ 
mmHg; [aIn~-36.72’ (c 1.15,MeOH),94.3% ee;Rf0.46 (hexane); 
‘H NMR 6 0.03 (3 H, SI, 0.08 (3 H, s), 0.24 (9 H, s), 0.86 (9 H, 
s), 5.03 (1 H, q, J = 6.37 Hz), 6.41 (1 H, d, J = 3.25 Hz), 6.57 (1 

25.27,68.22(q,J=34.4Hz),109.29(q, J= 1.7Hz), 120.45,123.75 
(q, J = 283.2 Hz), 152.96 (q, J = 1.6 Hz), 161.63; l9F NMR 6 0.5 
(d, J = 6.3 Hz); IR (neat) v 2950,2875; HRMS calcd for Cld-IdsOr 
Si2 (M + H) 353.1574, found mle 353.1580. Anal. Calcd for 
ClsHnFaOzSiz: C, 51.10; H, 7.72. Found: C, 50.88; H, 7.53. 

Peracid Oxidation of Silylfurans. To a solution of silyl- 
furan was added peracid (3 equiv) in an appropriate solvent (acetic 
acid or chloroform, 0.3 M). The reaction was quenched with 
dimethyl sulfide, and the whole was concentrated in vacuo (when 
MMPP was used, the resulting solid was removed by filtration). 
After the usual extractive workup (ethyl acetate), a mixture of 
butenolides and the starting material were obtained. (1’S,4S)- 
44 1’-[ 1’-( tert-Butyldimet hylsiloxy)-2’,2’,2’-trifluoroet hyl]]- 
2-buten-4-olide (anti-6c): bp 95-100 “ClO.5 mmHg; [aInD 
+98.24’ (c 1.00, MeOH), 94.3% ee; Rf 0.27 (Ac0Et:Hex = 1:7); 
lH NMR 6 0.05 (3 H, s), 0.07 (3 H, SI, 0.80 (9 H, s), 4.41 (1 H, 
dq, J = 2.40, 7.09 Hz), 5.21 (1 H, m), 6.20 (1 H, ddd, J = 0.67, 
2.03,5.86 Hz), 7.45 (1 H, m); 13C NMR6-5.80, -5.47,17.75,25.15, 
70.97 (9, J= 31.0 Hz), 80.82 (q, J = 1.8 Hz), 123.65 (q, J = 284.5 
Hz), 123.95, 151.95 (q, J = 2.1 Hz), 172.12; 19F NMR 6 2.1 (d, J 
= 6.3 Hz); IR (neat) v 2975,2950,2900,2875,1780; HRMS calcd 
for ClzH&sOsSi (M + H) 297.1134, found mle 297.1163. Anal. 
Calcd for C1zHlsFsOaSi: C, 48.63; H, 6.46. Found C, 48.34; H, 
6.44. (l’S,kR)-4-[ 1’-[ 1’-( tert-Butyldimethylsiloxy)-2’,2’,2‘- 
trifluoroethyl]]-2-buten-4-olide (syn-6c): mp 64.5-65.5 “C; 
[ a I n D  +87.86’ (c 0.66, MeOH), 97.6% ee; RfO.11 (Ac0Et:Hex = 
1:7); 1H NMR 6 0.10 (3 H, s), 0.11 (3 H, s), 0.87 (9 H, s), 4.09 (1 
H, dq, J = 5.01, 6.45 Hz), 5.11 (1 h, dt, J = 5.02, 6.45 Hz), 6.22 
(lH,dd, J=  2.12,5.78Hz), 7.44 (1 H,m); l3CNMR6-5.21,-4.89, 
18.22,25.60,72.04 (q, J = 31.2 Hz), 81.78 (q, J = 1.7 Hz), 123.90 
(q, J = 284.7 Hz), 124.05,152.04 (q, J=  1.7 Hz), 172.37; 19F NMR 
6 2.4 (d, J = 6.0 Hz); IR (neat) Y 2975, 2950, 2900, 2875, 1770; 
HRMS calcd for ClzHdsOsSi (M + H) 297.1134, found mle 
297.1130. Anal. Calcd for C12H1fi30&3i: C, 48.63; H, 6.46. 
Found C, 48.45; H, 6.36. 4 4  1’-[ 1’-( tert-Butyldimethylsi1oxy)- 

d,J=3.26H~);’~CNMR6-6.71,-6.62,-5.72,-5.52,16.52,17.93, 

H, dq, J = 3.26,0.45 Hz); “C NMR 6 -5.72, -5.60, -1.99, 17.95, 
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Figure 1. Most stable ,calculated conformations of anomeric 
anti-24. 
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Figure 2. Energy profiles for the present isomerization process. 
Energy differences between two conformers are described in kcal/ 
mol, and in parentheses are shown the energy differences between 
the corresponding protonated materials. 

2’,2’,2’-trifluoroethyl]]-3-buten-4-olide (7b): bp 100-105 “C/ 
0.6 mmHg; Rf 0.36 (AcOEkHex = 1:7); lH NMR 6 0.13 (3 H, s), 
0.16 (3 H, a), 0.92 (9 H, e), 3.29 (2 H, m), 4.65 (1 H, dq, J = 1.59, 
6.07Hz),5.68 (lH,dt,  J =  1.14,2.48H~);’~CNMR6-5.73,-5.46, 
17.91,25.22,33.47,67.83 (q, J = 34.1 Hz), 104,10,123.00 (q, J = 
286.1 Hz), 150.79,176.41; l9F NMR 6 0.7 (d, J= 5.8 Hz); IR (neat) 
v 2975,2950,2900,2875,1820. ( 1’SY45)-4-[ 1’-(2’,2’,2’-Trifluoro- 
l’-hydroxyethyl)]-2-buten-4-olide (aati-6b): bp 170-180 OC/  
0.15 mmHg; [(YIMD -67.74’ (c 1.44, CHCb), 97.6% ee; Rf 0.41 
(Ac0Et:Hex = 1:l); lH NMR 6 4.38 (1 H, d, J = 6.22 Hz), 4.45 
(1 H, m), 5.31 (1 H, ddd, J =  1.67,1.67,3.32 Hz), 6.29 (1 H, ddd, 
J = 0.53,1.99,5.86 Hz), 7.57 (1 H, ddd, J = 1.36, 1.36,5.84 Hz); 
13C NMR 6 69.83 (q, J = 31.5 Hz), 81.16 (q, J = 2.2 Hz), 123.90 

(q, J = 283.2 Hz), 124.24,152.69, 173.78; lgF NMR 6 2.0 (d, J = 
6.2 Hz); IR (neat) v 3000,1760; HRMS calcd for CeH3303 (M + H) 183.0269, found m/e 183.0248. Anal. Calcd for CJ-I~SOS: 

