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ABSTRACT 

2-Cycloalken-l-one-(-)-erythro-hydrobenzoin ketals 

undergo efficient and diastereoselective cyclopropanation 

when treated with an excess of Simmons-Smith reagent. The 

resulting crystalline products yield enantiomerically pure 

cyclopropyl compounds upon recrystallization. For example, 

2-cyclohexen-1 - one-(-)-erythro-hydrobenzoin ketal gave, in 

90% yield, a 19:1 mixture of diastereomeric cyclopropanes as 

established by 62.9 MHz NMR spectroscopy. Upon one 

recrystallization, diastereomerically pure cyclopropane was 

obtained in 78% recovery. Hydrolysis gave (+)-norcaranone 

of greater than 99% ee. Three other examples are presented 

which demonstrate the advantages of hydrobenzoin ketals over 

previously used homochiral ketals, as well as several 

techniques for the synthesis of chiral hydrobenzoin. 



INTRODUCTION 

The diastereose1ective cyc1 opropanation of 

homochiral ene-ketals with the S i.amons - Smi th reagent is a 

relatively new technique available for the synthesis of 

chiral cyclopropyl ketones.^ Cyclopropyl ketones have proven 

useful as synthetic intermediates in numerous natural 

product syntheses.^ Ene-ketals derived from chiral 

hydrobenzoin had previously gone unstudied. The goal of the 

work herein was to obtain ene-ketal systems using chiral 

hydrobenzoin which would hopefully give high 

diastereoselectivity upon Simmons-Smith cyclopropanation as 

well as provide crystalline cyclopropyl ketal products. 

Previous ene-ketal systems commonly provide 

diastereoselectivities as high as 10:1 in 2-cyclohexen-1-

one systems.^ However, all cyclopropyl ketals to date have 

been oils whose diastereomers have been inseparable by 

silica gel chromatography or HPLC, making isolation of 

enantiomerically pure cyclopropyl ketones impossible. The 

need for an ene-ketal system giving high diastereo

selectivities and leading to crystalline products, making 

diastereoselective purification by recrysta11ization 

possible, has led to this work done with ene-ketals of 

chiral hydrobenzoin. 
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DIASTEROSELECTIVE CYCLOPROPANATIONS 

Incorporation of one or more protecting groups is 

usually an integral part of a modern synthesis of a complex 

molecule. However, the use of the protecting groups has 

most often remained unidimensional ; they protect, nothing 

more. Development of methodology for asymmetric synthesis 

based on incorporation of homochiral protecting groups is 

still in its infancy. The use of chiral ketals and acetals 

to induce asymmetric Simmons-Smith cyclopro-panations in 

enone systems was reported in 1985 simultaneously by workers 

in Nagoya, Japan and Tucson, Arizona/1^ The Japanese work 

involved the use of diethylzinc and diiodomethane on acyclic 

ene acetals, while the American work involved the use of 

zinc-copper couple and diiodomethane on cyclic ketals. Both 

proved highly efficient in yield and in diastereomeric 

selectivity. 

The work on cyclic ene-ketals involves ketalization 

of an enone with a chiral diol to form a homochiral ketal 

(Scheme 1). Normally, the ketalizations were carried out by 

refluxing the enone with the chiral diol in benzene with 

pyridinium p-toluenesulfonate catalyst using a Dean-Stark 

trap to azeotropically remove water and drive the reactions 

to completion. Simmons - Smith cyclopropanation of these ene-
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ketals in refluxing ether using zinc-copper couple and 

diiodomethane resulted in stereoselective delivery of the 

reagent to one face of the double bond (Scheme 1). 

(Cll 

ii=l,2.J 

ni - I , 2 , i 

"© 

Zn-Cu 

(Cll̂ .v 

Minor M.j jor 

(Cll > 
M.i j<» r M i ii 4» r 

Scheme 1--Diastereoselective Cyclopropanations 
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The observed diastereoselectivity may be 

rationalized in three ways. The first of these 

rationalizations involves the energy difference between the 

confomers of a homochiral ketal versus an achiral ketal 

(Figure 1). In the achiral system both confomers are of 

equivalent energy and will exist in equal amounts in 

equilibrium. However, in the homochiral ketal system it has 

been proposed that the dioxolane appendages either 

sterically or conformationally bias the ring system so that 

one conformer in Figure 1 must be either more reactive or 

present in higher concentration than the other conformer, 

making one face of the double bond more susceptable to 

attack by the Simmons-Smith reagent. 

Figure 1 —Homochira1 vs Achiral Ene-ketals 



Secondly it has been documented that the Simmons-

Smith reagent will complex with lone pair electrons on 

oxygen providing asymmetric cyclopropanations of chiral 

allylic alcohol systems (Figure 2).® There exist four 

possible lone pairs of electrons with which the Simmons-

Smith reagent may complex (A,A',B, and B') in an ene-ketal 

system (Figure 3). Only complexation with the lone pairs 

nearest the alkene (A and A') will be sufficiently close 

for delivery of the reagent to the double bond. Of these 

two lone pairs one (A) is eclipsed with the ketal appendage 

and would require the reagent to be sterically congested 

during complexation. Complexation of the Simmons-Smith 

reagent at A', as shown in Figure 3, would not require 

eclipsing of the reagent with the bulky appendage, only with 

the much smaller hydrogen, making it the more favorable site 

of complexation. Cyclopropanation would then be expected to 

occur from the less hindered face of the alkene. This has 

been observed with all cyclo-propanations of homochiral ene-

ketal systems. 

Simmons-Smith 

Figure 2--Asymmetric Cyclopropanation 
of Allylic Alcohols 



Figure 3—Simmons-Smith Complexation in a 
Homochiral Ene-Ketal System 

Finally, it has also been found that appendage 

oxygen could reduce diastereoselectivity^ (Table 1), most 

likely because the Simmons-Smith reagent could, in these 

systems, also complex with the appendages, thus delivering 

the reagent in another manner. It is yet not completely 

clear which of these reasons is the primary effect upon the 

diastereoselectivity. More mechanistic work must be done 

before a conclusive statement may be made. 

Once the cyclopropane has been generated, hydrolysis 

of the ketal gives the cyclopropyl ketones in good yield and 

the chiral diol may be recovered for reuse. All cyclopropyl 

ketals synthesized to date have been inseparable by silica 



Table 1. Appendage Effects on Cvclopropanation 

Entry Allcene Yie ld ,  V  Cyc loo rooanes  Y ie ld ,  : \ s  Pias t e r eo r r e r  Ra t io 3  

aO-_-CH,OCH,Ph A\ O^CH,OCH,Ph /~VO^CH,i 

O **rH nru Ph -...CH 0CH.Ph \_/o',-CH. 

