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Summarv 

The isomeric trimethylsilyl substituted cyclohexenes. l-tri- 

methylsilylcyclohexene, 3-trimethylsilylcyclohexene, and 4-trimethyl- 

silylcyclohexene and the analogous trimethylsilyl substituted cyclo- 

pentenes, I-trimethylsilylcyclopentene, 3-trimethylsilylcyclopentene 

and 4-trimethylsilylcyclopentene have been hydroborated and oxidized 

under kinetic and thermodynamic conditions. The hydroborating agents 

used were borane and thexylborane in THF. The products of these 

reactions show a dependence on temperature and the hydroborating 

agent used and are a result of a rather facile migration of the boron 

atom around the ring. Some synthetically useful reactions are 

discussed as are the structures of various trimethylsilyf substituted 

cyclohexanols hnd cyclopentanols. 

Introduction 

The thermal isomerization of organoboranes is a well established 

process which usually requires heating the brganoborane to temperatures 

above 100" in order to achieve reasonable rates [II]_ It has been 

reported that the hydroboration of I-methylcyclooctene results in a 

rapid isomerization of the intermediate organoboranes at temperatures 

as low as Oe i23 - The corresponding I-substitued cyclppentenes and 

cyclohexenes, however,. require higher temperatures before appreciable 

isomerizatiqn occurs. Kusker and Larson f 31 have ;ioted a-rather 
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facile isomerization of the intermediate orgaaobdraneti obtained-from-~ 

the hydroboration of l-trimethylsilylcyclohexene, I,.with thexylborane. 

Iniconjunction with our interest in carbo-functional organosilanes 

we:decided to undertake a detailed study of-the hydroboration-oxidation 

of I-trimethylsilyl substituted cyclohexenes and cyclopentents. Thus 

we'report here on the hydroboration-oxidation of l-trimethylsilyl- 

cyklohexene, I, 3-trimethylsilylcyclohexene, II, h-trimethylsilyl- 

cytlohexene, III, 1-trimethylsilylcyclopententene, IV, 3_trimethylsilyl- 

cyclopentene, V and 4-trimethylsilylcyclopentene, VI. These-olefins 

were hydroborated with borane and thexylborano {2.,3-dimethyl-Z-butyl- 

botane) k4? 2' in THF under kinetic and thermodynamic conditions, with 

the exception of III, which was only studied under kinetic conditions. 

Ths position of the boron atom in the intermediate organoboranes was 

determined by alkaline hydrogen peroxide oxidation f!T!. 

f IS 111 

_o- I 
SiMs3 

IV 

ST SiNe3 
V 

RcSzufts and difcussion 

Extent of Hydroboration 
-_ 

The reaction of 3 kquivalents of I with 1 equivalent of borane 

in THF at 25' resulted in a rapid uptake of 1.5 equivalents of hydride 

(CD_ 5 nin) followed by a very slow uptake of hydride to form the 

dialkylborane derivative (45 h). Reaction beyond the formationof 
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the.dialkylborane did not occur. Compound I reacts slowly with 

the@ylborane arid is inert to S-BBN [6] at 65" for 96 h. The isomer 

II issomenbat more reactive taking up 1.5 equivalents of hydride 

within 5 min and 2 equivalents _af+er 4 h at 25“. The hydride uptake 

of this&ystem did not exceed 2 equivalents even after several hours 

at 25O. Due to the small amounts of isomer III available, the extent 

of its reaction with borane was not investigated. 

AS expected the trimethylsilylcyclopentenes were more reactiv- 

towards borane. Tsoner IV reacted rapidly with borane at 2S" to take 

up 2 equivalents of hydride (5 min) followed by a slew reaction with 

the third equivalent of hydride to form the trialkylborane (24 h). 

Somewhat surprisingly the ally1 isomer, V, reacted to form the dialkyl- 

borane in 2 h and the trialkylborane in 72 h at 25", noticeably slower _ 
than the vinylsilane, IV. Again due to small amounts of sample, 

the extent of hydroboration of VI was not studied. 

