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Abatrati-The hydroboration of a number of subsututed a&unsaturated cyclohexenones and cyclo- 

hexenols has been studied. The ketones and the pseudo equatorial alcohols yielded the diequatorA 

rrans-1.2diols in fair yields. accompanied by minor amounts of l.3-dials. The direcuve effect of the 

intermediate allyhc borate and the steric influence of ring substituents on this raction has been established. 

The hydroboration of 1.3~cyclohexandiones has been shown to proceed mamly by an addttion ehmmntion 

process yielding diequatonal vans- 1.2-cyclohexandiols. thus transforming a 1.3dioxocyclohexane to a 

I .24ioxocyclohexane. I .2Kyclohexandione gave. on hydroboration. mainly CIS- I .2-cyclohexandiol. 

Mechanisms for the hydroboratlon of I.2 and 1.3.cyclohexandiones are proposed. both involving. to 

some extent. an unusual intramolecular displacement of borate or borane by hydrogen with retennon of 

configuration. 

THE HYDROBORATION of pmethyl substituted cyclohex-Zenones has been found to 
proceed in a stereospecitic manner lo yield the trans-1,2-diequatorial cyclohexandiols 
in 56-70% yield.4 It has been established that the first step in this reaction is the reduc- 
tion of the carbonyl group; the allylic borate generated directs the attack of diborane 
on the double bond frans to itself. This stereospecificity has been attributed to a 
combination of steric and polar effects of the borate group and to the fact that the 
intermediate rrans borane-borates are much more stable lo elimination than the 
cis isomers.4* S Thus for example isophorone 
in 65”/, yield.4 

gives the trans-diquatorial diol 2 

0 

M B,H, I - 

1 

OB: 

_3j 

We 

PI 

2 

In order to estimate the directive power of the allylic borate group and evaluate 
the utility of this reaction as a new stereospecificcyclohexandiol synthesis a systematic 
study of the hydroboration of cyclohex-2-enones and cyclohex-2-enols was under- 
taken. The hydroboration of 1.2- and 1.3-cyclohexandiones was also studied as they 
represent a cyclohex-2-enone system in their enolic form, which is the preponderant 
one. These compounds were also of interest because they generally serve as the starting 
materials for the preparation of the cyclohex-2-enones and cyclohex-2-enols. 
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RESULTS 

The following representative series of ring substituted cyclohex-2-enones, cyclohex- 
Zenols and cyclohexandiones was selected for the hydroboration study : cyclohex-2- 
enone (3). 5-phenylcyclohex-2-enone (4). cis-5-phenylcyclohex-2-enol (5). transd- 
phenylcyclohex-2-enoI(6), S-t-butylcyclohex-2-enone (7). cis-5-t-butylcyclohex-2-enol 
(81, 4-t-butylcyclohex-2-enone (Y), troab-4-t-butylcyclohex-2-enol (IO). cis-4-t-butyl- 
cyclohex-2-enol (11). l,3-cyclohexandione (12). 5-phenyl-l.3-cyclohexandione (13). 
S-t-butyl-1,3-cyclohexandione (14), l,2-cyclohexandione (15) and 2-hydroxycyclo- 
hexanone (16). Some of the starting materials were commercial products, others were 
prepared according to known procedures. The main problem was the synthesis of the 
cis- and rruns-cyclohex-2-enols 5.6.8. LO .and 11. They were prepared by aluminium 
isopropoxide reduction ofthe corresponding ketoneand separation ofthe two isomers 
obtained through their benzoates or their pnitrobenzoates. The thermodynamically 
more stable alcohols 5 and 8 were also prepared by direct reduction of the l,3-dike- 
tones 13 and 14 with LAH. The structures of all the cyclohex-2-enols were confirmed 
by their NMR spectra. especially by examination of the protons z to the hydroxyls. 
The width at half height Wh/2 was IO-18 Hz for the pseudo axial proton and 6-8 Hz 
for the pseudo equatorial proton (experimental). 

All the cyclohex-2enones and cyclohex-2-enols have unsubstituted a and b 
positions. Both positions, therefore, are prone to diborane attack and the ratio of 
l,2- and 1,3-diols in the product mixture is the combined result of the directive effect 
of the allylic borate group and of the ring substituent. 

To simplify the identification of the diols obtained in the hydroboration reactions, 
a series of isomeric diols was prepared. The l,Zdiols were prepared by cis and crans 
hydroxylations of the appropriate cyclohexenes and the 1,3diols by oxymercuration 
reduction of the corresponding allylic alcohols6 All the hydroboration reactions 
were performed in the usual manner using excess diborane. The diol fraction obtained 
was analyzed either by GLC or by TLC and the different cyclohexandiols were 
identified by comparison with authentic samples and by their NMR and IR spectra. 
The small amounts of monoalcohols which were present in all the reactions were not 
analyzed. The results of the hydroboration reactions are summarized in Table I. 

It was possible to distinguish between the 1.2cyclohexandiols and the l.3-cyclo- 
hexandiols by oxidation with NalO,. The I,Zdiols were cleaved readily, whereas 
the 1,3diols were almost unaffected under the same conditions.’ 