,OCH,Ph 
90-98 9:1 

"CH,OCH,Ph x ' "CH,OCH.Ph ' ' O "CH.OCH.Ph 

1 2a 2b 

86 5:1 

/=\ o^CH.OCH, /-*•, O-^— CH.OCH, r\0 -CH:OCH, 

2 d^O-^CH.OCH, 63 ^••• CH.OCH, \ A>-^ -CH;OCH, 

4a 4b 

/=\.0̂ -CH,0H /-Vo-̂ CH.OH /-̂ O-̂ CH.OH 
...CH|0H 

70 \_/>0-)-.c„:0„ \_Ao-1 50(40)^ 1:2(1:1. S)d 

5 6a 6b 

QO----COOCH, /v 0^-*C00CH, /—\ 0-^»C00CH, 

O-^-COOCH. ^ ' 'O^-- COOCH, ^ ' O-1"" COOCH, N-JO '"COOCH, 37(42)^ 1.5:1(3:1) = 

7 8a 8b 

Oo-̂ ch.J.ocm. AoT-cleH,)1pcH, r-\p~yx(cHipCH,  ̂

OJ-.̂ CĤ OCH,  ̂  ̂' 0 '""CfCĤ OCH,  ̂' 10 " CfCHj.OCH,  ̂
9 10a 10b 

6 e  
/=\ o^»CH,CH,CH,Ph 

CH.CH.CH.Ph 

11 

' occ 
13 

CH, 

51 

84 

6' 
>CM,CH,CM,Ph 

CH;CH.CH,Ph OX 

O-^rfCH.CH.CH.Ph 

CH,CH.CH,Ph 

12a 

14a 

P-^..-CH, 

CH, 

12b 

6: 
14b 

pyCH. 
CH, 

92 

86 

> 9:1 

9:1 



gel chromatography or HPLC using commonly available columns. 

This has made it impossible to obtain the final cyclopropyl 

ketone in its enantiomerically pure form. It was, 

therefore, desired to find a chiral diol which upon 

ketalization as well as cyclopropanation would yield a 

crystalline product which could be enantiomerically purified 

by recrystallization techniques. 

The chiral diol would have to meet several criteria 

to be considered synthetically useful. First, it would have 

to be easily preparable on a multigram scale at relatively 

low cost. It should then undergo ketalizations easily in 

high yields as well as deketalize easily, and be 

recoverable. The appendages should be bulky and non-oxygen 

containing to give the best diastereoselectivity possible. 

Finally, it should yield crystalline products suitable for 

recrystallization. The diol chosen for study that it was 

believed would meet these criteria was (-)-erythrohydro-

benzoin (Figure 4). 

Figure 4--(-)-Erythro-Hydrobenzoin 
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SYNTHESIS OF CHIRAL HYDROBENZOIN 

Chiral hydrobenzoin is currently available from 

Aldrich for approximately $100 per gram. This high price 

makes it necessary to be able to produce the diol more 

cheaply in the laboratory. There are currently three 

approaches to synthesizing chiral hydrobenzoin in the 

literature. One synthesis involves asymmetric dihydroxy-

lation of trans-stilbene® ($100 per kilogram) to ( + )- or 

(-)-hydro-benzoin. Another technique involves the use of a 

simplistic flow system to grow ( + ) or (-)-hydrobenzoin from 

d,1-hydrobenzoin^ (obtainable from standard dihydroxylation 

of trans-stilbene) . Finally, a chiral resolution of d,l-

hydrobenzoin has been described using ( + )- or (-)-menthoxy-

acetic acid (derived from (+)- or (-)-menthol) as the chiral 

ligand.^0 The latter technique was used to obtain the (-)-

ery thro - hydrobenzo in used in this work. All three 

techniques are discussed below. 

Sharpless Asymmetric Dihydroxylation 

Knowing that certain tertiary amines accelerate the 

stoichiometric reaction between osmium tetroxide and 

olefins, in the late seventies Sharpless and coworkers 

developed an asymmetric osmylation of olefins by using 



cinchona alkaloid derivatives as the chiral ligands; 

improvements and variations followed. The stiochiometric 

procedure became a highly effective catalytic process when 

combined with the Upjohn, N-oxide-based, catalytic method. 

Thus, Sharpless found a technique for molar-scale asymmetric 

dihydroxylation of several aryl alkenes with both high yield 

and high enantiomeric selectivity (Scheme 2). 

In this preparation of ( -) - ery thro-hydrobenzoin , 

trans-stlbene (1 equiv) , dihydroquinine p-chlorobenzoate 

(0.134 equiv), N-me thylmorpholine N-oxide (1.2 equiv), and 

osmium tetroxide (0.002 equiv) are placed in an acetone-

water solution at 0 to 4°C with occasional shaking during a 

15-17 hour period. After workup (-)-erythro-hydrobenzoin is 

obtained in 89% yield at 78.5% ee. After two 

recrystallizations (-)-erythro-hydrobenzoin is obtained in 

55% overall yield at greater than 99% ee. The opposite 

enantiomer may be obtained using dihydroquinidine p-

chlorobenzoate as the chiral ligand in an identical 

procedure. 

Flow System 

The French chemists Sales, Christol, and Brigidou 

have developed a flow system apparatus which may be used to 

separate d,1-hydrobenzoin to optically pure (+)- or 

(-)-hydrobenzoin. The apparatus (Figure 5) is centered 

around two primary chambers (A and B) and a pump (D). 



H 02C^C 

Dihydroquinidine 
p-chlorobenzoate 

HO OH 

CK f" 
HO OH 

Stilbene 

CH,0 

i .°!c"0"a 

,c2H5 

Dihydroquinine 
' p-chlorobenzoate 

R.R l+l 

/oee 

0s04 

NMNO 
Acetone/Water 
0 to 4°C 

17 h 

79%ee 

Scheme 2—Sharpless Asymmetric Dihydroxylation 
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Chamber A is maintained at 22-24'C while chamber B is main

tained at a temperature of 14-15°C. The Soxhlet thimble in 

A is filled with d,1-hydrobenzoin (available through osmium 

tetroxide dihydroxylation of trans-stilbene) and the entire 

system is filled with ethyl acetate. In chamber B a seed 

crystal of optically pure hydrobenzoin is placed while the 

pump slowly circulates the super-saturated solution of ethyl 

acetate throughout the system. In this way it was found 

that either enantiomer of hydrobenzoin could be obtained as 

a singular crystal in 100% ee, thus giving a very simple 

route to optically pure hydrobenzoin with a very small 

investment of time. 

Figure 5—Flow System 



Chiral Resolution of d,1-Hydrobenzoins 

A resolution of racemic hydrobenzoin was reported by 

Merz, Haunschild, and Dietl for use in the synthesis of 

chiral crown ethers. Their convenient resolution of racemic 

hydrobenzoins was chosen for this work (before the current 

Sharpless dihydroxylation had been published or the flow 

system could be constructed). 

Resolution was achieved using (-)-menthoxyacetic 

acid derived from (-)-menthol.H The (-)-menthol was 

treated with sodium hydride followed by the sodium salt of 

chloroacetic acid. The acid was then converted with thionyl 

chloride to (-)-menthoxyacetyl chloride in 68.5% yield over 

the two steps. The d,1-hydrobenzoin (from trans-stilbene 

treated with osmium tetroxide and N-methyl morpholine N-

oxide, 85% yield) was treated with the freshly prepared 

menthoxyacetyl chloride to give the diester in quantitative 

yield (Scheme 3). Recrystallization of the diester from 

methanol gave diester A as a white crystalline solid in 31% 

yield. Hydrolysis of diester A with 2N sodium hydroxide 

gave (-)-erythro-hydrobenzoin in 83% yield at 91% ee, and (-

)-menthoxyacetic acid in 84% recovery. One 

recrystallization of the chiral hydrobenzoin from anhydrous 

ether gave optically pure diol in 80% yield from hydrolysis 

at greater than 99% ee. 