(2‘,2’,2~-Trifluoro-l’-hydroxyethyl)]-2-buten-4-olide 
(syn-6b): mp 103.0-103.5 OC; [alm~ +87.86O (c 0.66, MeOH), 
97.6% ee; Rf 0.27 (AcOEkHex = 1:l); lH NMR (acetone-de) 6 
4.60 (1 H, ddq, J = 2.54,8.23,7.45 Hz), 5.45 (1 H, ddd, J = 1.69, 
2.23,2.45 Hz), 5.77 (1 H, d, J = 8.24 Hz), 6.29 (1 H, dd, J = 2.16, 
5.78 Hz), 7.67 (1 H, dd, J = 1.77,5.80 Hz); 13C NMR (acetone-de) 
6 69.62 (q, J = 30.6 Hz), 81.36 (9, J = 2.1 Hz), 123.86,125.83 (q, 
J = 283.2 Hz), 154.75,173.67; lSF NMR (acetone-de) 6 1.3 (d, J 
= 8.0 Hz); IR (neat) v 3400, 2950,2900, 1750; HRMS calcd for 
C&FsOs (M + H) 183.0269, found m/e 183.0241. Anal. Calcd 
for CJ-IflaOs: C, 39.58; H, 2.77. Found C, 39.66; H, 2.87. 44 1‘- 

butyldimethylsilyl)-2-buten-4-olide (syn- and anti-6a): in- 
separable diastereomer mixture; Rf 0.60 (Ac0Et:Hex = 15); IR 
(neat) v 2975,2950,2900,2875,1775,1600. antj-6a lH NMR 6 
0.04-0.21 (12 H, m), 0.80 (9 H, a), 0.90 (9 H, s), 4.38 (1 H, dq, J 
= 2.54, 7.20 Hz), 5.12 (1 H, dd, J = 1.55,2.52 Hz), 7.49 (1 H, m); 

71.15 (q, J = 31.1 Hz), 80.92, 125.41 (q, J = 284.6 Hz), 136.21, 
160.65,175.02; l9F NMR 6 2.8 (d, J = 7.0 Hz). syn-6a: ‘H NMR 
6 0.04-0.21 (12 H, m), 0.88 (9 H, s), 0.89 (9 H, a), 4.08 (1 H, dq, 
J = 4.98, 6.53 Hz), 4.98 (1 H, dd, J = 1.57, 4.99 Hz), 7.49 (1 H, 
m);1*CNMR6~.70,-6.57,-5.56,-5.26,16.41,17.86,25.29,26.16, 
71.91 (q, J = 31.2 Hz), 81.82, 126.87 (q, J = 297.3 Hz), 135.69, 
160.21, 174.80; IgF NMR 6 3.6 (d, J = 6.0 Hz). 
Isomerization of 3-Butenolides to 2-Butenolides. A THF 

solution (10 mL) of LDA, prepared from diiaopropylamine (1.7 
mL, 12 mmol) and n-BuLi (2.5 M in hexane, 4.4 mL, 11 mmol), 
waa added to a mixture of 3-butenolide 7b and unchanged 
silylfuran Sc at -78 OC (the crude reaction mixture from the 
above peracid oxidation process on a 10 mmol scale), and the 
whole was stirred for 30 min. The reaction mixture was then 
quenched with anhydrous acetic acid (3 mL) at the same 
temperature. The usual workup and purification by silica gel 
column chromatography furnished 2-butenolide syn- and anti- 
6c in a ratio of 1387 (1.849 g, 4.50 mmol, 45.0%) and silylfuran 
Sc (1.185 g, 3.00 mmol, 30%). Their physical properties were 
identical to that of the already described compounds. 
Hydrogenation of 2-Butenolides. To a suspension of 10% 

palladium on carbon (0.04 g) in anhydrous ethanol (20 mL) under 
Hz was added 2-butsnolide (3.982 mmol), and the whole was 
stirred overnight. After removal of the catalyst and concentration 
of the filtrate, the crude product was chromatographed to yield 
the desired butyrolactone. (l’S,Ss)-S-[ l/-[l’-(tert-Butyldi- 
methylsiloxy)-2‘,2~,2’-trifluoroethyl]]dihydro-2( 3a)-fura- 
none (anti-&): yield96%; bp90-100 OC/0.6 mmHg; [a]2$-0.15O 
(c  1.09, MeOH), 96.1 % ee; Rf 0.31 (AcOEkHex = 1:5); 1H NMR 
6 0.09 (3 H, s), 0.11 (3 H, s), 0.87 (9 H, a), 2.1-2.6 (4 H, m), 4.35 
(lH,dq,J=1.83,7.14Hz),4.72(1H,dt,J=1.76,7.29Hz);~3C 

Hz), 77.64, 123.65 (q, J = 284.6 He), 176.41; 19F NMR 6 3.2 (d, 
J = 8.1 Hz); IR (neat) Y 2950, 2875, 1790; HRMS calcd for 
Cl2HzaFsOaSi (M + H) 299.1290, found m/e 299.1283. (1’85s)- 
5-[ 1’-[ 1’4 tert-Butyldimethylsiloxy)-2’,2’,2’-trifluoroethyl]]- 
dihydro-2(3H)-furanone (syn-dc): yield 97 % ; [aInD +24.32O 
(c 1.13, MeOH), 94.3% ee; RfO.50 (AcOEkHex = 15); 1H NMR 
6 0.11 (3 H, s), 0.13 (3 H, a), 0.89 (9 H, s), 2.0-2.7 (4 H, m), 3.97 
(1 H, dq, J = 5.02,6.52 Hz), 4.62 (1 H, dt, J = 4.91,7.29 Hz); 18C 

25.32,27.84,73.19 (q, J = 30.4 Hz), 77.95 (9, J = 1.8 Hz), 123.78 
(q, J = 284.5 Hz), 176.17; 19F NMR 6 2.3 (d, J = 6.5 Hz); IR (neat) 
v 2950, 2875, 1780; HRMS calcd for ClrHzaFaOsSi (M + H) 
299.1290, found m/e 299.1311. 5-[ 1’-[ 1’-( tert-Butyldimethyl- 
siloxy)-2’,2’,2’-trifluoroethyl]]-3-( tert-butyldimet hylsily1)- 
dihydr*2(8a)-furanone (sa): inseparable diastereomer mix- 
ture between C1 and Ca (87:13); yield 99%; Rf 0.43 (Ac0Et:Hex 
= 1:7). Major isomer: 1H NMR 6 0.03 (3 H, a), 0.09 (3 H, e), 
0.11 (3 H, s), 0.16 (3 H, e), 0.88 (9 H, s), 0.92 (9 H, a), 1.9-2.5 (3 
H, m), 4.39 (1 H, dq, J = 2.39,7.11 Hz), 4.54 (1 H, dt, J = 2.41, 