The hydroboration of the trimethylsilyl substituted cyclohexenes 

A general description of the hydroboration of the three isomeric 

trimethylsilylcyclohexenes, I, II, and III is given in Scheme I. The 

results of the hydroboration-oxidation are given in Table I. The 

hydroboration of I with borane‘at -20° or 2S" gives l-trimethylsilyl- 

cyclohexanol, VII and trans-2-trimethylsilylcyclohexanol, VIII, as 

the only products in a ratio of 9:l consistent with earlier work 171. 

(entries 1 $ 2) Raising the temperature of the hydroboration reaction 

to 65" (refluxing THF) for 24 h gives cis-3-trimethylsilylcyclohexanol, 

IX and trans-3-trimethylsilylcyclohexanol, X, with none of the isomers 

VII and VIII present. (entry 3) Thus, at 6S"' the intermediate 

organoboranes, XIII and XIV are unstable, undergoing dehydroboration 

rehydroboration to give the boranes XV and XVI which lead upon oxid- 

ation to alcohols IX and X, respectively. The use of thexylborane 

as the hydroborating agent results in a slower reaction, as expected, 

and alcohols VIII and X upon oxidation (entry 4) with complete loss 

<continued on p- 306) 
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of VIII and foramtion of IX when the hydroboration is allowed to 

proceed for several days at 2S" (entry 5) or 26 h at 6S0 (entry 6);' 

The hydroboration of II follows a similar pattern as that of 1. 

At -20° with borane, II gives after oxidation the alcohols VIII, IX 

aird X (entry 7). Increasing the temperature of the reaction to 2S" 

leads to these same alcohols, but with the alcohol, X, predominating 

(entry 8). The hydroboration of allyltrimethylsilane with borane 

gives only 3-trimethylsilyl-l-propanol as the product of oxidation k,9: 

This has been explained as a possible consequence of the electronic 

effect of the trimethylsilylmethyl group on the hydroborati_oxi reaction 

PI = Similar arguments applied to the hydroboration of II would lead 

to XV and XVI as the favored boranes. Of these two boranes, XVI would 

be favored kinetically and XV thermodynamically, The results of 

entries 8 and 9 are consistent with this argument as are the entries 

4 and 5. Stereochemical arguments also support this line of thinking 

since in the borane, XVI one of the groups, either the trimethylsilyl 

or Ghe borylgroup will occupy an axial position, whereas in the 

borane, XV, both the trimethylsilyl and tih e boryl groups can occupy 

equatorial positions. The hydroboration of II with thexylborane at 

25* :fOi 5 d (entry 10) gives -after oxidation alcohols IX and X in 

the same 76:24 ratio as that observed in the hydroboration of I with 

thexylborane (entry S), consistent with the argument that the hydro- 

boration of I goes through olefin II under thermodynamic conditions. 

For comparison purposes, the hydroboration-oxidation of 3-tert- 

butylcyclohexene was briefiy studied. Pasto and Klein bd have 

reported that the hydrobcration-oxidation of this olefin with an 

excess of borane for 50 min at 0 o gives all four possible isomeric 

alcohois, cis and trans-2 and cis and trans-3-tert-butylcyclohexanol 

in a ratio of 1.4:43.3:1.7:53.6 Freppel and coworkers bd reported 

the -same alcohols in a similar ratio, but the conditions of the hydro- 

boration reaction were not stated. We found that hydroboration with 

borane under thermodynamic conditions (6S"/48 h) leads to cis-3 and 
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trans-3-tert-butylcyclohexanol in a ratio of 67:33. Thus, this tert- 

butyl system also undergoes an isomerization process at relatively 

mild temperatures. 

The olefin, III, was only briefly investigated under kinetic 

conditions giving the results shown in entries 11 and 12. It is of 

interest to note that no cis-4-trimethylsilylcyclohexanol, XII, could 

be detected, though several GLC columns and conditions were tried in 

addition to column chromatogrpahy on alumina. Pasto and Klein EO] 

have reported that the hydroboration of 4-tert-butylcyclohexene with 

borane gives all four possible isomeric alcohols upon oxidation. 