OSO4 

A 
•4-

RECRYSTALLIZE I 

HYDROLYSIS 

ROH 

Seheme 3—Resolution of d,1-Hydrobenzoin 
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CYCLOPROPANATIONS USING ( - )-ERYTHRO-HYDROBENZOIN ENE-KETALS 

Ene-ketals 1,3,6, and 8 (Table 2) were chosen for 

study in this project. Previous studies had shown that 

cyclopropanations using zinc-copper couple worked best on 

cyclic ene-ketals; therefore only cyclic systems were 

examined. Secondly, it was decided to explore only the 

simplest of the four cyclic systems, these being the five-, 

six-, and seven-membered enones and the five/seven bicyclic 

enone. Looking at only the simplest systems would best show 

the utility of chiral hydrobenzoin across a range of ring 

sizes and give an indication where hydrobenzoin use was 

best suited for future synthetic projects. 

All ene-ketals were synthesized by acid-catalyzed 

ketalizations using an excess of the enone and a catalytic 

amount of pyridinium p-toluenesulfonate along with (-)-

erythro-hydrobenzoin in refluxing benzene with a Dean-Stark 

trap to remove water. The yields for ketalizations with 

hydrobenzoin were comparable to those obtained with other 

diols (Table 3). Ene-ketals 1 and 3 crystallized 

immediately as white solids upon isolation. Ene-ketal 8 

became a low-melting solid upon sitting for two days while 6 

was never observed to crystallize. This can be explained on 

the basis of the rigidity of the four systems. It would be 



Table 2 
Diastereoselective Cyclopropanation of Ene-Ketals Derived From Chiral Hvdrobenzoin 

ene ketal 
a yield 

cyclopropvl ketals 
yield diastereomer 
• b np' 

recrvstallized 
c . d 

rap %de 

80 

87 

51 

91-93 

7-79 

66 

90 

62 

13:1 

1 9: 1 

1 0: 1 

91-100 .106-1 OS 98 

133-136 141-142 99 

49-54 62-65 99 

48 16-51 6 2  1 6 : 1  

aX«C,H.. bAllyields refer to isolated and purified compounds. CA11 melting points are in *C b 5 
d 13 

ana are uncorrected. Determined by 62.9-MHz C SMP.. 

to 
oj 



Table 3 

Comparison of (-l-Ervthro -Hvdrobenzoin with other Diols 

R ocC" 
y 1 e J fl 

dcCdcC 
yield'1 diastereomcr ml in'1  

87 90 19:1 

NONOXYGF.N CONT A T N T Nf i  APPFNT1AGF.S 

-CH2CH2CH2Ph 51 92 >9:1 

-ch3  84 92 9:1 

OXYGEN CONTAINING APPENDAGES 

-ch2och3  

-CH2OCH2Ph 

-CHJOCHJ" 

63 

93 

78 

77 

86 5:1 

90-98 9:1 

90 

76 

9:1 

14:1 

nA1 1 yields refer lo isolated nml purified rompoijnds. 

^Determined by fi2.0-MII* 1 V NMR 



expected that the more rigid a structure the larger the 

amount of the low energy conformers would exist, making it 

more likely for the compound to crystallize. This would 

suggest that ene-ketal 3, being very rigid, would 

crystallize easily and ene-ketal 6, being more flexible, 

would be less likely to crystallize, while 8, being somewhat 

intermediate in flexibility might crystallize only 

partially. This is what was seen throughout the study 

including the cyclopropanations to be discussed later. 

An attempt was made to ketalize 2 - cycloliexen-1 - one via 

Noyori type bis TMS ether ketalization. The bis TMS ether 

of (-) -erythro-hydrobenzoin was synthesized as a crystalline 

white solid in high yield (90%). The ketalization was then 

attempted in dry methylene chloride with a catalytic amount 

of TMS triflate at -78°C warming to room temperature. This 

procedure led only to a chromatographically inseparable 

mixture of products. The reason behind this may be that due 

to the bulk of the phenyl rings on the diol the rate of 

ketalization is slower than that of polymerization of the 

ene-one and hence polymerization may occur. 

Monitoring the progress of the cyclopropanation 

reactions by TLC was extremely difficult due to the very 

similar Rf's of the ene-ketals and the cyclopropyl ketals. 

The only indication of reaction was a slight change in color 

of the TLC spots, and this was a very poor indicator of 

completion. For this reason it was necessary to determine 



completion of reaction by proton NMR. This involved working 

up small aliquots of the reaction mixture and monitoring 

the disappearence of the olefin peaks in the NMR over time. 

In this way it was possible to determine when the reaction 

had gone to completion. 

Cyclopropanation was first attempted on ene-ketal 3 

using a zinc-silver couple, prepared in situ, with two 

equivalents of diiodomethane in refluxing ether. These 

conditions gave no cyclopropanation of the ene-ketal. Next 

a freshly made zinc-copper couple (two equivalents) with two 

equivalents of diiodomethane in refluxing ether (freshly 

distilled from P2(-)5) was used. It was determined that only 

ten percent of the ene-ketal 3 had reacted after 48 hours. 

The NMR, however, indicated that the cyclopropanation was 

occurring with high diastereoselectivity. This was deduced 

by comparison of the cyclopropyl peaks in the NMR with an 

NMR of a d,l mixture of the desired cyclopropyl ketal. It 

was, therefore, decided to treat the eneketal with forcing 

conditions of ten equivalents of zinc-copper couple and an 

initial five equivalents of diiodomethane followed by a 

second five equivalents after 24 hours if the reaction was 

not complete. In this manner we were able to obtain 

cyclopropyl ketal 4 in 90% yield with a diastereomer ratio 

of 19:1. 

The diasteroselectivity of the reaction was 

determined by use of 62.9 MHz NMR. The integration of 



major and minor diastereomer peaks of the same carbon were 

compared to obtain the diastereomer ratio. This type of 

analysis makes it necessary to obtain a spectra of a d,l-

mixture of the, cyclopropyl ketal in order to be certain that 

the proper peaks are being compared. This means that for 

all systems the d,l-mixture of cyclopropyl ketal had to be 

prepared. The cylopropanes were first synthesized from the 

enone by standard Simmons-Smith cyclopropanation. The 

cyclopropyl ketones were then ketalized with a mixture of 

(d, 1)-hydrobenzoins under standard conditions given in the 

general procedures. 

Once cyclopropyl ketal mixture 4a/b was obtained as 

white crystals, it was recrystallized from anhydrous ether 

to give 4a as colorless crystals. The NMR showed only 

peaks due to 4a indicating diastereomeric purity. The 

cyclopropyl ketal was then hydrolyzed under acidic 

conditions to give (+)-norcaranone in 73% yield at greater 

than 99% enantiomeric excess. The diol was also recovered 

in 90% yield. The deketalization of 4a verified that we had 

indeed obtained diastereomerically pure cyclopropyl ketal 

which led to enantiomerically pure (+)-norcaranone. It also 

verified that the Simmons-Smith reagent was indeed attacking 

the olefin from the less hindered face of the ene-ketal as 

was expected. Finally, it proved that the diol could be 

recovered in good yield for reuse. 