27.17,25.35,26.59,70.04 (q, J = 30.2 Hz), 77.23 (q, J = 1.6 Hz), 
123.89 (9, J = 284.2 Hz), 178.03; lQF NMR 6 2.7 (d, J = 6.8 Hz). 
Minor isomer: lH N M R  6 0.03 (3 H, a), 0.10 (3 H, s), 0.14 (3 H, 

C, 39.58; H, 2.77. Found: C, 39.46; H, 2.94. (l’S,4R)-4-[lt- 

[ l’-(tert-Butylclimet4l~il0~)-~~~-t~fl~0~41]]-2-( tart- 

‘3C NMR 6 -6.70, -6.57, -5.95, -5.13, 16.35, 17.78, 25.25, 26.24, 

NMR 6 -5.84, -5.25,17.75,20.13,25.21,28.01,71.95 (q, J 30.1 

NMR6-5.46(q,J=1.5H~),-5.13,17.94,23.66(q,J=1.9H~), 

5.68H~);’8CNMR6-7.69,-7.10,-5.98,-4.57,16.77,17.92,25.08, 
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Figure 5. Front and side views of transition structures of 
reactions of water with formaldehyde (15,16) and acetone (17, 
18) catalyzed by HaO+(H20)2 located with the 3-21G basis set. 

in 12 raises the activation energy by 0.2 kcal/mol with 
respect to 1. 

In order to understand these results, information about 
the transition-state geometry as well as electronic and steric 
effects of substituents needs to be obtained. The theo- 
retical approaches toward these are described in the 
following sections. 

Transition Structures of Model Reactions 

Transition structures of the hydration of formaldehyde 
and acetone catalyzed by H3O+(HzO)2, a model for acid 
catalysis, were located with the 3-21G basis set.36 The 
front and side views of these structures are given in Figure 
5. These are featured by having a six-membered cyclic 
structure. The cyclic structure is located on one side of 
the carbonyl plane. The forming C-0 bond is 1.87 A in 
15 and increases to 2.01 A in 17. These forming bond 
lengths are similar to corresponding bond lengths for the 
transition structures involving lithium hydride as nucleo- 
~ h i l e . ~ ~  The attack angle of the water on the carbonyl 
double bond is about looo, similar to that in other 
nucleophilic addition transition stru~tures.l l*~~ The hy- 
drated proton has largely transferred to the carbonyl 
oxygen. There have been arguments about whether the 
reaction is stepwise (formation of water adduct interme- 
diate followed by proton transfer) or c0ncerted.3~ About 
0.2 unit of positive charge develops on the attacking water 
molecule. With partial “solvationn as in the present case, 
the concerted mechanism is favorable. However, this does 
not prove the mechanism, since full solvation can certainly 
change the situation. 

(36) All calculatione were performed with Pople’s Gauasian 90, Revision 
1, Frisch, M. J.; Head-Gordon, M.; Trucks, G. W .; Foresman, J. B.; Schlegel, 
H. B.; Raghavachari, K.; Robb, M.; Binkley, J. S.; Gonzalez, C.; Degrees, 
D. J.; Fox, D. J.; Whiteside, R. A.; Seeger, R.; Melies, C. F.; Baker, J.; 
Martin, R. L.; Kahn, L. R.; Stewart, J. J. P.; Topiol, S.; Pople, J. A. 
Gaussian Inc., Pittsburgh, PA, 1990. 

(37) Wu, Y.-D.; Houk, K. N. Unpublished results. 
(38) Kaufmann, E.; Schleyer, P. v. R.; Houk, K. N.; Wu, Y.-D. J. Am. 

Chem. SOC. 1985,107,5560-5562. Bachrach, S.  M.; Streitwieser, A., Jr. 
J. Am. Chem. SOC. 1986,108,3946-3951. 

(39) Jencks, W. P. Acc. Chem. Res. 1976,9,425-432. 

Table 111. Calculated Total Energies (au) and Relative 
Energies (kcal/mol) of Transition Structures of Reactions 

of Water with Methyl Ethyl Ketone (R = Me), 
Chloroacetone (R = Cl), and Hydroxyacetone (R = OH) 

Catalyzed by HsO+(H20)2 
inside anti outside 

basis set E Ere1 E Em1 E Ere1 

R = CH3 
3-21G 532.54523 0.0 532.54457 0.4 532.54286 1.5 
6-31G*// 535.43283 0.5 535.43357 0.0 535.43280 0.5 
MP2/6-31*G// 536.89472 0.0 536.894479 0.0 536.89468 0.1 

R = C1 
3-21G 950.53380 0.0 950.53020 2.3 950.53192 1.2 
6-31G*// 955.28057 0.0 955.28044 0.1 955.27986 0.4 
MP2/6-31G*// 956.74448 0.0 956.74186 1.6 956.74190 1.6 

R = O H  
3-21G 568.15424 1.3 568.14673 6.0 568.15625 0.0 
6-31G*// 571.23072 2.2 571.23430 0.0 571.23360 0.4 
MP2/6-31*// 572.74556 0.0 572.74154 2.5 572.74169 2.4 

Inside, anti ,  and outside transition structures for the 
reactions of water with methyl ethyl ketone, chloroacetone, 
and hydroxyacetone are shown in Figure 6. These 
structures were located with the 3-21G basis set and their 
energies were also evaluated with the MP2/6-31G* cal- 
culations. The allylic group was placed on the side away 
from the six-membered ring to minimize steric interactions. 
The hydroxyl group was restricted to be anti to the C-C 
bond (C-C-O-H = 180’) to model methoxy functionality. 
The calculated total energies and relative energies of these 
structures are collected in Table 111. 

The three transition structures for the reaction of methyl 
ethyl ketone (19-21) are similar to that of the acetone 
reaction (17). The MP2/6-31G* calculations gave nearly 
identical energies for the three structures. This is similar 
to our earlier calculations for the reaction of sodium 
hydride with propionaldehyde, where the inside transition 
structure is somewhat more stable than the other two.lle 

The three transition structures for the reaction of 
chloroacetone (22-24) are similar in geometry. There is 
no hydrogen bonding between the chlorine and the 
attacking water. The inside transition structure (22) is 
calculated to be somewhat more stable than the anti (23) 
and outside (24) transition structures. 

