14 Bulleun of Korcan Chermical Socrety, Vol. 4, No. 1, 1983

of optical spectrometers”, Chapman & Hall, 1969,

(15) R. G. Gordon, Adv. Mag. Reson., 3, 1 (1968).

(16) L. Delbouille, J. Chem. Phys., 25, 182 (1956).

(17) (a) D. Steele and D. H. Whiffen, J. Chem. Phys.. 29,
1194 (1958).
(b) D. Steele and D. H. Whiffen, Trans. Faraday Soc., 55,

Nung Min Yoon, Jin Soon Cha and Won Suh Park

369 (1959).
(18) K. Tanabe and J. Hiraishi, Adv. Mol. Relax. Int. Proc.. 18,
281 (1980)
(19) J. Yarwood. Ann. Rep. Phys. Chem. C. 99 (1979).
)A D. R. Baucr, J. | Brauman and R. Pecora, J. Chem. Phys..
63, 53 (1975).

Effect of Trialkylborane on the Stereochemistry of Ketone Reduction with

Lithium Borohydride
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The effects of trialkylborane on the stereochemistry of ketone reduction with lithium borohydride were studiced for the four

representative  ketones, namcly 4-z-butylcyclobexanone, 2-methylcyclohexanone, norcamphor, and camphor. The

presence of trialkylborane increased the yields of the less stable alcohols. For example, in the presence of tri-s-
butylborane, 42 % yield of cis-4-1-butylcyclohexanol was observed whereas only 8 % yicld with lithium borohydride alone
in the reduction of 4-t—butylcyclohexanone. The in sitie formation of lithium trialkylborohydride, by the hydride transfer
from lithium trialkoxyborohydride to trialkylborane, was demonstrated as a possible mechanism for the catalytic effect of

trialkylborane.

Introduction

The stereochemistry of the ketone reduction by metal hy-
dride reagents has been extensively studied.!” In the case
of the rigid bicyclic ketones such as norcamphor and camp-
phor, the attack of hydride from the reagents occurs predo-
minantly at the less hindered side of the carbonyl group to
provide the less stable isomer of the two possible alcohols
as a major product. On the other hand, in the case of the less
rigid monocyclic ketones such as 2-methylcyclohexanone
and 4-t-butylcyclohexanone, the major reduction products
are the more stable equatorial alcohol isomer.

There are many attempts and achievements to increase
stereoselectivity toward the less stable alcohol isomer by
modifying metal hydrides. Among them, some of the recently
synthesized trialkylborohydrides possessing great steric re-
quirements have shown excellent selectivities in the reduction
of both cyclohexanones and bicyclic ketones.5~® Thus lithium
tri-s-butylborohydride, a hindered trialkylborohydride,
reduced 4-r-butylcyclohexanone and norcamphor to yield
93 9 of cis-4-t-butylcyclohexanol and 99.6 % of endo-
norborneol, the less stable isomers.

Recently, we have carried out a systematic study for the
reaction of lithium borohydride with representative organic
compounds.'® In this study, lithium borohydride showed
remarkable contrasts to borane in reducing characteristics,
presumably due to its basic character compared to the acidic
character of borane. And we have found that trialkylborane
exhibits significant catalytic effects'' on the reactions of
alcohol, epoxide, and ester with lithium borohydride.

Therefore, it appeared desirable to explore the effect of
trialkylborane on the stereochemistry of the ketone reductions
with lithium borohydride. Accordingly, we selected a group of
model ketones, 4—r-butylcyclohexanone, 2-methylcyclohexan-
one, norcamphor, and camphor, and subjected them to the
reduction by lithium borohydride in the presence of trialkyl-
boranes, under the standard condition (0°, THF).

Results and Discussion

In general, all reactions were carried out with a mixture of
the compound (0.25 M), and various concentrations of the
hydride reagents and trialkylboranes in THF at 0°.

After the appropriate time of reaction, the reaction mix-
ture was hydrolyzed with water and oxidized with alkaline
hydrogen peroxide. And then THF layer was separated by
addition of anhydrous potassium carbonate, dried over an-
hydrous magnesium sulfate, and subjected to glpc analysis.

Effect of Trialkylborane on the Stereochemistry of Ketone
Reduction with Lithium Borohydride. In order to examine
the effect of trialkylborane on the stereochemistry of
ketone reduction with lithium borohydride, representative
ketones, namely 4-r-butylcyclohexanone, 2-methylcyclo-
hexanone, norcamphor, and camphor, were reacted at 0°
in THF with lithium borohydride itself and with lithium boro-
hydride in the presence of equimolar amount of triethylborane
or tri-s-butylborane, The total yields of alcohols and the
normalized percentage of the less stable alcohols are sum-
marized in Table 1.