The three other systems were eyelopropanated under the 

same conditions to give high diastereoselectivities (Table 

2). Cyclopropyl ketals 2a and 2b as well as 4a and 4b, as 

mentioned above, proved as was expected to be crystalline 

solids which could be recrystallized from anhydrous ether to 

give the pure major diastereomer. Cyclopropyl ketals 7a and 

7b took several days to crystallize to a white solid which 

was also recrystallizable to the enantiomerically pure 

cyclopropyl ketal 7a. Crystallization of cyclopropyl ketal 

mixture 9a and 9b never occurred despite repeated attempts 

to obtain a solid. 
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CONCLUSIONS 

It is clear that chiral hydrobenzoin will be a 

valuable chiral auxilliary in future diastereoselective 

S immons - Smith cyclopropanations of ene-ketals. (S-S)-(-)-

Erythro-Hydrobenzoin meets all the requirements desired of a 

chiral diol discussed in the Introduction. Giving 

crystalline products allows for recrystallizations leading 

to diastereomerically pure products. Chiral hydrobenzoin 

should also enable products previously synthesized by 

Simmons-Smith cyclopropanation of ene-ketals to be obtained 

in higher enantiomeric excess. This will be possible even 

if the cyclopropyl ketals are not crystalline. Since the 

diastereoselectivities before recrystallization are higher 

with hydrobenzoin than with any easily obtainable diol 

previously used, it is still valuable even if it does not 

yield crystalline products. 

Chiral hydrobenzoin's limitations will most likely 

lie in the ability to carry out high yield ketalizations on 

complex ene-one systems. The bulk of the phenyl groups may 

make Noyori-type ketalizations impossible, as was discussed 

in the previous section. However, it appears that standard 

acid-catalyzed ketalizations will work in most cases. As in 

most synthetic work, model systems and other initial studies 
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will be required before a choice of chiral diol may be made. 

If a final product possessing high diastereomeric excess is 

desired it may be acceptable, in certain cases, to sacrifice 

yield during ketalization so that a higher 

diastereoselectivity may be obtained further into the 

synthesis . 

bulk as discussed previously (p. 12), a diol containing an 

even bulkier appendage than hydrobenzoin should give higher 

hydrobenzoin (Figure 6) should inhibit complexation at lone 

pair A (Figure 3, p. 13) directing the reagent with even 

more selectively, as was previously discused. This would 

provide a more complete study of the effect of steiric bulk 

on selectivity in Simmons-Smith cyclopropanations. However, 

unless a similarly simple synthesis of the 2,6 - dimethyl-

hydrobenzoin is found, (-)-erythro and ( + ) -threo-

hydrobenzoin will remain the diols of choice for this type 

of cyclopropanation. 

If diastereoselectivity is a function of appendage 

The 2 , 6 - dimethyl derivative of chiral 

Figure 6--2,6-Dimethyl-Chiral-Hydrobenzoin 
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EXPERIMENTAL 

Benzene and methylene chloride were distilled from 

calcium hydride and diethyl ether was distilled from 

phosphorus pentoxide or sodium benzophenone ketyl under an 

inert atmosphere. Zinc-copper couple was prepared according 

to the method of Shank and Shechter^ immediately before 

use. Melting"points were taken on a Thomas Uni-melt and are 

uncorrected. Proton magnetic resonance spectra were 

recorded at 250 MHz on a Bruker WM-250 NMR spectrometer. 

Chemical shifts are reported as 6 values in parts per 

million (ppm) from tetramethylsilane. Carbon-13 magnetic 

resonance spectra were recorded at 62.9 MHz on a Bruker WM-

250 spectrometer. Chemical shifts are reported as 6 values 

in parts per million (ppm) from the center line of the 

chloroform-d triplet (77.0 ppm). Mass spectral 

determinations were performed at The Midwest Center for Mass 

Spectrometry. Elemental analyses were performed by Desert 

Analytics, Tucson, AZ. Infrared spectra were recorded on a 

Perkin-Elmer Model 983 infrared spectrophotometer. Optical 

rotations were measured at 589 nm on a Rudolph Research 

Autopol III polarimeter. Thin layer chromatographic 

analyses were performed on Merck silica gel 60 plates 

(0.25mm, 70-230 mesh ASTM). Merck silica gel 60 (70-230 

mesh ASTM) was used for column chromatography. 
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General Procedure for Ketalization 

To a well-stirred solution of the enone (1.5-4.0 

equiv) in dry benzene (4-20 mL/mmol) were added (-)-erythro-

hydrobenzoin (1 equiv) and pyridinium p-toluenesulfonate (5-

10 mol %). The mixture was heated to reflux under argon and 

water was removed azeotropically using a Dean-Stark trap. 

Progress of the reaction was monitored by TLC. Ketalization 

was terminated by cooling the mixture, which was then 

diluted with ether, washed with saturated sodium bicarbonate 

solution, saturated sodium chloride solution, dried (MgS04), 

and filtered. Volatiles were removed and the residue 

chromatographed to provide product. 

General Procedure for Simmons - Smith Cyclopropanations 

A well-stirred suspension of freshly prepared Zn-Cu 

couple (600-700 mg/mmol ene-ketal) in freshly distilled 

(from P 2 0 5) diethyl ether (1-2 mL/mmol ene-ketal) under 

argon was brought to reflux and a small crystal of iodine 

and diiodomethane (5 equiv) were added. After 30 min at 

reflux the ene-ketal was added as a solution in diethyl 

ether. Progress of the reaction was monitored by TLC and 

proton NMR. When the reaction was complete, as determined 

by proton NMR analysis of an aliquot, the mixture was cooled 

to 0°C and quenched with saturated sodium carbonate solution 

(12 equiv). After stirring at room temperature for 30 min, 

the grey-black Zn-Cu couple was removed by filtration and 



washed well with diethyl ether. The combined organic 

extracts were washed with saturated aqueous ammonium 

chloride, saturated aqueous sodium bicarbonate, saturated 

aqueous sodium chloride, dried (MgS04>, filtered, and 

concentrated to afford the crude product. Column 

chromatography on silica gel 60 afforded the pure product as 

a diastereomeric mixture. Recrystallization from a minimal 

amount of anhydrous diethyl ether afforded the diastereo-

merically pure product. 

2-Cyclopenten-l-one - (-)-erythro-Hydrobenzoin Ketal 

(1). To a well-stirred solution of 2 - eyelopenten-1-one (537 

mg, 6.50 mmol) in dry benzene (30 mL) were added (-)-

erythro-hydrobenzoin (500 mg, 2.34 mmol) and pyridinium p-

toluenesulfonate (25 mg, 0.10 mmol). The mixture was heated 

to reflux under argon and water was removed azeotropically 

using a Dean-Stark trap. Progress of the reaction was 

monitored by TLC (silica gel 60, 50% ethyl acetate/hexanes) . 