The hydroboration of the trimethylsilylcyclopentenes 

The hydroboration-oxidation of the isomeric trimethylsilylcyclo- 

pentenes, IV, V and VI is more straight-forward that that of the 

cyclohexene series. The results of this study are shown in Scheme II 

and tabulated in Table II. The hydroboration-oxidation of IV with 

borane under kinetic conditions gives I-trimethylsilylcyclopentanol, 

XVIII, and trans-2-trimethylsilylcyclopentanol, XIX, as the only 

oxidation products in a ratio of S7:13 (entry 1). Carrying out the 

hydroboration at 25O for 48 h, however, leads to only alcohol XIX 

after oxidation (entry 2). Thus, the intermediate borane, XXII, is 

thermodynamically unstable at 2S", but the borane, XXIII is stable 

at 2S". Hydroboration of IV with thexylborane under kinetic cond- 

itions (O"/2 h) gives only alcohol XIX (entry 3) whereas under 

thermodynamic conditions (2S"/48 h) only 7-9'3 of XIX is obtained and 

91-935 of trans-3-trimethylsilylcyclopentanol, XX. The borane, 

XXIII (R= thexyl) is therefore, not stable at 25". 

Hydroboration-oxidation of olefin V with borane under kinetic 

conditions gives only alcohol XX (entry 5). Hydroboration with thexyl- 

borane, on the other hand, gave both XIX and XX as oxidation products 

in a ratio of 75:85 (entry 6). The hydroboration of isomer VI with 

either borane or thexylborane under kinetic or thermodynamic conditions 

gave only alcohol XX as the oxidation product. Thus, the hydroboration 

(Continued on p. 310) 
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of the trimethylsilylcyclopentenes, IV, V and VI leads only to. 

placement qf the boron atom trans to the 'trimethylsilyl group. .-For 

p&poses of comparison an authentic sample of'cis-S-trimethylsilyl- 

cyclopentanol, XXVI, was prepared-according to eqn. 1. The lithium 

aluminum hydride reduction of 3-trimethylsilylcyclopentanone would be 

expected to give the cis isomer based on Ashby's results with 

J-methylcyclopentanone 1174. 

SiHe3 
i)LAH 

ii)H30+ 

iHe 
(11 

XXVI 

Synthetically useful reactions 

In the course of this work some useful reactions in the synthesis 

of carbo-functional organosilanes emerged. Among these are the 

conversion of I to the tertiary alcohol, VII [entry 1 Table I). This 

reaction is made more attractive by the fact that the alcohol, VIII, 

is easily removed from the reaction mixture by treatment with dilute 

acid b3f . The conversion of either I or II to a mixture of alcohols 

IX and X represents an improvement over the published procedure for 

the preparation of these compounds, which requires a sensitive hydro- 

genation of m-trimethylsilylpehnol b4]. Chromic acid oxidation of 

the intermediate boranes, XV and XVI gives rise to 3-trimethylsilyl- 

cyclohexanone in 50% yield. A recent synthesis of derivatives of 

3-trimethylsilyicyciohexanones has been reported ES] . In the cycle- 

pentyl series hydroboration piovides entries to alcohols XVIII, XIX 

and XX. Chromic acid oxidation of the organoborane, XXIV, gives rise 

to 3-trimethylsilylcyclopentanone in 52% yield. 
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Structure determination of the trimethylsilylcyclohexanols 

The structures of the isomeric trimethylsilylcyclohex&nols, 

VII, VIII, XX, X ar,d cis-Z-trimethylsilyl=y=lohexanol__ (pre@are& . 
via oxymercuration of I f3)) are based primarily ori their PMR 

spectra, their chemical reactivity and comparison with authentic 

samples and litersture data. All of the alcohols except VII were 

subjected to 90 MHz NMR analysis of the Cl proton. Assuming that 

the trimethylsilyl group occupies an equatorial position this gives 

the stereochemistry of the OH group Ed _ 
(Continued on p. 314) 

HF’fgqizy31e3 
H,r Ha 

IX 

a H;%Jj&-- SiMe3 

HX XII 

Figure 1 Conformational structures of the varrIous trimethy1silyl:. 
cyclohexanols. a is cis-Z-triztethylsilylcyclohexanol. 
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Figure 2. 90 MHz P&R spectra of the C, proton of the various 
trimethylsilylcyclohexanols. a is cis-Z-trimethylsilyl- 

.cyclohexanol. 