While the anti transition structure of hydroxyacetone 
reaction (26) still maintains the cyclic structure, the cyclic 
structure is disrupted in the inside (25) and outside (27) 
transition structures, because hydrogen bonding forms 
between the hydroxyl group and the attacking water in 
the latter structures. The calculated relative energies for 
the three structures are very basis set dependent. Geo- 
metrical optimizations at higher levels of theory (e.g., the 
6-31G* basis set) will be necessary to get reasonable relative 
energies for this system. However, the calculations do 
indicate that participation of a methoxy by hydrogen 
bonding in the transition state can make a positive 
contribution to the rate of exchange of 12. 

The above results are qualitative. However, they suggest 
that, similar to nucleophilic additions by other nucleo- 
philes, steric and electrostatic effects of substituents play 
significant roles in determining conformational preferences 
in these equilibrating rotameric transition structures.11J2 
Orbital antiperiplanar effects appear to play a minor role 
as indicated by the comparable energies for the outside 
and anti conformers. Further support for this interpre- 
tation will be provided in the discussion of experimental 
results which follows. 
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Figure 6. Transition structures of the reactions of water with methyl ethyl ketone, chloroacetone, and hydroxyacetone (LH-0-C-C 
is restricted to 180') catalyzed by HaO+(H20)2. 

Rationalization of the Substituent Effects For methyl substitutions, the observed relative rates of 

Structure 28 is the transition structure for the reaction 
of 1 with a nucleophile (0 atom) calculated with our MM2 
transition-structure model for nucleophilic additions to 
ketones (Figure 7). We have previously applied the 
transition-structure force field model to the studies of 
stereoselectivities of nucleophilic additions to a variety of 
carbonyl compounds.ll In the present case, an 0 atom 
was used as nucleophile. The forming 0-C distance was 
2.0 A. Structures 29 and 30 are the Newman projections 
of 28 about the two C(0)-C, bonds. Since the transition 
structure is unsymmetrical, the substituents at the four 
allylic positions are in quite different steric environments. 
While R1, and R1, are nearly ideally staggered with the 
carbonyl center, as shown in 29, R2es and R2, are in eclipsed 
situations, as shown in 30 (note here that R1, is anti- 
periplanar and R2, is synperiplanar to the incoming 
nucleophile). As a result, the R2, and R2, positions are 
less favorable for a bulky substituent, and the observed 
reaction rates are determined by the transition structures 
with substituents at those positions. 

l80 exchanges can be accounted for on the basis of structure 
31, assuming that substituent effects are additive. Thus, 
the activation energies of reactions of compounds 2 and 
3 are determined by a methyl group in the R2, and R2, 
positions, respectively. A second axial methyl substituent 
(4) causes little increase in activation energy, because it 
assumes the R1, position. These deductions are strongly 
supported by the MM2 calculations based on the torsional 
strain transition-structure force field. For example, the 
MM2 calculations for the monoaxial methyl derivative 
gave a 1.7 kcal/mol preference for the transition structure 
with the R1, methyl as compared to the transition 
structure with the R2, methyl. This is quite favorable 
compared to the 1.9 kcal/mol experimental difference 
shown in 31. For the monoequatorial derivative 2, the 
calculations indicated that the methyl slightly favors the 
R1, position over the R2, position. The observed large 
increase in activation energy by a second equatorial methyl 
substituent (5) can be also easily explained. While the 
first equatorial methyl group can avoid steric interactions 
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30 

Figure 7. MM2 transition structure (28) for the addition of a nucleophile to compound 1. Structures 29 and 30 are the Newman 
projections of 28 about the two C(O)-C, bonds, which show the nonequivalency of the substituents in the transition structure. The 
R1 and & substituents in structures 31-33 are labeled to show their relative contributions to destabilizing the transition state for 
exchange. 

with the transition-state ring structure, the second equa- 
torial methyl group is forced to be in contact with the ring 
structure, as can be visualized in structures 17 and 18. 

The situation for the chloro substitutions can be deduced 
in a similar manner. Thus, a chloro substituent at  the 
Rl,, R2,, Rl,, and R2, positions causes 1.3,1.5,0.7, and 
2.8 kcal/mol increases in activation energy, respectively. 
Contrary to the effect of a second equatorial methyl 
substituent, a second equatorial chlorine substituent causes 
significantly less rate retardation. This can be understood 
by assuming that the chlorine substituent at  the R1, 
position can form hydrogen-bonds with the transition- 
state ring structure. 

The observed relative rates of equatorial and axial 
methoxy substitutions can also be rationalized. According 
to the calculations, hydrogen bonding can form between 
the methoxy group and the attacking water if the methoxy 
group is at  the R1, and R2, positions. It is likely that the 
relative rates are determined by substituents at  the R2, 
and R1, positions where no hydrogen bonding is possible. 
Since the R1, is anti to the attacking water, it causes little 
steric interactions, just like an anti methyl or chlorine 
substituent. An equatorial methoxy group at  the R2, 
position causes larger steric interactions, just like an 
equatorial methyl or an equatorial chlorine substituent. 

There is not an easy way for the Cieplak theoryto explain 
the observed substituent effects.8J0 Since the formation 
of the C-O bond in the transition structure is proposed 
to be stabilized by an app electron-donating group and 
electron-donating ability is assumed to be in the order 
C-H > C-C > C-0 > C-Cl, one would expect progressive 
increase in activation energy by an app hydrogen, methyl 

methoxy, and chlorine substituent. If the app electronic 
effect were dominating, one would expect the rates of the 
l80 exchanges of monoaxial-substituted derivatives to be 
determined by the transition structure with the substituent 
antiperiplanar. The observed large rate retardation40 by 
monoaxial methyl (3, 2.3 kcal/mol) and chlorine (7, 2.8 
kcal/mol) seems to be in agreement with Cieplak’s but not 
Anh’s theory. However, Cieplak’s theory fails to explain 
a 0.2 kcal/mol increase in free energy of activation for the 
monoaxial methoxy derivative (12). On the other hand, 
if one assumes that the steric effect of a synperiplanar 
substituent is dominating, the increase of activation energy 
by the second axial substituent40 should correspond to 
the destabilization of the transition structure by the 
antiperiplanar substituent, as shown in 31-33 (although 
the value of 0.2 for the destabilization by an axial methoxy 
group may, in principle, represent the effect in either 
transition-state barrier (see Figure 4), it nevertheless 
provides a maximum value for the destabilization of the 
antiperiplanar transition state). From these increments 
of 0.4,0.7, and 0.2, one can conclude that the app effect 
is not large, in contrast to the Cieplak proposal! 