Except for the unsubstituted cyclohexandiols 17. 18, 19 and 20 all the diols from 
the hydroboration reactions, and those prepared by other methods, have a preferred 
conformation. Due to the substituents chosen. the chair conformation with the bulky 
substituent in the equatorial position is energetically favoured by 2-5 kcalimole. 
This fact simplified the NMR spectra of these compounds and enabled easy con- 
firmation of all the proposed structures, especially when isomeric diols of known 
structure were available for comparison. The chemical shifts and the multiplicities of 
the signals of the protons a to the hydroxyls confirmed the structure assignments.’ 
The structure ofall the diols was further confirmed by their high dilution IR spectra in 
CCl,.‘*’ In the l.2-cyclohexandiols only one band was present in the -OH region 
for the trans diaxial dials, whereas two bands were observed for the cis isomers 
and the trans diequatorial isomers. A greater separation between the two hands. 
Av, was found for the cis diols in each isomeric series.* In the 1.3-cyclohexandiols only 
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TABE I. HYDROWRATION OF cYcLo~ex-2-mom, cvcmmx-2-e~0t.s. I.~-~Y~wHE~ANDIoNE~ AND 

I .2-CYCLOHIXANDlONt5 

Starting 

marerial 

Total yield 
of diols ‘I, 

Isomer distribution (“‘) ,r 

0 

0 I 
3 

0 

0 I Ph 

4 

OH 

0 
I 

Ph 

5 

P” 

0 Ph 

6 

0 

fi 
I 

7 

OH 

x0 
I 

u 

0 

0 

I 

9 

w 

59b 

21 (76) 

62’ 21 (76) 

34b 

24 (77) 25 (5) 22 (18) 

OH OH 

5bb IO-“” XQ,, 
X(81) 27 (19) 

58b 26 (81) 27 (19) 

42’ 

22(10) 23(14) 

“OH 

28(4l) 29 (52) a(7) 
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TMU..E 1 -cominwd 

Starting Total yield 
material of diols k 

isomer distribution (“G) 

p- -~- 

?H 

0 I 
IO 

OH 

8 

I 

11 

0 

0 
I 

OH 
12 

0 

fi 
I 

Ph OH 
13 

0 

fi 
I 

OH 
14 

0 

OH 

0 
I 

IS 

0 

OH 

16 

49 28 WI 29 (49) 26 (7) 

H 

6 ,PH 
24b 

30 

47b 21 (53) 22 (19) 

27 (40) 

45’ 17 (74) 18 (22) 

4Y.’ 17 (76) 18 (24) 

80” 17 (42) 18 (58) 

19 (8) 2@(8) 

23 (28) 

19(I) 20 (3) 

G 
traces 

’ Analysis by GLC. 
b Analysis by TLC. 
c This compound I1 contained 3001, of its isomer 10. The reaction mixture was very complex and only 

one product was isolattd m pure form. 
’ Work-up without H,O,. 
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one band was present in the tram isomers and in the cis diequatorial isomers and 
two bands were observed for the cis diaxial isomers in each group.’ The NMR and 
IR data of all the substituted cyclohexandiols are summarized in Table 2. 

A combination of spectroscopic methods (NMR, IR) and chemical means (known 
structures of the starting allylic alcohols 5,6.8. 10 and II) established the structure 
of all the diols except 31. The cis diol31 was prepared by the iodine-silver acetate-wet 
acetic acid hydroxylation lo of Cphenylcyclohexene (44). Two isomeric cis-1,2-diols 
could theoretically be obtained, but only one was isolated. The cis-cis structure 31 
was assigned to the isolated product in accord with this hydroxylation mechanism.” 

DISCUSSION 

The most distinctive fact from Table 1 is the high and consistent regiospeciticity’ ’ 
and stereospecificity observed in the hydroboration of all cyclohex-Eenones and 
cyclohex-2-enols with the exception of 9 and IO. The main product in all these 
reactions was the trans-1,Zdiol. The first step in the hydroboration of the a&un- 
saturated ketones is the reduction of the carbonyl function, as already proven in 
previous papers. ‘* I2 The allylic borate formed is then further hydroborated to the 
final products. 

In the case of the unsubstituted cyclohex-tenone (3) there was only one allylic 
borate possible which was subsequently hydroborated to a mixture ofcyclohexandiols 
consisting mainly of the trans-1.2-cyclohexandiol (18). The distribution of diborane 
attack on the intermediate allylic borate 35a, as shown by the ratio of isolated diols, 
is demonstrated in Fig. 1. This ratio of isomers is very close to that which H. C. Brown 
obtained from the hydroboration (with diborane) of the disiamylborate ester of 
cyclohex-2-enol(35) (Fig. 2).’ The similarity of these results is due either to the insensi- 
tivity of the hydroboration reaction to bulky groups on the oxygen or to the formation 
of dialkoxy boranes prior to the hydroboration step. 

6% 

3% 
FIG I 

91% 

d 

1rv-x 

4% I. 5.’ 