The tertiary alcohol, VII, showed no resonance- for a proton 

attached to a carbon bearing oxygen in the PFE2 spectrum, It showed 

PM?!and IR spectra identical to those of an authentic sample f7$ 

The mass spectrum of this alcohol showed peaks at m/e 67 (lOO%), 

73 (90%) and 75 (87%). The trans-Z-trimethylsilylcyclohexanol, VIII, 

showed a broad resonance at d 3.39 for the axial C 1 proton. The 90 

MHz PMR spectrum showed this proton to be a sextet- (doublet of 

triplets) with Ja,x = Ja* ,x = 10 Hz and Je,x = 4 Hz, consistent with 

an axial proton pd. (figure 2) The mass spectrum of this material 

showed peaks at m/e 73 (62%) and 75 (loo%)_ Treatment of VIII with 

a dilute solution of p-toluenesulfonic acid in benzene gave cyclo- 

hexene and hexamethyldisiloxane. The cis-2-trimethylsilylcyclohexanol 

shoced a narrow multiplet at d 4.12 for the Cl proton for an equatorial 

proton. The 90 MHz PHR spectrum showing a narrow band for this proton 

with small coupling constants between Ha, Ha', He andHx Ed. The 

mass spectrum of this compound showed peaks at m/e 67(52%), 73 (46%) 

and 75 (loo%)_ This isomer did not react with dilute acid. 

The trans-S-isomer, X, zhowed a narrow band in the PMR sPectrum 

at ,S 3.96 for the equatorial C, proton. (figure 2) In addition the 

PBlR and IR spectra were identical to those of an authentic sample. 

The ;?lass spectrum showed peaks at m/e 73 (700%) and 75 (65%). The 

cis isomer, IX, showed a broad resonance in the PMR spectrum for the 

axial Cl proton, This proton aPpeared as a heptet (triplet of triplets 

in the 90 EIz P.MR spectrum with Ja,x = Ja' ,x = 10 Hz and Je,x = Je*,x = 

4 Hz. The mass spectrum showed peaks at m/e 73 (100%) and 75 (90%). 

It 2s interesting to note that the peak at m/e 75 corresponding to 

the HeZSiOHC ion is greater in the cis isomers than in the trans 

isomers and can be used as a test or' the isomers when both are 

avaifable. 

Trans-4-trimethyl.silylcyclohexanol, XII, showed.a melting point 

and spectral data- identical to those reported by Fessenden and 

coworkers rj+ The 90 MHz p&E2 spectrum confirmed -this assignment 
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showing a broad resonance, appearing as:a septet (triplet of triplets) 

centered at 5 3.4Z_for the axial Cl proton with Ja,x = Ja',x = 10 Hz 

and Je,x = Je',x = 4.5 Hz. 

Structure- determination of the trimethylsilylcyclopentanols 

Of the five possible isomeric trimethylsilylcyclopentanols, 

XVIII, XIX, XX, XXI and cis-2-trimethylsilylcyclopentanol, only 

alcohols XVIII, XIX and XX were obtained in the hydroboration studies. 

Isomer XXI was prepared by reduction of 3-trimethylsilylcyclohexanone. 

Attempts to prepare an authentic sample of cis-2-trimethylsilylcyclo- 

pentanol via oxymercuration of IV failed, 

The structure of XVIII was determined by its lack of a resonance 

in the PMR spectrum for a proton on a carbon bearing oxygen and from 

its mass spectrum, which showed peaks at m/e 73 (100%) and 75 (91%). 