Summary 
We have shown that the first axial methyl and chlorine 

substituents cause large increases in activation energy of 

(40) A referee has questioned our assumption, on the bash of the effects 
of the equatorial substituents, that their inductive influence is negligible. 
Since the effect of the electronegativity of the substituents would be 
destabilizing, consideration of this contribution would reduce that 
component of the observed retardation which we attribute to ita app 
effect and would not alter our conclusions. 
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the 180 exchange reaction, while the first axial methoxy 
substituent has no effect on the reaction rate. The second 
axial methyl and chlorine substituents cause small in- 
creases in activation energy. Calculations suggest that 
the transition structure is unsymmetrical, and the above 
results can be rationalized by large steric interactions (or 
torsional strain) in the transition structure with a sub- 
stituent "synperiplanar" and small steric interactions in 
the transition structure with a substituent "antiperipla- 
nar". Thus, any app electronic effect (hyperconjugation) 
is small, in agreement with Vedejs41 and Meyers' assess- 
m e n t ~ ~ ~  but not with the Cieplak hypothesis.8J0 The 
abnormal behavior of the monoaxial methoxy derivative 
is rationalized by the formation of hydrogen-bonding when 
the methoxy group is syn periplanar, which leaves the 
transition structure with an antiperiplanar methoxy as 
the rate-determining structure. 

Fraser et al. 

Experimental Section 
General Procedure. Melting points were taken on a Mel- 

Temp apparatus and are uncorrected. A Varian XL-300 NMR 
spectrometer was used to record the 300-MHz 'H NMR spectra 
and 76-MHz 'BC NMR spectra. A Varian EM-360 NMR 
spectrometer was also used for recording 1H NMR spectra of the 
biaryl ketone derivatives and their synthetic intermediates. 
Spectra were recorded in CDCg, and chemical shifts are given 
in ppm relative to Me& (0 ppm, 'H), or CDCla (77 ppm, ISC) 
unlees otherwise specified. Mass spectra were recorded on a VG- 
7070-E mass spectrometer using the direct insertion technique. 
Infrared spectra were recorded using a Perkin-Elmer Model 783 
spectrometer. For monitoring reactions by TLC, a commercial 
preparation (DC-Alufolien kieselgel60 FW EM SCIENCE) was 
used with 6% etherhexanes as developing solvent. For puri- 
fication of the biaryl ketone derivatives, column chromatography 
was used with silica gel (70-230 mesh, Terochem) as packing 
material and ether-hexanes as eluent. Flash chromatography 
was also used with silica gel (equivalent to Merck 9386, pH 7.1, 
20-46 pm, Terochem), and ethyl acetate-hexanes as eluent. 
Isomerization of the diaxial dichloro biaryl ketone was performed 
on a Chromatotron (Harrison Research Inc. CA) with silica gel 
(7749 kieaelgel 60 PFw gipshaltig, Merck) and 2-4% ethyl 
acetate-hexanes (gradient) as eluent. Deuterioehloroform 
(99.98%), dioxane-de (99%), and H&80 (98.3%) were obtained 
from MSD ISOTOPES (Montreal, Canada). 

Determination of the Relative Rates of Isotopic Ex- 
change. All the rate constants were measured by the following 
general procedure. To a solution in a 10-mm NMR tube of each 
(0.7 mmol) of two ketones in 3 mL of dioxane containing 20% 
of dioxane-de as the source of a signal for the deuterium lock was 
added 140 mg (7.6 m o l )  of HzW. A predetermined" quantity 
of trifluoroacetic acid was added to catalyze exchange of '80 for 
'Bo at the carbonyl group, and the time was noted. The tube was 
shaken vigorously, inserted into a spinner turbine, and placed in 
the pretuned probe4 of the NMR. When the spinning rate was 

(41) Vedejs, E.; Dent, W. H. J. Am. Chem. Soe. 1989,111,6861-6%2. 
(42) Meyen, A. I.; Wallace, R. H. J.  Org. Chem. 1989,54,2609-2610. 

A theoretical calculation for this stereoselective reaction revealed no 
evidence for an app effect, concluding the probable influence to be 
solvation; Durkin, K. A.; Liotta, D. J. Am. Chem. SOC. 1990,112,8162- 
8163. 

(43) Predetermined means that every pair of rate constants reported 
in Table I represent a second or third set of kinetic measurements. In 
the initial trial run, a 6% solution of trifluoroacetic acid in dioxane was 
prepared and a 2-pL aliquot waa added to the solution of ketones, and 
the spectra for 128 trausients were obtained ~LI d d b e d  above. If no 
exchange could be detected, a second aliquot was added and the procese 
repeated For run 1 exchange was observed, but an additional microliter 
was required to give an acceptable half-life of 30 to60 min. The exchange 
WM then monitored aa in the above description. Although the initial rate 
&hforeachpairofketonerwe~l~accurate,tberewaaalwa~agreement 
with the f i i  experimental values. within the Mta of error. For 
subwquent runs involving 1- reactive paire of ketones, increasing 
amounta of catalyst were required to produce the same desired half-life 
for the more rapidly exchanging ketone. 

Table IV 
M A 0  - 411 

time,s W ,  % B Z/Z+B At-&] 1@k,s-1 l@k,s& 
Exchange Data for 1 (0.6 mmol) in the Presence of 2 (0.4 -01) 

10803 60.9 4.40 0.96 0.689 0.52 
16333 41.6 5.77 0.94 0.976 0.66 
19493 35.0 6.34 0.94 1.184 0.67 0.56f 0.02 
22653 30.7 6.76 0.94 1.36 0.66 
27 393 27.0 7.20 0.93 1.69 0.54 

19 493 80.3 6.34 0.94 0.236 0.114 
22 663 76.9 6.76 0.94 0.284 0.117 
27 393 73.7 7.20 0.93 0.334 0.113 0.115h0.002 
30663 70.2 7.66 0.93 0.389 0.118 

Exchange Data for 2 (0.4 mmol) in the Presence of 1 (0.6 m o l )  

constant at 20 rps, the homogeneity in the Z axis was optimized 
and the time noted as the accumulation of spectra began. At the 
end of 128 acquisitions (transients) the time was again noted, the 
accumulated free induction decay's (fid's) were fled, and then 
a new set of acquisitions was started. The spectrum from 
transformation of the first 128 fid's was examined to estimate 
the half-life for the more rapidly exchanging carbonyl group. 
Subsequent sets of acquisitions were increaeed to 258 fid's if the 
exchange rate was slow enough to permit two such sets to be 
acquired by the expiration of the Chat half-life. Two more sets 
were acquired and then the number of transients increased to 
the maximum permissible in order to obtain at least four sets of 
fid's in which the exchange of the less reactive carbonyl would 
lie in the 30-70% region. Accumulation and storage of the 
remaining data were programmed for the evening or overnight. 
NOE Difference Measurements.a All measurements on 

the ketones 2-12 were made on solutions of the ketone (1 mg) 
in 0.6 mL of CDC&. It proved unnecessary to degas the samples 
prior to measurement. The acquisition parameters used to obtain 
the data in Table I1 were D = 16 s, SS (steady state) = 6, BS 
(block size) = 4, IL = Y, DLP = 18 to 22, pulae angle = 90°, NT 
= 32. The frequency of the irradiation was chosen at the chemical 
shift of the methine proton and alternated with a 2OOO-Hz offset 
after each block of four transients. 