FIG 2 

The Ssubstituted cyclohex-Zenones 4 and 7 were particularly interesting because 
two allylic borates could be formed in each case by reduction of the keto group. In 
addition, the substituent keeps the molecule in one preferred conformation without 
directly interfering with the hydroborating agent. The stereochemistry of the diols 
formed (21 and 26) from the reaction of 4 and 7 with diborane showed that the reduc- 
tion of the keto group gives the more stable pseudo equatorial esters. This fact is in 
accord with the observati,on that LAH reduces sterically unhindered cyclohex-2- 
enones to the thermodynamically more stable pseudo equatorial alcohols.” The 
stereochemistry of diborane reduction of cyclohexanones has been shown to be very 
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similar to that of LAH.14 This similarity also holds for the reduction of cyclohex-2- 
enones, as observed in this work. The intermediate pseudo equatorial borate esters 
were subsequently hydroborated in 6065% yield, to a mixture of diols consisting 
mainly of the diequatorial rrans-1,2-cyclohexandiols 21 and 26. Hydroboration of 
the parent pseudo equatorial cis-cyclohex-Zenols Sand 8 gave, in a comparable yield, 
the same mixture ofdiols as the ketones 4 and 7, further proving the two step sequence 
in the hydroboration of ct$-unsaturated ketones. No diaxial trans-1,tdiols 24 and 
30 could be detected in the hydroboration of both 4 and 7. The absence of 24 and 30 
in these reactions is due to the high stereospecificity of the first step and to the much 
faster elimination of the trans-diaxial borane-borate intermediate (which could be 
formed in small amounts) than that of the transdiequatorial one. This fact was clearly 
demonstrated in the hydroboration of the pseudo axial trans-5-phenylcyclohex-2-enol 
(6). The total yield of the dials decreased to 34% as compared with 62% from the 
pseudo equatorial isomer 5 and the yield of the main product, namely the diaxial 
tru,th-5-phenylcyclohexan-1,2-diol (&I), decreased to 26’X as compared with a yield of 
452 of the diequatorial ~run.s isomer 21. In all these cases no cis dials were isolated. The 
total yield of approximately 60’& of dials in these reactions raised the question of the 
amount of hydroboration cis to the allylic borate group. Two cis borane borates could 
in principle be formed, namely 36 and 37. The format ion of 37 is probably not realized 

since hydroboration of the pseudo equatorial cyclohex-Zenols 5 and 8 gave almost 
exactly the same results as the conjugated ketones 4 and 7. In addition it seems that 
the monoalcohols were not formed entirely from the cis borane berates with the 
equatorial borate group 36 via the olefin. We have previously shown that at least 
50% of the monoalcohols formed in the hydroboration of cyclohex-benones were 
not formed from an intermediate olelin.4 Moreover, losses during work-up and 
separation certainly account for at least 10% of the diols. Therefore, at the most, 
15% of the intermediate allylic borate has undergone hydroboration cis to the allylic 
borate. The distribution of dials obtained in the hydroboration of 4 and 5. 7 and 8 
and 6 is outlined in Fig. 3. 

FIG 3 
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Examination of 5a clearly reveals the high stereospecificity of the hydroboration 
at position 2 and the low stereospecificity at position 3. On the other hand, in the case 
of & high stereospecificity is observed for positions 2 and 3. The high regiospeciticity 
and stereospecificity at position 2 in 3,4,5,6,7 and 8 is due to the strong inductive 
and polar directive effects of the allylic borate group as explained before.’ The 
stereospecificity at position 3 in 8a, as compared with 5a, is due to a secondary 
factor, namely the steric effect of the t-butyl group at position 5. The unique steric 
effect of the t-butyl group. in the cyclohexane system, has been observed and explained 
in several papers.15 Examination of the intermediate 8a shows that the bulky t-butyl 
group forces the axial CS hydrogen closer to the center of the ring,15 thus preventing 
the attack of diborane at position 3. from the upper side. 

The steric effect is very powerful. especially when the t-butyl group is in position 3 
in relation to the attacked carbons. The steric course of the hydroboration of4-t-butyl- 
cyclohex-2enone (9) and trans4t-butylcyclohex-2cnol (IO), which is entirely 
different from all the other hydroborations of substituted cyclohex-2enones and 
cyclohex-2enols. illustrates this interaction. The syn axial Me group of the t-butyl 
group in 9 and 10 produces a severe steric shielding of the side of the ring cis to this 
Me group and prevents diborane attack at both positions 2 and 3 from this side 
(Fig. 4). This strong effect overcomes the directive crans effect of the allylic borate 

group and the main diols obtained were, surprisingly, the rrans4t-butyl-cis-1,2- 
cyclohexandiol (28) and the rrans4-butyl-cis-1.3~cyclohexandiol (29). On the other 
hand, hydroboration of cis4t-butylcyclohex-2cnol (11) (contaminated with 30% 
of the ttans isomer 10) gave, as the only identified product, the expected trms4t- 
butyl-trots-1,2cyclohexandiol (30). Pasto examined recently the hydroboration of 
3-t-butylcyclohexene, which is similar to intermediate 101, and found that 97% of 
the diborane attack was truns to the bulky t-butyl group,15’ as compared with 93% 
truns attack to the t-butyl group in 101. 

The relatively high yield (17-20%) of the cis-12diol 28 from the hydroboration 
of 9 and 10 was surprising, since it was assumed in previous work that the cis-12- 
borane-borates are unstable under the reaction conditions.‘* ’ However, the present 
results prove that this assumption is not entirely accurate. The elimination of the 
cis-1.2~borane-borates is faster than that of the trans isomers, but not fast enough to 
destroy substantial amounts of them. This is also characteristic of compounds not 
containing a t-butyl group, as seen from the hydroboration of 3 (67” cis-1,2diol) 
and 35 (5% cis-1,2-diol).5 
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The hydroboration of the 1Jcyclohexandiones (Table 1) 12, 13 and 14 gave to 
our surprise preponderantly the tram-1.2cyclohexandiols 18, 21 and 26. The same 
diols were obtained in an overall yield of 45-WA, as compared with a yield of 60-65x 
from the corresponding cyclohex-2cnone. The yield of the 1.2diols decreased and the 
yield of the 1,3diols increased. The similarity of the results implies a mechanism 
which passes through an allylic borate. as in the case of the cyclohex-2enones and 
cyclohex-2cnols. The following mechanism (A) is proposed to account for 70-75% 
of the total yield of the diols. The first step of the hydroboration of the enolized di- 
ketone is obviously the formation of an enol borate 38 (Evolution of hydrogen is 

R 

W. 
9’ ’ \ 

+ 

R 

H,OdOH - 
a products 

42 43 

The sequence of the next two steps was not determined, but reduction of the carbonyl 
group to yield 39 is probably the second step, as in the case of the cyclohex-2enones. 
The trifunctional intermediate 40 which is formed undergoes fast rrans elimination 
to yield the allylic borate 41 that is hydroborated in the normal manner as described 
above. 