After 72 h, the mixture was cooled, diluted with ether (20 

mL) , washed with saturated sodium bicarbonate solution (40 

mL) , saturated sodium chloride solution (40 mL) , dried 

(MgS04), and decanted. Removal of the volatiles in vacuo 

gave a golden oil which was chromatographed on silica gel 60 

(75 g) eluted with 10% ethyl acetate/hexanes. Product 1 was 

obtained as a white solid homogeneous by TLC (Rf 0.70), mp 

91- 93 * C, (cxlf)5 -42.0° (c 0.500, CHCl3) . Yield: 519 mg, 



1.87 mmol, 80%. IR (CHCI3) 3064, 3030, 3017, 2885, 2351, 

2340, 1950, 1880, 1810, 1704, 1615, 1603, 1493, 1453, 1359, 

1306, 1236, 1167, 1147, 1077, 1058, 1023, 980, 948, 914, 

867, 833, 699, 650; XH NMR (CDCI3) 2.3 - 2.45 (2,m), 2.45-2.58 

(2,m), 4.75 ( 2 , s ) , 5 . 98 - 6.02 (1,m), 6.20-6.23 (l,m), 7.20-

7.33 (10, m) ; 13C NMR (CDCI3) 29.7 (CH2), 35.6 (CH2), 85.3 

(CH), 85.7 (CH), 120.6 (C), 126.7 (CH), 128.2 (CH), 128.4 

(CH), 131.1 (CH), 136.5 (C) , 136.1 (C), 137.7 (CH) . 

Anal. Calcd for CigHigC^: C, 81.99; H, 6.52. Found; 

C, 81.70; H, 6.51. 

Bicyclo[3.1.0]hexan-2-one-(-)-erythro-Hydrobenzoin 

Ketal (2). Cyclopropanation of ene-ketal 1 (1.00 g, 3.60 

mmol) was carried out following the general procedure using 

Zn-Cu couple (2.34 g) and diiodomethane (4.820 g, 18.0 mmol) 

in diethyl ether (75 mL) . Progress of the reaction was 

monitored by TLC (silica gel 60, 50% ethyl acetate/hexanes). 

At 12 h, additional diiodomethane was added (2.49 g, 9.3 

mmol). After 39 h, workup and purification by column 

chromatography on silica gel 60 (150 g) eluted with 5% ethyl 

acetate/hexanes gave product as white solid homogeneous by 

TLC (Rf 0.72), mp 91-100°C, [a]g5 -68.72° (c 0.475 CHCI3). 

Yield: 690 mg, 2.36 mmol, 66%. The product (2) was 

recystal1ized from anhydrous ether giving clear cubic 

crystals, mp 106-108°C, [a]§5 -89.52° (c 0.420 CHCI3) . IR 

(CHCI3) 3045, 3034, 3011, 2940, 2871, 1960, 1880, 1810, 

1603, 1495, 1453, 1358, 1341, 1305, 1285, 1228, 1222, 1198, 



1185,1123, 1049, 1021, 973, 954, 915, 867, 832, 699, 650; XH 

NMR (CDC13) 0.50-0.65 (l,m), 1.40-2.04 (6,m), 4.6 (2,dd), 

7.1-7.3 (10,m); NMR (before recrystallization) (CDCI3) 

6.9 (CH2), 16,.4 (CH), 23.1 (CH, major diastereomer), 23.9 

(CH, minor diastereomer), 24.4 (CH2). 31.7 (CH2), 84.9 (CH, 

major diastereomer) 85.3 (CH, major diastereomer), 85.6 (CH, 

minor diastereomer), 85.7 (CH, minor diastereomer), 119.6 

(CH), 126.3 (CH), 126.5 (CH), 126.9 (CH),128.1 (CH), 128.3 

(CH), 128.4 (CH), 136.3 (C), 136.9 (C); 13C NMR (after 

recrystallization) (CDC13)6.9 (CH2), 16.4 (CH), 23.1 (CH) , 

24.4 (CH2), 31.7 (CH2), 84.9 (CH) , 85.3 (CH), 119.6 (C), 

126.6 (CH), 126.8 (CH), 128.1 (CH), 128.2 (CH), 128.3 (CH) , 

136.3 (C) , 136.9 (C) . 

2-Cyclohexen-1 - one-(-)-erythro-Hydrobenzoin Ketal (3). 

To a well-stirred solution of 2-cyclohexen-l-one (1.35 g, 

14.1 mmol) in dry benzene (150 mL) were added (-)-erythro-

hydrobenzoin (1.5 g, 7.0 mmol) and pyridinium p-

toluenesulfonate (100 mg, 0.40 mmol). The mixture was 

heated to reflux under argon and water removed 

azeotropically using a Dean-Stark trap. Progress of the 

reaction was monitored by TLC (silica gel 60, 50% ethyl 

acetate/hexanes). After 48 h, the mixture was cooled, 

diluted with ether (150 mL), washed with saturated sodium 

bicarbonate solution (50 mL), saturated sodium chloride 

solution (50 mL) , dried (MgS04), and decanted. Removal of 

the volatiles in vacuo gave a golden oil which was 

% 



chroma tographed on silica gel 60 (150 g) eluted with 5% 

ethyl acetate/hexanes. Product 3 was obtained as a white 

solid homogeneous by TLC (Rf 0.70), mp 77- 79°C, [a]^ 

-15.05° (c 0.505 CHCI3). Yield: 1.77 g, 6.06 mmol, 87%. IR 

(CHCI3) 3075, 3064, 3032, 3013, 1950, 1880, 1810, 1649, 

1603, 1590, 1495, 1453, 1438, 1395, 1346, 1306, 1208, 1232, 

1174, 1115, 1087, 1072, 1058, 1024, 973, 948, 916, 867, 844, 

699, 650; XH NMR (CDCI3) 1.90-2.20 (2,m), 2.10-2.26 (4,m), 

4.82 (2,dd) , 5.98 (l,d), 6.14 (l,dt), 7.22- 7.42 (10,M); 13C 

NMR (CDC13) 20.7 (CH2), 24.9 (CH2), 34.9 (CH2), 84.9 (CH2 ), 

85.3 (CH2), 106.5 (C), 126.6 (CH) 126.8 (CH), 128.1 (CH) , 

128.2 (CH), 128.3 (CH), 128.4 (CH), 133.0 (CH), 136.5 (C) , 

136.8 (C). 

Anal. Calcd. for C20H2qO2 : C, 82.16; 6.90 Found: C, 

82.23; H, 6.80. 

Bicyclo[4.1.0]heptan-2-one-(-)-erythro-Hydrobenzoin 

Ketal (4). Cyclopropanation of ene-ketal 3 (1.10 g, 3.77 

mmol) was carried out following the general procedure using 

Zn-Cu couple (2.45 g) and diiodomethane (5.05 g, 18.8 mmol) 

in diethyl ether (75 mL) . Progress of the reaction was 

monitored by TLC (silica gel 60, 50% ethyl acetate/hexanes). 