Determination of the Rate Constants for Isotopic Ex- 
change. The rate of exchange at the carbonyl group can be 
assumed to be rate = Mketonel [HPOI [H+l. Being acid cata- 
lyzed, and involving a 10-fold excess of HPO, the exchange 
proceeds as a pseudo-first-order reaction. Allowance for a emall 
dilution in the isotope pool is made using the equation described 
by Sacha;" I/(I + B) In (Ao-&]/[A~~J)  = kt, in which I = the 
isotopic enrichment in '80, B = the percent of Hn'bo in the reaction 
medium at time t ,  & = the initial concentration of 'do in the 
carbonyl group, A, = the concentration of '80 in the solvent at 
time t ,  and At = the concentration of in the carbonyl 
group at time t. The data for the exchange of 1 VB 2, taken from 
six sets of spectral acquisitions, appear in Table IV along with 
the calculations of k, using the equation of Sacha (note that the 
spectra taken at t = 19493 s and 27393 s are those which appear 
in Figure 3). 
All subsequent spectral measuremgnts were analyzed by the 

same procedure and the resultant rate constants and the average 
deviation are recorded in Table I. 

Synthesis. 5,7-Dihydro- l#,l l-trimethy1-6H-dibenm[ %c]- 
cyclohepten-6-one (2, Equatorial). A solution of biaryl ketone 
1 (1.26g,6.29mmol)in l,l-dimethylhydrazine(2mL) washeated 
under reflux (62-64 OC) for 6 h, after which time TLC (1:3 ethyl 
acetatepetroleum ether) indicated that the reaction was com- 
plete. After evaporation of the exceaa hydrazine, the dimeth- 
ylhydrazone of the biaryl ketone was obtained quantitatively. It 

(44) Pretuning the probe refers to checking all aepecte of the perfor- 
mauce of the 10." probe including capacitor tuning and homogeneity 
optimieation. The s i g d  for the oarbony1 grou of the experimental 
solution waa then examined to emure the line wi&h to be leea than 0.76 
Hz and the shape to be n o d ,  particularly to be symmetrical. The 
acquisition parametem used for the spectral mmmmenta  were sweep 
width 2OOO Hz, acquisition time 3.0 6, pulse angle 2 2 O .  

(46) For a detailed dbcumion of the effect of varioue acquisition 
parameters on the SUCCB[UI of thia method, see: Hall, L. D.; Sandera, J. 
K. M. J. Am. Chem. SOC. 1980,102,6703-6711. 
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was placed in a flask under argon and subjected to further reaction 
directly without purification: lH NMR 2.19 (s,6H), 2.44 (s,6H), 
2.87,4.27 (dd, 2H), 3.30 (AB q, 2H), 7.12-7.25 (m, 6H); NMR 

135.82,128.93,128.91,127.26,126.30,125.91,47.28,42.15,35.45, 
19.80,19.78; IR 1635 cm-1 (C-N); MS mlz 278 (M+), 263 (M+ 
- CHs), 234 (M+ - Me2N). 

To a solution of LDA (5.8mmo1, prepared from n-butyllithium 
and diisopropylamine) in THF (13 mL) was added dropwise a 
solution of the hydrazone (1.47 g, 5.28 m o l ,  in 2 mL of THF) 
within 10 min under an argon atmosphere at -78 OC with stirring. 
Then the temperature of the solution was raised to 0 "C. After 
1 h the solution was recooled to -78 OC and methyl iodide (0.8 
mL, 13.3 "01) was added. After 3 ha t  -78 OC, the temperature 
of the solution was raised to ambient temperature within 0.5 h. 
Dilute hydrochloric acid (0.05 N) was added, and the solution 
was extracted with ether. The organic phase was evaporated 
and a syrupy product (1.35 g, 88%) obtained. Column chro- 
matography with ethyl acetate-petroleum ether, 1:9, as the eluent 
afforded pure methylated hydrazone (1.25 g, 81 % ): lH NMR 
0.72 (d, 3H), 2.18 (8, 6H), 2.43, 2.45 (sa, 6H), 3.30 (AB q, 2H), 
4.70 (9, lH), 7.12-7.25 (m, 6H); MS m/z 292 (M+), 232,207,58, 
30. 

The hydrazone of the methylated ketone (1.05 g, 3.6 "01) 
was dissolved in dry DMF (40 mL) and the solution was cooled 
to -63 OC. m-Chloroperbenzoic acid (1.5 g) was slowly added 
while the solution was being stirred and the temperature 
maintained. After 0.5 h, the cold solution was poured into 
NaHC03 solution (50 mL) and the mixture was immediately 
extracted twice with hexanes. The hexane extracts were washed 
with cold sodium bisulfite, NaHCOs, and water, the solution was 
filtered through NaaSO, and evaporated. The crude product 
(0.80g, 89 5%) thus obtained was purified by flash chromatography 
with ethyl acetate-petroleum ether, 1:24, as the eluent. Com- 
pound 2 was obtained from the fraction with less polarity than 
the unsubstituted ketone, mp 85 OC: 1H NMR 1.34 (d, 3H), 2.13 
(8,  6H), 3.34, 3.44 (AB q, 2H), 3.64 (9, lH), 7.06-7.21 (m, 6H); 
1aC NMR 209.60, 138.57, 137.98, 137.82, 137.20, 136.99, 136.28, 
129.59, 129.40, and 128.23, 128.10, 126.83, 122.40 48.15, 46.92 
19.82,19.78,19.60; MS mlz 250 (M+), 222 (M+ - C d ) ,  207 (M+ 
- C=O - CHs). Anal. Calcd for Cl8Hl8O: C, 86.40; H, 7.20. 
Found: C, 86.22; H, 7.12. 