The hydroboration elimination of a 1.3-cyclohcxandione was used, in one case, 
for an olefin synthesis. 5-Phenyl-1.3cyclohexandione (13) was hydroborated with 
excess diborane and then retluxed with Ac,O to yield 4-phenylcyclohexene (44) in 

0 

J5 (1) BzH, 

(2) AC,0 
Ph OH 
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WA yield.* This olefin synthesis is similar to that previously described which involved 
hydroboration of a conjugated ketone and elimination with Ac20.16 

In order to account for the larger amounts of 1.3cyclohexaodiols obtained in the 
hydroboration of the IJcyclohexandiones the following pathway (B) is assumed. 
Attack of diborane on intermediate39a to the en01 borate yields 45. The trifunctional 
intermediate 45 undergoes reduction to 46 which upon usual work-up gives the 
1,3diols. Displacement by hydrogen of chlorine” or acetoxy’** l9 in cyclohexane 
derivatives containing boron and chlorine” or boron and acetoxy18*‘9 on the same 
carbon are known. 

OB; 

@I 

a R 

45 /“\ 

OB; 

39 

Hydroboration of l&cyclohexandione 15 gave unexpectedly a diol mixture 
containing cis-1,2cyclohexandiol 17 as the main product (75-$00/, of the diol 
fraction). Formation of the cis diol 17 excludes an intermediate allylic borate (as in 
the case of the 1,3diketones) which should yield predominantly the tru~rs-1,2- 
cyclohexandiol (18). Direct reduction of 15 could also be excluded as the main 

OB’ 

- 

0 

0 I OB: 

47 
l- W, 

OB’ 

.O< 

OB; 

- 18 

l 4.4LXmethylcyclohexenc wax prepared by the same procedure in 20% yield from dimaiooc. E. 
Duokelblum and J. Klein, unpublished results 
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mechanism for this reaction for two reasons: (1) the diketone 15 is mainly in the 
enol form and addition of diborane evolves hydrogen; (2) hydroboration of 
2-hydroxycyclohexanone (16) gave a different mixture of 12cyclohexandiols (cis 
42%. ttarrs 58%). The following mechanism (C) is proposed for the hydroboration 
of 15. 

The first step is formation of an enol borate 47 which is reduced to 48. Diborane 
attack, mainly WMS, and to a small extent cis, to the allylic borate and a to the enol 
borate, gives intermediates 49 and 50. Basic hydrolysis or intramolecular displace- 
ment by H of the borane group in 49 and 50 with retention* yields 51 and 52. This 
mechanism implies that hydrogen peroxide is superfluous for the formation of the 
1,2-cyclohexandiols, as 12-diborates 51 and 52 are the tinal intermediates. 

Hydroboration of 15 and work-up without H202 indeed gave a comparable yield 
of 13cyclohexandiols 17 and 18 with a similar isomer distribution. The very small 
yield of 1.3-cyclohexandiols 19 and 20 is due to hydroboration of 48 p to the enol 
borate and subsequent hydrogenolysis or elimination-hydroboration. 

EXPERIMENTAL 

Microanalyses were performed by Mrs. M. Goldstein of the microanalytical laboratory of the Hebrew 

University. B.ps and mps are uncorrected. NMR spectra were recorded on a Vartan A-60 spectrometer 

with TMS as internal standard. They are reported in 6 units, ppm/multiplictty (number of hydrogens). 

IR spectra were measured on a Perkin-Elmer lnfracord 337 spectrometer. Gas ltqutd chromatography 

(GLC) was performed on an Aerograph A-700 or an F & M 720 apparatus. The column used was neo- 

pentylglycol succinate 20:& on chromosorb W, 2.5 m long. Preparative TLC was carried out with 0.75 mm 

thick layers of GF 254 sihca gel and C,H,:MeOH 85: I5 was used for elution The separated fractions 

were extracted with MeOH and purthed II necessary by hltratton of CH,CI, soluttons. rhe accuracy of the 

TLC separattons was + 2 ‘I;. 

Sodium periodate oxidations oj dials.’ A 2 x IO-‘M aqueous solution (I.50 ml) of NalO, was introduced 

into a UV cell and a 2 x IO-’ M aqueous solution (I.00 ml) of the dtol was added The solutions were 

mixed and the spectrum immedtately measured over the range of 190-250 nm and repeated at 30 min 

intervals. Under these conditions a l.2-diol caused the optical density of NalO, (&,,. 221 nm) to decrease 

by 30-400/;, after one hr and by 5060% after three hr. On the other hand. a l,3-diol caused a fall of only 

3-lr& after three hr. 