Its formation is also consistent with the hydroboration-oxidation 

of other vinylsilanes b-3 . The isomer, XIX, showed a resonance at 

6 4.13 for the C, proton. The mass spectrum showed peaks at m/e 

73 (100%) and 75 (83%). Treatment of XIX with dilute acid resulted 

in the rapid formation of cyclopentene and hexamethyldisiloxane. 

The isomer, XX, showed a resonance at 6 4.27 for the C, proton and 

peaks in the mass spectrum at m/e 73 (100%) and 75 (36%). This 

isomer gave no reaction with dilute acid. Oxidation of the intermediate 

organoborane, which led to XX, with chromic acid gave 3-trimethyl- 

silylcyclopentanone. Reduction of this ketone with lithium aluminum 

hydride gave an authentic sample of cis-3-trimethylsilylcyclopentanol, 

XXI, which showed a resonance in the PMR spectrum at d 4.23 for the 

C, proton and peaks in the mass spectrum at m/e 73 (100%) and 75 (51%). 

The higher percentage of the m/e 75 peak in the cis isomers is again 

notee _ 

Exp erimental 
All reactions were carried out under an atmosphere of dry 



nktrogen, In the case of the hydroborations the nitrogen atmosphere 

was maintained until after the oxidation* step was complete- All 

gLassware was flame dried under a stream of nitrogen prior to use. 

Al-1 solvents were dried by distiilation from sodium and benzophenone 

immediately prior to use. Borane in THF was prepared according to 

Brown and Sharp fisf and thexylborane according to Brown and Zweifel 

E?l- 1-Chlorocyclohexene and I-chlorocyclopentene were.prepared 

according to the procedure of Mausseron and Jacquer ko] , 3-chloro- 

cyclopentene according to Goering and coworkers PI and S-bromo- 

c)*clohexene according to Kharasch and coworkers [223 _ 4Q-Brono- 

cyclohexene was prepared according to the procedure of Jensen and 

Bushweller pi_ All other materials were obtained from common 

sources and distilled prior to use. GLC analyses were carried out 

using a Perkin-Elmer 990 or Perkin-Elmer 820 gas chromatographs. 

Preparative GLC was accomplished wizh a Varian 9OP gas chromatograph. 

Cciu_mns used were a ZO'xl/4", 20% DEGS on chromosorb IY SO/l00 mesh, 

a i2'x7/4" carbowax 20&f on chromosorb W SO/700 mesh, and a lZ'xl/S" 

aplezon on chromosorb IV 80/100 mesh. The PNR spectra were recorded 

wigh a Varian T60 WIR spectrometer and mass spectra with a CEC 21-104 

mass spectrometer. The 9OMiz PbIR spectra were kindly supplied by Dr. 

Richard Fish of the University of California at Berkeley. 

l-Trimethylsilylcycfohexene, I, was prepared in 91% yield from 

cyclohexenyllithium and trimethylchlorosilane in ether. It showed 

bp 78-81°/32mm; nD 2o 7.4626 (lit. Ed bp 74-S"/30mm; nDzO 1;462S). 

3-Trimethylsilylcyclohexene, II, was prepared in 67% yield by the 

slow addition (Z-5 h) of 3-bromocyclohexene (0.27 mol)to a mixture 

of.lithium wire (0.60 g-at) and tr%methylchlorosilane (0.27 mol) in 

250 ml of THF at -50° (reaction started at 0' and cooled to -5OO). 

It-shotred bp 85-9O/4Omm; nDz5 1.4605. 

4-Trimeth-jlsilylcyclohexene, III, was prepared in 29% yield by the 

addition of 4-bromocyclohexene (20 mmol) to a mixture of lithium 
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(50 ng-at) znd trimethylchlorosilane [30 mmol) in 75 ml of THF at 0". 

This showed bp 7-S-8S"/30mm; nD22 1.4578 (lit. /+I bp 17S-6°/76Chnm; 

"D 2o 1;46OO)i 

I-Trimethylsilylcyclopentene, XV, was prepared in 62% yield from 

cyclopentenyllithium and trimethylchlorosilane in ether. It showed 

bp 78-80°/94mm; nD2' 1.4466. 