As shown in Table t, for the reaction of monocyclic ketones,
as the size of alkyl substituents on boron increased, the per-
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TABLE 1: Stereochemistry on the Ketone Reductions with Lithium Borohydride-Trialkylborane Systems in Tetrahydrofuran at 0%«
o 4 1 Butyl- 2 Mehyl e S
Kcetone cyclohexanone cyelohexanone Norcamphos Camphos
Hydride R [ERU . JR—
system . 4-+-Butyl- 2-Mecthyl- . .
Alcohol cyclohexanol Cyclohexanol Norborneol Borneol
" cis  Yield Time c¢is  Yield Time endo  Yield Time  evo Yield Time »
WCompd: Gy ) (%) () (e GH O ()
LiBH, 4/1 7 100 30 3 100 3.0 h 100 10 7 109 10
1/1 8 100 10 32 100 30 91 100 30 77 29 30
LiPIH;;I)BdEtg 1/1 20 100 30 36 100 30 91 100 1.0 i 18 240
Li?lHqg(.PBu);, 1/1 42 100 3.0 S5 100 3.0 97 100 3.0 81 13 48.0

“ All reactions were carried out 0.25 M in the compound:; * Ratio of available hydride to ketone: Glpc analysis and normalyzed percentage;

4 Molar ratio of reagents,

centage of the less stable alcohols were increased. Thus, in the
case of 4~--butylcyclohexanone, the percentage of cis-alcohol
increased from 8 9% with lithium borohydride itself to 20 %
with the LiBH,-BEt;(1 :1) system and to 429 with the LiBH,-
B(s-Bu); (1:1) system, and in the case of 2-methylcyclohexan-
one, the percentage of cis-alcohol increased from 32 % with
LiBH, to 36 % with the LiBH,-BEt; (1:1) system and to 55%
with the LiBH,~B(s-Bu); (1:1) system. However, the cffect
of trialkylboranes was not significant in the case of the bicy-
clic ketones.

Since the effect of tri-s~butylborane was greater than that
of tricthylborane, and the effect of tri-s-butylborane was
most remarkable in the reduction of 4-s-butylcyclohexanone,
the reaction with tri-s—butylborane and 4-r~butylcyclohexan-
one was chosen for the more detailed study of the effect of
trialkylborane on the stereochemistry of ketone reduction
with lithium borohydride.

As shown in Table 2, in the absence of trialkylborane, 4-r—
butylcyclohexanone was reduced to give only 7-8 9% of the
corresponding cis-alcohol, regardless of the amount of LiBH,
(the equivalents of the available hydride to the ketone were
4:1 and 1:1). However, in the presence of tri-s-butylborane,
the yields of the cis-alcohol increased to ca. 40 % and re-
mained at nearly constant value even when the equivalents
of tri-s-butylborane to the ketone were changed from one-

TABLE 2: Stereochemistry on the Reduction of 4-¢-Butylcyclohex-
anone with Lithium Borohydride-Tri-s-butylborane in Tetrahydro-
foran®

Hydride system Temp. Time. cis-Alcohol Total yield of

tenth to two as listed in Table 2. And this 40 % yicld of the
cis-alcohol was not affected even by changing the reaction
temperature (0°, 25°, and 65°).

These observations suggested a possibility of the in situ
formation of lithium tri-s-butylborohydride!? from tri-s-
butylboranc and lithium trialkoxyborohydride, since trial-
koxyborohydride should be formed during the reduction,
presumably with a constant amount relative to the amount of
the ketone, and 4-z-butylcyclohexanone is known to be re-
duced with lithium tri-s-butylborohydride to give 93
of the cis-alcohol. It is believed that the demonstration of the
in sity formation of lithium tri-s—butylborohydride from
tri-s-butylborane and lithium trialkoxyborohydride might
well explain the effect of trialkylboranc in the ketone reduc-
tion with LiBH,. '

Evidence for in situ Formation of Lithium Tri-s-butylborohy-
dride from Tri-s-butylborane and Lithium Trialkoxyborohy-
dride. Dialkoxyborane can react with ketones only in a very
sluggish rate, however the addition of small amount of LiBH,
or Li(RO),B shows the tremendous rate enhancement of
reaction. Therefore, it is believed that dialkoxyborane reacts
with Li(RO),B to form lithium trialkoxyborohydride, or then
to form LiBH, via disproportionation, both can reduce keton-
es rapidly.!® Accordingly, in order to find out some evidence
for the intermolecular hydride transfer from trialkoxyborohy-
dride to trialkylborane, 4-t-butylcyclohexanone was reduced
with one equivalent of di-s-butoxyborane in the presence of
varying equivalents of tri-s-butylborane and tetra-s-butoxy-
borchydride under the standard condition (0°, THF). The
results are summarized in Table 3, together with the reactions