Starring materrals 1,2Cyclohexandione (IS) (Aldrich) was used without further puritication. 1.3.Cycle- 

hexandtonc (12) (Fluka) was crystallized from C,H, before use. 2-Hydroxycyclohcxanonc (16) was prepared 

by dtsttllation [b.p 90-100’ 30 mm] of the commercial dtmer r” (Aldrich). Cyclohcx-2-enonc (3) was,pre- 

pared from cyclohexene. r* 5-Phenyl-1.3cyclohexandionc (13) was synthesized from benxalaatone” and 

this was converted to 5-phcnylcyclohcx-2-cnonc (4). *3 4-t-Butylcyclohcx-2-enone (9) was prepared from 

4-t-butylcyclohcxanone.” 

cis Md trans-5-Phenylcyclohex-2-e&s (5) clad (6). Reductton of4 with aluminium isopropoxide according 

to Macbeth and Millsz” gave a mixture of 5 and 6 in 70% yield, b.p. 113-l 17’ I mm. Thts mixture (12.5 g, 

72 mmol) was treated with bcnzoyl chlortde (I5 & I IO mmol) in dry pyridine (30 ml) at room temp Usual 

work-up gave 19.5 g (98“h) of mixed benzoates. Crystallization from MeOH (200 ml) at lo‘ gave I3 g of the 

crs-bcnzoate, m.p 94-97’ and recrystalltzatton from MeOH yielded I I g, m.p. 97-98‘ (Calc for C, ,H I 101: 

C. 82.0: H. 65. Found : C, 82.2: H. 6.33,) 

The mother hquors from the above crystallization were evaporated to dryness. The residue was crystal- 

lized twice from McOH to yield 3.6 g of the rrans-benzoate. m.p 51-54’ (Calc. for CrPH, 1Or: C. 820: H. 

6.5 Found : C. 81.7: H. 63”~~). 

l Displacement of chlorine” or acetoxy” ” by hydrogm nt diborane reactions was found previously 

to proceed with invcrston”-“. The stereochemistry of our reactton and the different system from the 

ones previously studied suggest a different course of displacement. This problem is under current investt- 

gation. 
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Tb~~is.~n~o~tc(lZg) wasbydrol~z~ by refluxing for 3 hr with KOH (IOg)in l&OH (~ml)and Hz0 

(20 ml) and yteldcd &5 g of 5, m.p. 48-4~ tbcxane). IR (KMr) 3630,161O cm. ‘. NMR (CCI,): 7.2215 (51~3 
5+7&s (2H). 4+35;m, WhQ = 18 Hz (IX - 2 to OH), 3+9&s (IH) exchanges with D,O, 2.7ibm (IH), 
2.5-1.5(4H~.(~alc.forC,~H,~O:C,82.7: H.80 Found:C,82*6: H,8~~~.A~ord~ngtotheNMRs~rum 
this sample contained So& of 6 

The rrons-bmzoatc (7.5 g) was hydrolyzed as described above and yielded 3.6 g of 6, m p. 42-45’ (hcxane) 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -xtoOH), 
3.4~‘bs (IH) exchanges with DrO. 3*0/bm (IH), 2% 1.5 (4H). (Cak. for C,2HIdO: C, 82.7: H. 8a Found: 
C, 81.6: H, 790/,). According to the NMR spectrum this sample contained ISo/, of 5. 

The cis isomer S was also prepared by the reduction of 13 with LAH according to the method of Drciding 
and Hartmann”* and was put&d as described above. 

S-t-Buryl-1,3-eyciohcxondiono (14). This dione was prepared from 5,5_dimcthylhex-3to-2-one*‘* and 
diethyl malonatt as described for the phcnyl analog 13. ” The yield was 57%. m.p. 147-148 (acetone). IR 
(Ccl,): 1720. 1600 cm I. NMR (CDCI,): lO%bs (@5Hk 5-$5&s (O.SH), 2%1,7/m (6H), la/s (9H). 
(Cak. for C,,H,,O,: C, 715: H,9,5. Found: C 71.4: H, 94% 

cis-5-t-Buryicycfohfx-2-enol(8). Reduction of 14 with LAH26 gave 8 in SO-8% yield, b.p. 73-76’ I mm. 

[lit.“’ 110-I 12’ 12 mm]. IR (neat): 3520, 1640 cm‘ ’ NMR (Ccl,): S%2/bs (2H). 4,03/m (ZH), on addition 
of D#, one proton was exchanged, remained: 4~lO/nt, Whit = 13 Hz, (I H), 2-20-105 (5H). 09/s (9H). 
(Calc. for CtoH ,*O: C. 78.0: H, 11.7. Found: C, 77.9: H, 11.4%). 

According to the NMR spectrum, 8 contained I I”/, of the trans isomer. Crystallization of the pnitro- 
bcnroate of 8 and subsequent hydrolysis, did not reduce the amount of the fruns isomer. 

5-t-Buryicyctohex-2-enone (7) This compound was prepared as described for 4.z3 Methylation of t4 
with NeOH m C,H, catalyzed by p-TsOH gave 5-t.butyi.~~methoxycyclohcx~2-enone in x)“; yteld, b.p. 
101-102 I mm, m.p. 25 -31 (hexane). The enol ether was reduced with LAH to give 7 in 6cIJ’, yield, b.p. 
125-128” 13 mm. IR (neat): 1725, I680 cm-‘. NMR (Ccl,): 6.9/m (IHk 5*9/bd, .f = IO, (IH), 2.65-I.85 
(SH), 0,93/s (9H). (Caic. for ClOH,,O: C, 79.0: H, 105. Found: C, 79.1: H, IQ8%). 

trans- and cis-Q-8ur~fcycloh~x-2-cmols (18) and(1 t). Reduction of 9 with aluminium isopropoxidt”‘ 
gavta mtxturc of IO and 11 in 80% yield, b.p. 120-126 13 mm. The tr~s:cis ratio was 74:26 (NMR). This 
mixture (9g, 58 mmol) was treated with pnitrobcnzoylchloride (15 g 80 tntnol) in dry pyridinc (30 ml) at 
room temp. Usual work-up gave 17 5 g (99”/,) of mtxed ~nitrobcn~oat~. Two crystallizations from MeOH 
gave 7 g of the pnitrobenzoate of IO, m.p. 88-91”. (Calc for Ci,H,,NO*: C. 67.3: H, 6-9: N, 4.6. Found: 
C, 67.4: H, 7.0: N. 4.7%). 