3-Trimethylsilylcyclopentene, V, was prepared in 80% yield by the 

slow addition (S h) of 3-chlorocyclopentene (0.15 mol) to a mixture 

of lithium (0.34 g-at) and trimethylchlorosilane (0.20 mol) in 200 ml 

of THF at -50' (reaction started at O" and cooled to -SO”>. This 

showed bp 74-80°/700mm; nD23 1.4470. 

4-Trimethylsilylcyclopentene, VI, was prepared in 18% yield by the 

addition of thionyl chloride to trans-3-trimethylsilylcyclopentanol 

at 0". The product contained 10% of the isomer, V. 

General Procedure for the Determination of Hydride Uptake. . 

A 700 ml, round-bottom flask was charged with 3O.mmol of 

the olefin to be studied along with enough THF to make the total 

volume 54.5 ml. To this was added by means of a syringe S.,i ml 

of a 7.86 g solution of borane in THF making the total solution 

0.5 M in olefin. Aliqcuts of 4 ml were taken at various time 

intervals and hydrolyzed using a 1:l mixture of ethanol and THF, 

with the hydrogen evolved being measured in a gas buret [24 . 

General Procedure for Hydroboration with Borane in THF. 

Into a 100 ml, 2-neck, round-bottom flask was placed 25 ml 

of the olefin and 25 ml of THF. To this solution was added 13.4 

ml 0f.a 7.86 E borane solution in THF (25 mmol) by means of a 

syringe, with ice bath cooling. The reaction was allowed to 

continue either at O" , room temperature, or refluxing depending 

on the system and desired conditions. Aliquots were. taken and 

oxidized by the addition of 3N NaOH and 30% hydrogen peroxide. - 



The dried organic layers were subjected-to analysis by GLC. 

In preparative procedures in which no aliqouts were-t.aken, the 

reaction mixture was oxidized by the dropwise addition of 3X NaOH (7 ml) 

(carefully at first) followed by the dropwise addition of 30% 

hydrogen peroxide (7 ml). The resulting two phase system was-heated 

to about 45" for 1 h , saturated with sodium chloride, the organic 

layer separated and the aqueous layer extracted-with ether (25 ml)_ 

The c-?mbined organic layers were dried @lgS94) and the solvents 

removed by distillation followed by distillation of the products 

at reduced pressure. 

General Procedure for the Hydroboration with Thexylborane. 

Into a 100 ml, round-bottom flask equipped with sidearm 

-was placed 2.10 g (25 mmol) of 2,3-dimethyl-2-butene and 25 ml O& 

THF. This solution was cooled to OOand 13.4 ml of a 1.86 M_ solution 

of borane in THF (25 mmol) was added by means of a syringe. The 

mixture was stirred for 1 h at OOand 1 h at 2S"after which time 25 

Fmnoles of the olefin was added. The work-up Procedure for these reac- 

tions was identical to that described above for the reactions with borane. 

Preparation of Cis-3-Trimethylsilylcyclopentanol. 

Into a 50 ml, 3 neck flask equipped with condenser,dropping 

funnel and magnetic stirrer was placed 15 ml of ether and 0.18 g 

(5 mmolj of lithium aluminum hydride. After stirring this solution 

for IS min, 0-S g (3mmol) of 3-trimethylsilylcyclopentanone was added 

slowly. The reaction mixture was stirred for 30 min after which time the 

excess hydride was destroyed by the addition of 70 ml of ethyl acetate 

at 00 The organic layer was washed with a 3 g sulfuric acid solution 

(1S ml)'and the aqueous layer extraxted with ether (3x15 ml). The 

combined organic layers were washed with water (20 ml), dried (Na2S04), 

filtered and the solvents removed by distillation yielding 0.35 g 

of crude product. Elution on an aluzlina column with hexane/ether 

(9:l) as eluent gave pure cis--. =-trimethylsilylcyclopentanol, 
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"D 23 1.4576. The original mixture contained about 6% of the tram . . 
isomer by.GLC analysis. 
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