At 12 and 24 h additional diiodomethane was added (3.33 g, 

12.4 mmol). After 60 h, workup and purification by colum 

chromatography on silica gel 60 (150 g) eluted with 4% ethyl 

acetate/hexanes gave product as white solid homogeneous by 

TLC (Rf 0.71), mp 133-136°C, [a]jj5 -64.91° (c 0.570, 



CHCI3). Yield: 936 mg, 3.05 mmol, 90%. The product (435 

mg, 1.42 mmol) was recrystallized from anhydrous ether 

giving colorless crystals, mp 141-142°C, [ct]§^ -75.00° (c 

0.42, CHCI3). Yield: 317 mg, 1.04 mmol, 73% recovery. IR 

(CHCI3) 3663, 3066, 3032, 3011, 3009, 2942, 2863, 2355, 

1948, 1877, 1807, 1602, 1495, 1454, 1389, 1363, 1186, 1137, 

1109, 1095, 1077, 1055, 1041, 1026, 1002, 978, 959, 922, 

896, 869, 827, 700, 666, 649, 622; 1H NMR (CDCI3) before 

recrystallization, 0.350 ( 1,q) , 0.40-0.50 (minor 

diastereomer, m) , 0.72-0.875 (l,m), 1.18-1.34 (l,m), 1.34-

1.55 (3,m), 1.55-1.71 (2,m), 1.71-1.98 (2,m), 4.86 (2,dd), 

7.14-7.35 (10,m); NMR (CDCI3) before recrystallization, 

10.0 (CH2), 12.2 (CH, minor diastereomer), 12.5 (CH, major 

diastereomer), 19.1 (CH2, minor diastereomer), 20.0 (CH) , 

20.1 (CH2, major diastereomer), 22.3 (CH2), 32.7 (CH2 , major 

diastereomer), 33.7 (CH2, minor diastereomer), 85.2 (CH), 

85.3 (CH), 110.3 (C), 126.7 (CH), 126.8 (CH), 128.0 (CH) , 

128.1 (CH), 128.2 (CH), 128.3 (CH), 136.8 (C), 137.0 (C); XH 

NMR (CDCI3) after recrystallization, 0.350 (l,q), 0.72-0.875 

(1,m), 1.18-1.34 (1,m), 1.34-1.55 (3,m), 1.55-1.71 (2,m), 

1.71-1.98 (2,m), 4.86 (2,dd), 7.14-7.35 (10,m); 13C NMR 

(CDCI3) after recrystallization, 10.0 (CH2), 12.5 (C), 20.0 

(CH), 20.1 (CH2), 85.2 (CH) , 85.3 (CH) , 110.3 (C) , 126.7 

(CH), 126.8 (CH), 128.0 (CH), 128.1 (CH), 128.2 (CH), 128.3 

(CH), 136.8 (C), 137.0 (C). 

Anal. Calcd for C21H22O2! c> 82.33; H, 7.23. Found: 



C, 82.17; H, 7.35. 

(+)-Norcaranone (5). To a solution of bicyclo-

[4 .1.0Jhepten-2 - one hydrobenzoin ketal (4) (278 mg, 0.91 

mmol) in methanol (10 mL) at room temperature was added 

slowly 2.7 M aqueous HC1 (10% 1.0 mL) . Progress of the 

reaction was monitored by TLC ( 20% ethyl acetate/hexanes). 

After 1.5 h the solution was poured into aqueous NaHCOj (30 

mL), the mixture was extracted with pentane (3 x 50 mL) and 

anhydrous diethyl ether (3 x 50 mL). The combined 

ether/pentane extracts were dried (MgS04), filtered, and 

concentrated by atmospheric distillation. Chromatography on 

silica gel 60 (75 g) eluted with 20% ether/pentane and 

removal of the volatiles by atmospheric distillation gave 

(+)-norcaranone mixed with a small amount of ether/pentane. 

Yield 86 mg, 86%; Yield corrected for solvents: 75.3 mg, 

68.5 mmol, 75.3%. Homogeneous by TLC (Rf 0.57), 

+ 15.67° (c 3.765, CDC13) , lit. [a]g5 +15.30.13 XH NMR 

(CDC 13) 0.8 (pentane,t), 0.95-1.09 (l,m), 1.09-1.22 (l,m), 

1.44-1.70 (4,m) , 1.78-1.94 (2,m), 1.94-2.08 (l,m), 2.22 

(l,dt), 3.40 (ether,q). Hydrobenzoin was recovered in 90% 

yield. 

2-Cyclohepten-l-one - ( - ) -erythro-Hydrobenzoin Ketal 

(6). To a well-stirred solution of 2-cyclohepten-1-one (540 

mg, 4.91 mmol) in dry benzene (50 mL) were added (-)-

hydrobenzoin ( 700 mg, 3.27 mmol) and pyridinium p-

toluensulfonate (100 mg, 0.40 mmol). The mixture was heated 



to reflux under argon and water was removed azeotropically 

using a Dean-Stark trap. Progress of the reaction was 

monitored by TLC (silica gel 60, 20% ethyl acetate/hexanes) . 

After 48 h, the mixture was cooled, diluted with ether (25 

mL) , washed with saturated sodium bicarbonate solution (50 

mL), saturated sodium chloride solution (50 mL), dried 

(MgS04), and decanted. Removal of volatiles in vacuo gave 

an oil which was chromatographed on silica gel 60 (75 g) 

eluted with 10% ethyl acetate/hexanes. Product 6 was 

obtained as a very viscous clear oil homogenous by TLC (Rf 

0.65), [ct]f)5 -27.79° (c 0.565 CHC13) . Yield: 505 mg, 1.65 

mmol, 51%. IR (CHC13) 3065, 3030, 3009, 2932, 1949, 1890, 

1800, 1730, 1661, 1603, 1495, 1453, 1400, 1360, 1306, 1281, 

1223, 1171, 1111, 1086, 1067, 1025, 977, 916, 876, 807, 791, 

699, 668, 666, 650; 1H NMR (CDCI3) 1.70-1.83 (2,m), 1.94-

2.08 (2,m), 2.20-2.29 (2,m), 2.29-2.38 (2,m), 4.8 (2,q), 

6.03-6.10 (2,m), 7.24-7.40 (10,m); 13C NMR (CDC13) 23.4 

(CH2), 26.7 (CH2), 27.6 (CH2), 37.6 (CH2), 85.0 (CH) , 85.5 

(CH), 110 (C), 126.7 (CH), 126.8 (CH) , 128.1 (CH), 128.3 

(CH), 133.7 (CH), 134.7 (CH) , 136.7 (C), 136.8 (C). 

Bicyclo [ 5 . 1 . 0]octan-2-one-(-)-erythro-Hydrobenzoin 

Ketal (7). Cyclopropanation of ene-ketal 6 (373 mg, 1.22 

mmol) was carried out following the general procedure using 

Zn-Cu couple (795 mg) and diiodomethane (1.633 g, 6.10 mmol) 

in diethyl ether (75 mL). Progress of the reaction was 

monitored by TLC (silica gel 60, 20% ethyl acetate/hexanes). 