The mother liquors from the above crystaiii~tion were evaporated to dryness The residue was crystal- 
lized from MeOH to yield I.4 g of the pnitrobenzoate of It, m.p. 38-43’. (Cak for Ct,H,,NO,: C, 67.3: 
H, 6.9: N, 4.6. Found : C, 67.0: H, 6-8 : N, 5.1x), 

The rruns-pnitrobcnzoate (6-4 g) was hydrolyzed with KOH (5 8) in h&OH (50 ml) and Hz0 (10 ml) 
at room temp. for 2.hr. Usual work-up and subsequent distillation gave 2.5 g of IO which solidified on 
standing m.p. 31-32”.IR (neat): 3300. 1650 cm-i. NMR (CDCI,): %?S/bs (ZH), 4118, Wh/2 - IO HZ. 
(lH-a to OH), 2.5O/bs (IH) exchanges with D,O, 2-3-1.2 (SH). 087 (9H). (Calc. for H,,,H,,O: C. 78.0: 
H, 11.7. Found : C. 78G: H, 11.7%). 

The cir-pnirrobcnzoate (1.1 g) was hydrolyzed as described above and yielded 0.43 g of II, which solidi- 
fied without distillation. m.p. 44-49”. IR (neat): 3300. 1650 cm- ‘. NMR (CC&): 5.92& (2Hk 4.10/m, 
Wh/2 = 6H~(lH~utoOH~2.5O~s(lH)cxchang~with D~O,2~3-~~l(~H~O~92/s(9H~.~Calc.forC,~H~~O: 
C, 780: H, 11.7. Found : C, 777: H, l1.30/,). According to the NMR spectrum this sample contained 30% 
of the truns isomer IO. 

Com~rison materials 
cis-1.2-C~~clohexcmdinl(17) and trans-l.2-cycioCxMdio1 (IS) were prepared by cts and rmns-bydroxyla- 

tion of cycIohextne.‘a 
cis-1.3-Cyc&3h~xMdlof (19) oad trans-1.3.cyctohcxMdioi (#1) were separated from a commercial mixture 

(Ruka) through the dibcnzoatcs?’ and subsequent hydrolysis with methanolic KOH. 
The cyclohcxandiols 17.18 19and 20 were ecctylatai with Ac,O and pyrldint in the usual way and the 

diacetatcs used as GLC standards without distillation. 

* Z.S-Dimcthylhex-3-en-2-one was best prepared using NaOHaq rather than using anhydrous con- 
dtttons.” The y&i was 40%. 
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t~ns-3-~y~roxy~is-5-p~~ylcyc~o~ex~ol (22). cis-5-Pbenylcyclohcx-2~nol (5) (1.74 g, IO mmol) was 

subjected to oxymcrcuration-demercuration’ according to Brown. ” After 15 mitt at room temp. the mcr- 
cury compound was reduced with NaBH, to yield I.27 g of crude dial, mp. I 18-128. Crystallization from 
EtOAcgave l.lSg(60”/,) m.p. 131-133°(lit.P 132.5-133.5’). According to TLC, thecrude product contained 
8% of starting material 5. The calculated yield of 22 from puta 5 (the starting material used contained 5% 
of 6) was 75%. (Calc. for C, 1H ts02 : C 751); H, 8.3. Found: C. 74.8; H, 8.2%). 

~P~~ylcyclo~x~ne(~). B,H,,generatcd by addition ofa solution of 80 g BFx ttheratc in 50 ml diglyme 
to 12 g NaBH, in 50 ml diglyme, was bubbled during I hr at - iO”-O@ into a solution of 5-pbenyl-1,3cycio- 
hcxandionc (13) (18.8 g, 100 mmol) in 200 ml diglyme. The mixture was stirred for 3 hr at - lO”-&‘, Ac,O 
(60 ml) was added dropwisc and the whole was rcfluxcd for I hr. Tlte mixture was concentrated to a small 
volume in oacuu and the residue stirred with sat. K&OS aq (150 ml) overnight. The product was extracted 
several times with hexane, washed with H,O and dried. Distillation gave 3 g (19”/,) of 44, b.p. 115-120 
20 mm: rcportcd3’ b.p. 8890” 16 mm. IR (neat) MC@, 2900, I650cm-t. NMR (CC],) f-22/bs (5H), 5.75fbs 
(2H), 2*65/bm (IH), 2.30-1@(6H). (Calc forH,,H,,: C. 91.1: H, 89. Found: C, 91.0: H. 9.1%). 

tram-2-Hydroxy-cis+phenylcyc/ohexanol(24). rrons-Hydroxylation’ of 4-phcnylcyclohexcnc (44) (I.8 g 
11 mmol) yielded I g (48X) of 24, m.p. 125-126” (EtOAc) reported” 126-127’. (Calc. for C,*H,,02: C, 
75.0: H, 8.3. Found : C, 74.7 : H. 8*6:<). 

cis-3-Hydroxy-trans-5-phPnylcyclolrcxanol(25). tram-5-Phcnylcyclohex-2-cnol (6) (0.51 g, 3 mmol) was 
subjected to oxymercuration~emercu~tion. ‘.s” After 30 min at room temp. the mercury compound 
was reduced and gave 052 g of crude product which was purified by TLC. The yield of 25 was D28 g (49%) 
m.p. 132-134” (lit.’ 135-136’). The calculated yield of 25. corrected for the presence of 15% of 5 in 6, was 
58%. The dio125 was also prepared according to the published pr&urc9 (Calc. for C, IH,,O1: C, 7W: 
H, 8.3. Found : C, 75.1: H, 8*40/,). 