5,l-Dihydra- l,S,l l-trimethyl-6H-dibenzo[a,c]cyclohepten- 
6-one (3, Axial). To a solution of LDA (1.8 "01, prepared 
from methyllithium and diisopropylamine) in THF (15 mL) was 
added dropwise a solution of compound 1 (354 mg, 1.5 mmol) in 
THF (3 mL) at 0 OC with stirring. After 0.5 h at 0 OC, methyl 
iodide (0.46 mL, 7.35 mmol) was added and the reaction was 
continued at 0 OC for 0.5 h and then at room temperature for 0.5 
h. The reaction mixture was washed with water and extracted 
with ether. The combined extracts were evaporated to a syrupy 
mixture. Separation of the product by repeated column chro- 
matography with ether-hexanes, 2 % , as the eluent afforded pure 
3 (220 mg, 59% yield) that crystallized upon standing in 
refrigerator, mp 58.0 OC: 1HNMR0.80 (d, 3H), 2.12 (8, 6H), 3.36, 
3.69, (dd, 2H), 3.46 (9, lH), 6.95-7.02 and 7.12-7.20 (m, 6H); lac 
NMR210.74,141.48,131.75,137.63,137.34,136.79,132.14,129.74, 
129.64, 128.64, 126.81,55.07,49.63, 19.85, 19.77, 19.51; MS mlz 
250 (M+), 222 (M+ - C=O), 207 (M+ - C=O - CHs). Anal. Calcd 
for C&8O: C, 86.40; H, 7.20. Found: C, 86.24; H, 7.21. 

6,7-Dihydro-1,5,7,1 l-tetramethy1-6H-dibenzo[a,c]cyclo- 
hepten-6-one (4, Diaxial). Compound 4 was obtained from 3 
(250 mg, 1 mmol) by the same procedure used for the preparation 
of 3 from 1. Purification of the crude product was performed by 
column chromatography with ether-hexanes, 2 % , as the eluent, 
and crystalline 4, mp 84 OC, was obtained (158 mg, 60% yield): 
1H NMR 0.82 (d, 6H), 2.16 (s, 6H), 3.64 (9, 2H), 6.99-7.07 and 
7.18-7.24 (m, 6H); l3C NMR 215.58,137.47,136.95,129.46,127.58, 
126.69,56.07,19.53,18.22; MS mlz 264 (M+), 236 (M+ - C=O), 
221 (M+ - C=O - CHs), 206,43,28. Anal. Calcd for CleHloO 
C, 86.37; H, 7.58. Found C, 86.43; H, 7.78. 

5,7-Dihydro-1,5,7,1 l-tetramet hyl-6H-dibenzo[a,c]cyclo- 
hepten-6-0110 (5, Diequatorial). A solution of compound 4 (264 
mg, 1 mmol) and sodium methoxide, 41, in methanol was stirred 
at room temperature for several days, and the reaction was 
monitored by TLC. After evaporation of methanol, the reaction 

(THF-de, 75MHz) 171.46,137.91,137.05,136.46,136.28,136.04, 
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mixture was separated by column chromatography with 2% 
ether-petroleum ether as the eluent. Compound 5 (mp 103 "C, 
172 mg, 65% yield) was obtained as the less polar fraction along 
with a more polar compound identified (MS and NMR) as the 
a-axial, a'-equatorial isomer (78 mg, 30%): lH NMR 1.38 (d, 
6H),2.20(~,6H),3.49(q,2H),7.12-7.34(m,6H); WNMR211.18, 
140.50,138.60,137.16,129.55,128.40,122.55,47.20,20.33,12.18; 
MS m/z 264 (M+), 236 (M+ - C-O), 221 (M+ - c--O -CHs), 206, 
43,28. Anal. Calcd for ClsHmO C, 86.37; H, 7.58. Found C, 
86.20; H, 7.62. 
S-Chloro-S,7-dihydro-l,l l-dimethyl-6H-dibenzo[a,c]cy- 

clohepten-6-one (6, Equatorial). To a solution of tetrabuty- 
lammonium bromide (192 mg, 0.6 "01) in dry acetonitrile (5 
mL) was added trimethylchlorosilane (1.14 mL, 9 mmol) under 
Stirring. After 10 min the biaryl ketone 1 (708 mg, 3 "01) and 
then dimethyl sulfoxide (0.63 mL, 9 mmol) were added dropwise. 
The reaction was left at room temperature for 24 hand then was 
partitioned between water (80 mL) and dichloromethane (3 X 5 
mL). The organic layer was dried over anhydrous sodium sulfate 
and then evaporated to dryness. The 1H NMR spectrum of the 
crude product showed a 60% yield of monochlorination with 6 
and 7 in a ratio of 5.51. Purification of the crude product was 
carried out by silica gel column chromatography with hexanes- 
ether (0-2% gradient) as eluant at a flow rate of 2 mL/min. 
Compound 6 (460 mg, 57 % ) was obtained as crystals (mp 90-100 
OC) from appropriate fractions. Recrystallization from ether- 
hexanes afforded pure equatorial isomer, 6. Compound 6 was 
also prepared by chlorination with sulfuryl chloride (1.1 equiv) 
and then separation by column chromatography (see below). 
Compound 6 was hygroscopic, as indicated by its elemental 
analysis showing the presence of water, mp 112 OC: lH NMR 
2.19, 2.20 (s,s, 6H), 3.50 (AB q, 2H), 5.57 (8,  lH), 7.10-7.62 (m, 
6H); lac NMR 200.14, 137.21, 136.68, 136.09, 135.14, 133.63, 
132.96, 130.53,129.88, 128.19, 128.09, 126.5,122.6,66.38,46.91, 
19.82, 19.71; MS mlz 270,272 (M+), 207 (M+ - C - 0  -Cl), 192 
(M+ - C=O - C1- CHa). Anal. Calcd for C17H1&10.0.2H10 
C, 74.42; H, 5.65. Found C, 74.14; H, 5.82. 
S-Chloro-S,7-dihydro-l,l l-dimethyl-6H-dibenzo[ a,c]cy- 

clohepten-&one (7, Axial). Toa solution of 1 ( L u g ,  6.1 mmol) 
in carbon tetrachloride (2.4 mL) was added sulfuryl chloride (0.54 
mL, 6.7 mmol) slowly, dropwise, with stirring at 45-50 OC, and 
stirring was continued for 1.5 h. The reaction mixture was 
evaporated under vacuum and a light orange syrupy product was 
obtained. The 1H NMR of the crude product showed mo- 
noequatorial and monoaxial chloride together with dichlorides 
and starting material in a ratio of 342:l. Separation by column 
chromatography with 1-2 % ether-hexanes (gradient) at a flow 
rate of 6 mL/min gave a 3 2  mixture (920 mg, 56%) of 7 and 6 
from appropriate fractions. An attempt to obtain pure 7 by 
recrystallization in ether-hexanes failed since only equatorial 
isomer 6 was obtained because of the isomerization during the 
recrystallization. Compound 7 was slowly isomerized to 6 during 
long-term storage. The spectral data for 7 in the presence of 6 
areasfollows: lHNMR2.02,2.12(~,~,6H),3.5l(ABq,2H),4.94 
(~,1H),7.15-7.60(m,6H);~~CNMR202.4,138.31,137.41,136.79, 
134.29, 132.69, 132.21, 131.01, 130.79, 129.49, 127.82, 127.61, 
126.09,61.40,48.14,19.72,19.54; MS mlz 270,272 (M+), 207 (M+ 
- C - 0  - Cl), 192 (M+ - C=O - C1- CHs). 
S,7-Dichloro-S,7-dihydro-1,1 l-dimethyl-6H-dibenzo[a,c]- 