At 36 h additional diiodomethane was added (1.66 g, 6.21 

mmol). After 48 h, workup and purification by column 

chromatography on silica gel 60 (75 g) eluted with 10% ethyl 

acetate/hexanes gave a colorless viscous oil which upon 

sitting for 48 h turned to a white solid, homogeneous by TLC 

(Rf 0.50), mp 49 - 54 ° C , [ot ] g5 -74.78° (c 0.46 CHC13 ) . Yield: 

214 mg, 0.60 mmol, 62%. Recrystallization from absolute 

ether gave clear crystals, mp 62-65°C, -104.5°. IR 

(CHCI3) 3665, 3032, 3015, 3009, 2925, 2857, 1955, 1880, 

1810, 1603, 1556, 1537, 1494, 1453, 1368, 1307, 1281, 1223, 

1180, 1151, 1127, 1092, 1051, 1025, 996, 967, 911, 858, 824, 

700, 670, 667, 649; 1H NMR (CDCI3) 0.58 (l,q), 0.78-1.10 

(2,m), 1.14-1.50 (3,m), 1.60-1.70 (3,m), 2.08-2.20 (3,m), 

4.54 (1,d) , 4.75 (l,d), 7.18-7.40 (10,m); 13C NMR (before 

recrystallization) (CDCI3) 7.54 (CH2, minor diastereomer), 

9.68 (CH2, major diastereomer), 14.12 (CH, minor 

diastereomer), 14.70 (major diastereomer), 23.64 (CH21 minor 

diastereomer), 24.05 (CH, major diastereomer), 24.40 (CH2, 

major diastereomer), 24.89 (CH, minor diastereomer), 27.97 

(CH2), 29.48 (CH2), 39.99 (CH2, minor diastereomer), 41.14 

(CH2, major diastereomer), 83.93 (CH), 85.43 (CH), 110.86 

(C), 126.48 (CH), 126.85 (CH), 128.13 (CH), 136.65 (C), 

136.76 (C) . 13C NMR (recrystallized) (CDC13) 9.7 (CH2), 

14.8 (CH), 24.1 (CH), 24.4 (CH2), 28.0 (CH2), 29.5 (CH2), 

41.2 (CH2), 84.0 (CH), 85.3(CH), 111.0 (C), 126.6 (CH), 

126.7 (CH), 127.0 (CH) , 128.0 (CH), 128.1 (CH) , 128.2 (CH) , 
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128.3 (CH), 136.7 (C), 136.8 (C) . 

2 , 3 , 5 , 6 , 7 ,8-Hexahydro-1H,4H azulen-l-one (-)-

erythro-Hydrobenzoin Ketal (8). To a well-stirred solution 

of ene-one (1148 mg, 7.65 mmol) in dry benzene (50 mL) were 

added (- )erythro-hydrobenzoin (1091 mg, 5.10 mmol) and 

pyridinium p-toluensulfonate (100 mg, 0.40 mmol). The 

mixture was heated to reflux under argon and water was 

removed azeotropically using a Dean-Stark trap. Progress of 

the reaction was monitored by TLC (silica gel 60, 20% ethyl-

acetate/hexanes). After 96h, the mixture was cooled, 

diluted with ether (50 mL), washed with saturated sodium 

bicarbonate solution (50 mL) , saturated sodium chloride 

solution (50 mL) , dried (MgSO^), and decanted. Removal of 

volatiles in vacuo gave an orange solid which was 

chromatographed on silica gel 60 ( 75 g) eluted with 20% 

ethyl acetate/hexanes to give an orange oil which was then 

chromatographed on silica gel 60 (75 g) eluted with 10% 

ethyl acetate/ hexanes. Product 8 was obtained as a very 

viscous pale yellow oil which upon sitting for 96 h turned 

to a solid homogeneous by TLC (Rf 0.60), mp 46-51°C, [ot]§^ 

-39.71° (c 1.735 CHC13). Yield: 850 mg, 2.46 mmol, 48%. IR 

(CHC13) 3065, 3033, 3022, 3015, 3009, 2923, 2849, 2335, 

1949, 1880, 1806, 1730, 1677, 1650, 1603, 1495, 1453, 1360, 

1311, 1282, 1259, 1157, 1120, 1091, 1036, 1024, 988, 938, 

914, 866, 824, 700, 669, 650; *-H NMR (CDCI3) 1.5-1.86 (6,m), 

2.08-2.26 (2,t), 2.27-2.48 (6,m), 4.66 (l,d), 4.80 ( l ,d ) ,  



7.18-7.38 (10,m); 13C NMR (CDC13) 25.2 (CH2), 26.8 (CH2), 

27.7 (CH2), 31.0 (CH2), 31.3 (CH2), 34.0 (CH2), 36.4 (CH2), 

84.8 (CH), 86.4 (CH), 122.8 (CH), 126.4 (CH), 126.7 (CH) , 

127.6 (CH), 127.9 (CH), 128.2 (CH), 136.2 (C) , 136.7 (C) , 

137.5 (C), 146.9 (CH). 

(3aS., 8aR.) - 2 , 3 , 5 , 6 , 7 , 8 - Hexahydro - 3a , 8a-me thano - 1H , 4H -

azulen-l-One ( - ) -erythro-Hydrobenzo in Ketal (9). 

Cyclopropanation of ene-ketal 8 (333 mg, 0.962 mmol) was 

carried out following the general procedure using Zn-Cu 

couple (626 mg) and diiodomethane (1.29 g, 4.81 mmol) in 

diethyl ether (50 mL). Progress of the reaction was 

monitored by TLC (silica gel 60, 20% ethyl acetate/hexanes). 

At 15 h additional diiodomethane was added (1.33 g, 4.96 

mmol). After 45 h, workup and purification by column 

chromatography on silica gel 60 (20g) eluted with 4% ethyl 

acetate/hexanes gave a viscous oil homogeneous by TLC (Rf 

0.62), [ ot) g5 -46.78 (c 0.605 CHCI3) . Yield: 214 mg, 

0.595 mmol, 62%. IR (CHCI3) 3064, 3030, 3019, 3011, 2921, 

2860, 1945, 1880, 1800, 1494, 1453, 1361, 1331, 1311, 1276, 

1236, 1194, 1174, 1153, 1130, 1107, 1091, 1074, 1049, 1024, 

977, 951, 915, 868, 699, 670, 668, 650; 1H NMR (CDCI3) 0.76 

(2 , s) 1.28-1.98 (12,m) 2.35-2.52 (2,t), 4.7 (2,dd), 7.10-

1.18 (2,m), 7.24-7.35 (8,m); 13C NMR (CDCI3) 15.5 (CH2), 

26.3 (CH2). 27.3 (CH2), 27.6 (CH2), 30.5 (C) , 32.2 (CH2), 

32.5 (CH2), 33.3 (C), 33.9 (CH2), 36.0 (CH2), 85.1 (CH), 

85.8 (CH), 121.6 (C), 126.3 (CH), 127.0 (CH) , 127.8 (CH), 
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128.1 (CH), 128.3 (CH), 136.1 (C), 137.6 (C). 

(d,1)-Hydrobenzoin. To a well-stirred solution of 

trans-stilbene (52 g, 289 mmol) in THF/CH3CN (600 mL/200 mL) 

at room temperature were added an aqueous solution of N-

methylmorpholine N-oxide (65 mL @ 60wt %, 39g NMNO, 333 

mmol) and a solution of osmium tetroxide in t-butanol (80 mL 

@ 16 mmolar, 0.64 mmol). After 20 h, the reaction was 

quenched by addition of saturated aqueous Na£S (40 mL). 