In addition to 25. the isomer 22 was isolated in 15”/, yield (5% calculated on pure 6). Also. PO/, of the 
starting material 6 was recovered. The rates of migratron were nt the order: 6 > 25 > 22. 

trans-2-Hydroxy-cls_.~.bulykyclohexanu/ (Xl). rpum-Hydroxylation4 of 4-t-butylcyclohcxtncJ’ (4,5 g, 
33 mmol) ytcldcd 3.2 g (57%) of 30. m.p. 137-138” IEtOAc) reported 140-141”.” (Calc. for CtOHzoOl: 
C. 69.8; H, 11.6. Found: C, 694: H, Il.7”/,). 

cis-2-Hydroxy-cis4p4-phertylcyclohexunol (31), cis-Hydroxylation ‘* lo of 4-phcny1cyc1ohcxcnc (44) (2 g, 
I2 mmol) yielded I g (43%) of a product b.p. 130-135” 2 mm. Two crystallirations from EtOAc hcxanc 
gave pure 31, m.p. 90-91’. (Calc. for C,2H,602 : C, 75.0: H, 8.3. Found: C, 752: H, S-4%). 

cis-2-Hydroxy-cis-4-r-butylcyclohPxanol (32). cis-Hydroxylation’. ‘O of 4-t-butylcyclohcxene3’ (7 g, 50 
mmol) yielded 35 g (41%) of a diol mixture, m.p. 83-88 (hexanc). (G&z. for C,,H,,OI: C. 69.8: H, 11.6. 
Found: C, 698: H. 11.5%). Two subsequent crystallixations from hcxanc gave pure 32 (TLC, NMR) 
m.p. 109-l 13”. 

trans.2-Hydroxycis-S-r-butylrycfohexanor (33). c~s-S-t-Butylcyciohcx-2~01 (8) (l-54 g IO mmol) was 
subjected to oxymcrcuration-dcmcrcuration 6. ” as described for the preparation of 25. The crude product 
was crystallixcd from EtOAc to yield 0.6 g (35%) of 33. m.p. 126+128.5”. (Calc. for C,,Hx,O,: C, 69.8: 
H, I l,6. Found: C. 69.5: H, 11.8%). The mother liquors from the crystallization were concentrated and 
subjected to TLC. Separation gave 0.22 g (13Q of33 (the total yield of 33, calculated on pure 8 was 54%) 
and approximately 4% of the all cis isomer 27 (was contaminated with 33). Also isolated were 0.21 g (14%) 
starting material. The rates of migration were 8 > 33 > 27. 

cis-3-Hydroxy-trans-el-butylcyclohexu~l (34). truns~~t~Butylcyclohcx-2-enol (IO) (@5 g 33 mmol) 
was subjected to oxymercuration-dcmcrcuration 6. So for 24 hr under N,. The crude product was distilled 
to yield @32 g. b.p 140-160” 30 mm and this was subjected to TLC. Separation gave 0093 g (180/,) of 34, 
m.p. 112-l 14” (EtOAc) and 0105 g (210/,) of starting material 10. No isomcric cyclohcxandiols could be 
detected (Calc. for C,,H,,O,: C, 69.8: H, I I-6. Found: C, 70.0: H, 11.7%). 

Hydroborarion reacrions’* J4 

All the hydroboration reactions were carried out in THF with excess B,H, (stock solutions in THF) 
under N,. The B2H, was added dropwisc to the substrate at 0’ and then stirred for I hr at room temp. 
Excas B,H, was da;omposcd carefully with ios and the mixture oxidixcd with loo/, NaOH and 30% H,Os. 
K,CO, was added to saturation and the layers separated: the aqueous layer was extracted several times 

* This compound was prepared indcpcndcntly’*b by the same method 
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with CH,CI, and the combined extracts were dried and concentrated to dryness in vacua. The residue 

was analyzed by GLC or TLC. 

Hydrobomion ofcyclohex-2-enone (3) (2.4 g, 25 mmol) in I5 ml THF with B,H, (20 ml, I.3 M) gave I.74 

g@O%)ofcrude product. Aoalysts by GLC showed the followingcomposition: 86% 0118.6% ofl’land 8% 

of 19 and 20. Two crystallizations from EtOAc gave pure trans-I.2cyclohexandiol (lg), m.p. 101-102” 

(lit.” m.p. 102-103’). (Cak. for C,H,,OI: C. 62.1: H. 103. Found: C. 62.2: H, 106%). 

Hydroboration of5-phenylcyclohcx-2-enone (4) (2.58 g, I5 mmol) in 10 ml THF with BIH, (30 ml, D5 M) 

gave 076 g (26%) of 21. m.p. 135-136” (two crystallizations from EtOAc). Calc. for C,IH,601: C. 75.0: H, 

8.3. Found: C. 74.9: H, 8.3%). Separation by TLC* gave a further amount (@52 g) of 21 raising the total 

yield of 21 to 45%. Also isolated was a mixture (O-4 & 14:~) of 5-phcnyl-l.3cyclohcxandiols. (Calc for 

C,,H,601: C. 750; H, 8.3 Found: C. 74.8: H. 8.1:&/,). Partial TLC separation of this mixture gave 6% of 

22, m.p. 126-130”. Identical with a sample prepared by oxymercuration of 5. The second component. 

contaminated with 22. was Identified as 23 (8%). m.p. 147-155” (lit.’ 160-161”). The rates of migration 

were 21 > 23 > 22. 