cyclohepten-6-0110 (8, Diaxial). To a solution of 1 (2 g, 8.5 
mmol) in carbon tetrachloride (3 mL) was added sulfuryl chloride 
(1.5 mL, 18.7 mmol) slowly, dropwise, at 45-50 OC under stirring. 
After 1.5 h at 45-50 OC, another 0.9 mL of sulfuryl chloride was 
added and the reaction was continued for another 1.5 h. The 
reaction mixture was evaporated to a light orange syrup that was 
subjected to column chromatograph with hexanes-ether (1-2% 
gradient) as eluent at a flow rate of 6 mL/min. Compound 8 was 
obtained as crystals from the fiist fraction. Recrystallization 
from ether-hexanes afforded pure 8 (950 mg, yield 37 % ), mp 134 
OC. A mixture (1.35 g) of 6, 7, diequatorial dichloro 9, and 
a-equatorial, a'-axial dichloro derivative 10 was obtained in a 
ratio of 31:0.3:1.5 from the rest of the fractions in the separation. 
Pure 8 gave the following: lH NMR 2.14 (8 ,  6H), 5.13 (8, 2H), 
7.18-7.37(m,6H);1~CNMR195.52,138.51,137.29,132.02,130.91, 
127.69,127.41,61.02,19.61; MS mlz 304,306,308 (M+), 276 (M+ 
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Calcd for C I ~ H ~ ~ C ~ ~ O :  C, 66.89; H, 4.69. Found: C, 66.86; H, 
4.62. 

S,7-Dichloro-5,7-dihydro-1,L ldimethyl-6H-dibeneo[a,cl- 
cyclohepten-6sne (9, Diequatorial, and 10, a-Equatodal, 
a'-Axial Dichloro). Pure compound 8 (600 mg) was subjected 
to isomerization of a chromatotron with hexanu3es4hyl acetate 
( 2 4 %  gradient) as eluent. A 54  mixture (370 mg) of 9 and 10 
was obtained from the major fraction. Recrystallization from 
dichloromethaneheuu3es gave pure 10 (202 mg, yield 34%), mp 
161 OC, and a residue rich in 9. Repeated recrystallization of the 
residue gave pure 9 (160 mg, 26%), mp 142 OC. The spectral 
data for 9 are as follows: 1H NMR 2.20 (e, 6H), 6.47 (8, 2H), 
7.17-7.60(m,6H);~~NMR193.81,137.02,134.03,133.49,131.02, 
128.63,122.89,64.92,19.70; MS m/z 304,306,308 (M+), 276 (M+ 

Calcd for C1,HI4Cl2O: C, 66.89; H, 4.59. Found C, 67.14; H, 
4.44. The spectra data for 10 are as follows: lH NMR 2.14,2.20 
(s,8,6H), 5.10 (e, lH), 5.75 (8, lH), 7.10-7.60 (m, 6H); lF NMR 
194.38, 138.46, 137.54, 136.27, 134.93, 134.39, 132.66, 130.83, 
129,39,128.70,128.23, 127.81, 122.78,66.37,69.42, 19.71,19.47; 
MS m/z 304,306,308 (M+), 276 (M+ - C 4 ) ,  241 (M+ - C1- 
C-O), 206 (M+ - 2C1- c-0). Anal. Calcd for Cl,H14C120: C, 
66.89; H, 4.69. Found: C, 67.24; H, 4.61. 

5-Methoxy-S,7-dihydrl,l l-dlmethyl-6~-diben~o[~cJcy- 
clohepten-6-one (11, Equatorial). Pure 11 was obtained by 
the isomerization of 12 (270 mg, 1 "01) in methanol (4 mL) 
containii 2,6lutidiie (0.24 mL, 2 "01) by heating under reflux 
for 18 h. The solution was cooled, concentrated under vacuum, 

- C 4 ) ,  241 (M+ - C1- M), 206 (M+ - 2C1- c-0). A d .  

- CO-O), 241 (M+ - C1- M), 206 (M+ - 2C1- M). Anal. 

Fraser et al. 

and partitioned between &chloromethane (3 x 3 mL) and 
hydrochloric acid (0.6 N, 20 mL). The organic extracta were 
washed with water, dried over anhydroua sodium sulfate, and 
evaporated to a syrup. Purification by chromatography on silica 
gel using 4% etherhexanea as eluant gave 145 mg (55%) of a 
syrup, which decomposed slowly on storage under argon: lH 

(lH), 7.06-7.56 (m, 6H); 1% NMR 205.4,136.5-120.9,86.0,68.3, 
47.0,19.9,19.7; MS m/z 266 (M+), 238 (M+ - CO), 223,207,192. 
Anal. Calcd for ClsHlsO2: C, 81.20; H, 6.69. Found C, 80.86; 
H, 6.43. 

S-Metholy-S,7-dihydrl,l l-dimethyl-6H-dibene[a,c]cy- 
clohepten-Bone (12, Axial). A solution of equatorial chloro 
derivative 6 (540 mg, 2 "01) in methanol (10 mL) containing 
2,Glutidine (0.47 mL, 4 m o l )  was heated under reflux for 16 
h. Workup as deecribed above for 1 1, gave, after chromatography, 
270 mg (62% ) of a syrup, which decompoed slowly on storage 
under argon: lH NMR 2.12, 2.14 (2s, 2 CHa), 2.95 (s,3H), 3.58 
(AB q, 2H), 4.36 (e, lH), 7.08-7.62 (m, 6H); lF NMR 204.9, 
137.6-125.8, 89.8, 56.7, 47.7, 19.8, 19.6; MS m/z 266 (M+), 238 
(M+ - CO), 223,207,192. Anal. Calcd for ClsHleO2: C, 81.20, 
H, 6.69. Found C, 80.90; H, 6.78. 

NMR 2.19, 2.22 (28, 2 CHs), 3.44 (AB q, 2H), 3.46 (8,3H), 4.71 
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