Charcoal (15 g) and Celite (15 g) were added and the mixture 

was filtered on a Buchner funnel. The solids were washed 

well with acetonitrile. Solvents were removed in vacuo, the 

oily residue was dissolved in methylene chloride (400 mL) , 

and the solution was washed with 10% aqueous hydrochloric 

acid (2x 100 mL), water (100 mL), dried (Na2S04) , and 

filtered. Removal of volatiles in vacuo left a crystalline 

mass which was recrystallized from 1 L of anhydrous ether 

(Norite decolorization), yielding product as off white 

crystals, mp 119-121 °C, lit. mp 120°C.^^ A second crop of 

crystals was obtained by reducing the volume of the filtrate 

to 200 mL. Yield: 52.76 g, 246.5 mmol, 85%. 

(-)-Menthoxyacetic acid. To a mechanically stirred 

solution of NaH (30.5 g @ 55-60%, 0.70 m, washed three times 

with hexanes) in dry 50/50 DMSO/THF (1260 mL) was added (-)-

menthol (93.6 g 0.60 m) and the sodium salt of chloroacetic 

acid (70.0 g, 0.60 m) under argon. After 12 h, the tan 

mixture was heated at reflux. After 6 h, the solution was 



cooled to 0°C, cautiously quenched with water (400 mL) , 

acidified (10% HC1) to pH2, extracted with 20/80 ethyl 

acetate/hexanes (5x500 mL) , the combined organic extracts 

were washed with saturated aqueous sodium chloride (400mL), 

dried (MgS04> , and the volatiles removed in vacuo. Vacuum 

distillation (95-136°C, 0.6 mm, lit 134-137°C, 2 mm)^ gave 

a yellow oil composed of (-)-menthol and (-)-menthoxyacetic 

acid. Yield 100 g. Spectra are of a small amount of 

material purified by column chromatography. 1R (CHCI3) 

3410, 3393, 3020, 2957, 2924, 2870, 2680, 2550, 1780, 1730, 

1454, 1368, 1236, 1178, 1124, 1041, 1008, 973, 911, 883, 

846, 691, 663; :H NMR (CDCI3) 0.73 (3,d), 0.85-0.98 (9,m), 

1.22-1.40 (2,m), 1.56-1.66 (2,m) 1.96-2.06 (l,d), 2.12-2.25 

(1 , pd), 3.08-3.21 (1 , td), 4.00-4.20 (2,q); 13C NMR (CDCl3) 

20.2 (CH2), 26.0 (CH3), 27.7 (CH3), 29.0 (CH2), 31.90 (CH), 

39.5 (CH), 43.7 (CH2), 50.8 (CH2), 60.1 (CH), 82.8 (CH2), 

101.3 (CH), 221.0 (C). 

( - ) - Menthoxyacety1 Chloride. To a well-stirred 

solution of thionyl chloride (261g, 2.20 m) under argon was 

added dropwise over 60 min the crude (-)-menthoxyacetic acid 

(100 g, 0.467 m) from the previous reaction. The solution 

was then heated to reflux. After 6 h, the dark solution 

was cooled. Distillation at atmospheric pressure removed 

excess thionyl chloride to give a brown liquid which was 

distilled (88-95 °C, 0.6 mm) to give a pale yellow oil which 

streaked on a TLC (Rf 0.60), [ct]f)5 -89.68° (c 7.75 CHCI3) , 
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lit. bp 117-120 °C, 3 mm, [ ot] §5 -89.6°.16 Yield: 94.95 g, 

0.411 m, 68.5% over two steps. 

Resolution of Racemic Hydrobenzoin. To a well-stirred 

solution of d,1-hydrobenzoin (41.6 g, 195 mmol) in methylene 

chloride (370 mL) in a 3-neck flask equipped with a 

condenser and mechanical stirrer, was added (-)-

menthoxyacetyl chloride (94 g, 410 mmol). The solution was 

chilled to 0°C under argon. Pyridine (36.8 g, 465 mmol) was 

added over 15 sec, evolving gas and heat. The resulting 

yellow precipitate was stirred overnight and heated to 

reflux. After 30 min, the solution was poured into cold 6 N 

hydrochloric acid (940 mL) dissolving the precipitate and 

forming an orange two phase solution. The aqueous layer was 

extracted with methylene chloride (2x80 mL) and the combined 

organics were washed with water (200 mL) and dried (MgS04). 

Removal of volatiles in vacuo gave a tan solid (117 g, 194 

mmol, 99.5%). The solid was dissolved in refluxing methanol 

(775 mL) and left to cool to room temperature. Within 3.5 

hr , 35.72 g (0.0059 mol, 30.5%) of diester A had 

crystallized as colorless needles which were isolated by 

suction filtration and washed with cold methanol, [(*]()-' 

-46.27° (c, 0.56 CHCI3), mp 127-132°C. The mother liquor 

was not suitable for further crystallizations of diester A; 

impure diester B was obtained by concentrating the mother 

liquor down and allowing it to cool overnight at 4°C. 

Diester A was further purified by one recrystallization from 



hot methanol. After sitting for 12 h at 4°C clear colorless 

needles were obtained, homogenous by TLC (Rf 0.53), [a3$^ -

51.0° (c 0.60 CHC13) , mp 130-134°C. Yield: 32.58 g, 0.054 

mol, 27.8%. 1H NMR (CDCI3) 1.74 (6,d), 1.84-2.08 (16, m) , 

2.20-2.40 (3,m), 5.60-5.72 (3,m), 2.2 (2,d), 2.166-2.36 

(2,m), 3.11 (2,td) , 4.2 (4,q), 5.30 (2,s), 6112 (2,s), 7.10-

7.28 (10,m); 13C NMR (CDCI3) 16.1 (CH3), 20.9 (CH3), 22. 2 

(CH3), 23.1 (CH2), 25.3 (CH) , 31.4 (CH), 34.3 (CH2), 39.9 

(CH2), 48.0 (CH), 65.8 (CH2), 77.1 (CH), 80.2 (CH), 127.5 

(CH), 128.2 (CH), 128.4 (CH), 135.6 (C) , 169.9 (C). 

To a well-stirred solution of diester A (32.58 g, 54 

mmol) in ethanol (100 mL) was added 2 M aqueous sodium 

hydroxide (200 mL) . The solution was stirred under argon. 

After 12 h, the volatiles were removed in vacuo, the 

remaining aqueous phase was extracted with methylene 

chloride (4x200 mL) and the combined organics dried (MgS04) 

and filtered. Removal of the volatiles in vacuo gave a 

white solid which was homogeneous by TLC (Rf 0.92), [a]fp 

-88.89° (c 0.45 CHCI3) , mp 145-146°C. Yield: 9.63 g, 45 

mmol, 83%. Recrystallization from anhydrous diethyl ether 

gave colorless crystals, mp 145.5-147°C, [alfp -97.9° (c, 

0.49 CHC13), lit. mp 148-150°C, [ ot ] S5 -97.6°.17 Yield: 

9.25 g, 43 mmol, 80%. IR (CHC13) 3605, 3580, 3420, 3064, 

3024, 3017, 3011, 2896, 1950, 1880, 1810, 1602, 1492, 1452, 

1389, 1319, 1207, 1288, 1228, 1195, 1037, 915, 833, 701, 

669, 648, 617. *H NMR (CDCI3) 3.20 (2,s), 4.50 (2,s), 7.05-
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7.13 (4,m), 7.18-7.26 (6,m), 13C NMR (CDC13) 79.1 (CH) , 

126.9 (CH), 127.9 (CH), 128.1 (CH), 139.8 (C). 
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