(LiBH4:R3B:Ketone)*  (0°C) (h) %) alcohol (%) of norcamphor and camphor.
025 :0 1 0 3.0 8 100 As shown in Table 3. in the absence of tri-s-butylborane,
1 . 0 1 0 3.0 7 100 4—r-butylcyclohexanone was reduced to give 11.4% of the
0.25 : 0.1 1 0 1.0 37 100 cis-alcohol, but the ratio of the cis-alcohol increased as the
0.25 : 025 : 1 65 025 40 100 equivalents of tri-s-butylborane and the base increased. Thus,
025 : 0.25 : | 25 025 40 100 the ratio of cis-alcohol was 47 % with 5 mole % of the trial-
gz ’ (1)'25 ' : ((; ?35 :? :x kylborane and the base, 79 % with 25 mole %, 84 9% with
. . N . N n .
025 -2 1 0 1.0 40 100 50 mole %, and 88 9% with 100 mole % . And for the reduction
1 1 -1 0 1.0 41 100 of bicyclic ketones, in the case of norcamphor, 99.5 up % of

< The concentration of the ketone was 0.25 M; ¢ Molar ratio of
LiBH,, B(s-Bu);, and 4-t-butylcyclohexanone; < Glpc analysis
and normalized percentage.

endo-norbornes! from norcamphor and 989% of isoborneol
from camphor were produced with 50 mole % of the trialkyl-
borane and the base. These results strongly support the in
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TABLE 3: Stercochemistry on the Ketone Reduction with Di-s-butoxyborane-tri-s-butylborane -lithium Tetra-3 -hutox yborohydride system

in Tetrahyvdrofuran at 0°7
Hydride system 4-1- Butylcyclo-hexanone

Norcamphor

Camphor

(ketone: R3B: Base: Teis-  Yieldsof T Tlime emdo- T Yields of | Time  exvo- Yiedsor ™ Time "
(RO),BH) Alcohol  alcohols Alcohol alcohols Alcohol alcohols
(%)2 (%) (h) B G2 A ¢ DN ) N € O L € N O
1:0 :005t: 1 114 100 1.0
| :0.05:0051:1 47 100 1.0
1:025:025 :1 79 100 1.0 99 50 10
1:05:05 :1 84 100 1.0 995 70 Lo 98 30 19
t:t ot | 88 100 1.0
Li(s-Bu);BH* 93 100 3.0 99.6 100 0.5 99.6 100 10

= All rcactions were carried out 0.25 M in thc compound; * Molar ratio of ketone, B(s-BuQ);, Li(s-Bu);B, and (s-Bu0);BH, and the order
of addition to the reaction mixture was same as in the order listed; ¢ Ketone was added to the mixture of (RO);BH and base only in this
case; 4 Glpc analysis and normalized percentage: ¢ Data from, H. C. Brown and S. Krishnamurthy, /. Amer. Chem. Soc., 98, 33183 (1976).

situ formation of lithium tri-s-butylborohydride, as following
schemes (eq 1-2), similarly as reported previously by Brown
and Hubbard on potossium trialkylborohydride.?

- OR 7 N OR 7T
:RO——}EE——OR + (ROY,BH -- »B(OR) .+ RO~1}*,——H (1)
R _OR
" OR 7T ORI R 7
RO—}'}—H +R.B >R0——113+ R——]I3——H {2)
(|)R OR R

R =s-buty!

Apparently, with the smaller equivalents of the trialkylboranc
and the base, considerable portion of reduction underwent
with the trialkoxyborchydride and/or LiBH, through dispro-
portionation. The 79 % yield of the cis-alcohol with 25 mole
% of the trialkylborane and the base suggests the step of the
hydride transfer from the trialkoxyborohydride to the trial-
kyborane (eq 2) be a very rapid one, compared to the rela-
tively slower attack on the ketone from the trialkoxyborohy-
dride.

Conclusion

The stereochemistry of ketone reduction with lithium
borohydride was greatly influenced by the presence of trial-
kylborane. The in situ formation of lithium trialkylborohy-
dride from trialkylborane and trialkoxyborohydride was
demonstrated as a possible mechanism for the catalytic cffect
of trialkylborane.