Hydrohorarron ojas-5-phmylcpclohcx-2-enol(5) (3.5 g 20 mmol) in I5 ml THF with B*H, (40 ml. 0.5 M) 

Hydroborarion ojtrans-5-phenylcyclohex-2-e& (6) (3.3 g, calculated as 16 mmol pure 6) in I5 ml THF 

with B,H, (38 ml, @5 M) as describai above gave 08 g (26”/,) of 24. m.p. 121.123”. identical with a sample 

prepared by rrans-hydroxylation of 44. Also isolated (TLC) were 6% of 22. m.p. l3C- 132” and 2% of 25. 

m.p. I IS-125” identical with a sample prepared by oxymcrcuration of 6 and by the method of Richer.’ 

The rates of migration were 25 > 24 > 22. 

Hydrobomion oj5-I-burylcyclohex-2-enone (7) (3-04 g, 20 mmol) in I5 ml THF with BIH, (40 ml, 05 M) 

as described above gave 1.5 g (45%) of 26. m.p. 102-105’ (EtOAc); recrystallization gave the analytical 

sample. m.p. 103-105”. (Calc. for CIOHz002: C. 69.8: H. 11.6. Found: C, 69.9: H. I l.S’Y,l The only other 

diol isolated (TLC) was the slower migrating 27 (I 1%). m.p. 130-140’ (EtOAc) contammatcd by tram 

of 26. (Calc. for C,,H,,Oz: C. 69.8: H, 11.6. Found: C, 69.7: H, 11.7%). 

Hydroboration ofcis-5-r-butylcyclokx-2-enoI (8) (2.70 g. calculated as I6 mmol pure 8) in I5 ml THF 

with B*H, (27 ml. 065 M) gave, in an identical manner as for the hydroboration of 7, I.3 g (47%) of 26 

and 11% of 27. 

Hpdroborarion of 4-r-burylcyclohexanone (9) (0.96 g. 6.3 mmol) in 5 ml THF with B,H, (IO ml. 0.7 M) 

gaveafter TLC separation @I5 g (177”) of 28. m.p. 76-79’. (Calc. for C,,H,,O,: C. 69.8: H, 11.6. Found: 

C, 699: H. 11.7:4/,). The second main product was 29, @24 g (22%). m.p. 108-120”. An additional TLC 

purification gave pure 29, m.p. 124-126’. Also detected were approximately 3% of 26 identified by TLC 

comparison with a pure sample. Rates of migration were 28 > 2.6 z 29. 

Hydrobomion ojtrans-4~r-burylcyclohex-2-mol (10) (Ia g, 6.5 mmol) in 5 ml THF with B,H, (IO ml, 

07 M) gave, in an identical manner as above, @22 (20%) of 28,025 (22%) of 29 and approximately 3% of 26. 

Hydroborarion o/&4-r-burylcyclohex-2-eno! (11) (0.3 g, contained I.3 mmol of I1 and 06 mmol of IO) 
in 1.5 ml THF with B,H, (3 ml. D5 M) gave 56 mg (24%) of30 (hcxancEtOAc) m.p. 139-141’ (lit.” mp. 

l4C-141”). This was identical with an authentic sample prepared by trans-hydroxylation of 4-t-butylcyclo- 

hcxcnc. No further amount of 30 or other diols could he isolated from the complex mixture either by 

crystallization or by TLC 

Hgdroborarm of 1.3-cyclohexandione (12) (3 g 27 mmol) in 20 ml THF with BzH, (24 ml I 2 M) gave 2.3 
g crude product whtch soliddkd on standing. A small portion was converted to a mixture of &acetates. 

Analysis of the free diol mixture and of the diaatate mixture by GLC gave 62% of 186% of 19,6x of 20 

and traces of I7 GLC of the free diols did not separate 19 from 20, but separated 17 from 18. The opposite 

was the cast for the diaatatcs. Therefore the ratio of 17:18:19 + 20 was found from the analysis of the 

free diols and the ratio l9:20 was determined from the diaatatc analysis. The yields of the diols were 

calculated by GLC using a wclghcd amount of trans.2-hydroxy-rrans-3-mcthylcyclohcxano14 as Internal 
standard. 

Hydroborarion of 5-phenyl-l.3-cycfohexandione (13) (3.76 g, 20 mmol) in 30 ml THF with B,H, (30 ml, 

1 M) and separation as for 4 gave @9 g (25%) of 21.035 g (97”) of 22 and 05 g (I 3%) of 23 (which was con- 

taminated with traczs of 21). 

l In all the hydroboration reactions subjected to TLC separations, varying amounts of unidentified 

fractions were isolated 
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Hydrobwollon o/ 5-t-bufyl-l,3-cyc/ohexMdione (14) (3.36 g, 20 mmol) in 20 ml THF with B,H, (60 ml, 

D5 M) and standard work-up gave @9 g (Jo”/,) of 26 and @6 g (20%) of 27. 

Hydrobororion oj 1,2-cyclohexondione (IS) (3 & 27 mmol) in 20 ml THF with B*H, (24 ml, I.2 M) and 

GLC separation as described for the hydroboration of 12 gave 33% of 17. 10% of 18, @S% of 19 and 1.5% 

of 20. This reaction was repeated without H1O, oxidation IO give 34% of 17, I I”/, of 18 and traces of 19 

and 20 

Reduction 012.hydroxycyclofrexanone (16) (3 g 27 mmol) in 20 ml THF with B,H, (22 ml, I.25 M) for 

2 hr at 0” and hydrolysis with NaOH aq gave 2.5 g (80%) of 1.2-cyclohcxandiols. GLC analysis showed the 

presence of 17 and 18 in a ratio of 41:59. 
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