Experimental

4-¢-Butylcyclohexanone (95 9%, Aldrich) was used without
further purification, but norcamphor and camphor were
purified by sublimation. THF was dried with excess lithium
aluminum hydride and distilled therefrom under the dry
nitrogen. Commercial 1 M solutions in THF (Aldrich) of
triethylborane and tri-s-butylborane were used. The solution
of LiBH, in THF was prepared as reported in the previous
paper .10

Product Analvsis. The reaction mixtures were hydrolyzed

with water, oxidized with the alkaline hydrogen peroxide,
saturated the aqueous layer with anhydrous potassium carbo-
nate,and the organic layer was separated,dried over anhydrous
magnesium sulfate and analyzed on a Varian Model 3700 gas
chromatograph using a 15 {t0.125 in. column packed with
7 % Carbowax 20 M on Chromosob G.

Reaction of 4-t-butylcyclohexanone with Lithium Borohy-
dride in the Presence of Trialkylborane. The reaction of 4-z—
butylcyclohexanone with one-fourth molar equivalents of
lithium borohydride and tri-s-butylborane is described as
a representative. A pre-dried 100ml hot flask,equipped with a
ncedle inlet and a magnetic stirring bar, was flamed out with
Bunsen burner and cooled to §° in an ice—water bath under a
slow strcam of dry nitrogen, Into the flask, were added 1 m/
of 1.05 M lithium borohydride solution (1.05 mmoles, .4.2
mmoles in hydride), 1.05 m/ of 1 M THF solution of the
trialkylborane, and 12 m/ of THF. To this mixture, 4 m/ of
pre~cooled 1 M THF solution of the ketone (4 mmoles, 0.617
g) was added dropwise with stirring. After reaction for 3.0
h at 0°, the reaction mixture was oxidized with hydrogen
peroxide after hydrolysis, worked up, and subjected to glpc
analysis to give 42 % of cis-alcohol in a total 100 % vield of
alcohols.

Reaction of Ketones with the Di-s-butoxyborane-Tri-s-
butylborane-Lithium  Tetra-s-butoxyborohydride System in
THF ar 0°. The following procedure for the reaction of 4-r-
butylcyclohexanone with equimolar amounts of tri-s-butyl-
borane, lithium tetra-s-butoxyborohydride and di-s-bu-
toxyborane is illustrative. A 100 m/ flask was charged with
4 m/ of pre-cooled 1 M THF solution of the ketone, 4.2 m/
of 1 M THEF solution of the trialkylborane, and 4.2 mlof { M
mixture of the base, successively. To this mixture at 0°, there
was added 6 m! of preprepared 0.7 M THF solution of di-s-
butoxyborane (prepared from the reaction of two equivalents
of 2-butanone and one equivalent of borane THF for 3 hrs
at 0°) with a hypodermic syringe drop by drop over a period
of 30 min. After the reaction for 1 h at 0°, the reaction mix-
ture was worked up as described above and analyzed by gipc
to give 8894 of the cis-alcohol. The procedure for the reaction
of norcamphor and camphor with a half molar equivalents
of tri-alkylborane and the base was same as described above,
and the results are summarized in Table 3.
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The hyperfine integrals for 4d orbitals have been evaluated adopting a general method which is applicable to a general
vector, R, pointing arbitrary direction in space. The operator and the spherical harmonic part of 4d orbitals are expressed
in terms of R and ry and the cxponential part, rlexp(—28r), of 4d orbitals is also translated as a function of R and ryand
then intergration is performed. The radial integrals for 4d orbitals are tabulated in analytical forms. The hypetfine integrals
for 4d orbitals are also represented in analytical forms, using the specific formulas of radial series which we found.

1. Introduction

Since our interest is centered on the NMR shift arising from
the electron orbital angular momentum, and the electron spin
dipolar-nuclear spin angular momentum interactions for 44"
systems in the octahedral crystal field, it is necessary to cvalu-
ate the hyperfine integrals of the hamiltonian representing
the pseudo contact part of hyperfine integrals,!

H=H,+ H, ("
where
I TN (% @
-Sry-I S-1
H,= Z; gsgNﬁB#N{ 30y rNng T } (2b)

Here the first part represents the Fermi contact term and the
second part, H,, the pseudo contact term. ry is the radius
vector of the electron about the nucleus with nuclear spin
angular momentum, I, as shown in Figure 1.

In order to evaluate the hyperfine integrals involving 4d

orbitals, we adopt the general method which has been develo-
ped by Golding and Stubbs.2 This method is applicable to a
general vector, R, pointing in any direction in space, which
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Figure 1. The coordinate system.



