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organoborane was oxidized and worked up as usual. The organic
extract, after removal of solvent, was fractionated to provide a
mixture of 1-phenyl-1-propanol and isopinocampheol, bp 80 °C
(2 mm) (17.1 g). A portion (2.3 g) of the mixture was separated
by “flash chromatography”: fraction I, 10% Et,O in pentane (4
X 25 mL), 0.363 g of pure 1-phenyl-1-propanol; fraction II, 10%
Et,0 in pentane (6 X 25 mL), 0.320 g of 90% pure 1-phenyl-1-
propanol (fractions I and II combined yield, 73%); fraction IIT
10% Et,0 in pentane (5 X 250 mL), 1.6 g of pure isopinocampheol.
Fraction I was distilled to yield pure 1-phenyl-1-propanol, [a]%p
-17.31° (neat), 63.3% ee.

Registry No. Ipc,BH, 21947-87-5; BHg.SMe,, 13292-87-0;
(+)-a-pinene, 7785-70-8; isopinocampheol, 27779-29-9; (R)-(-)-
2-butanol, 14898-79-4; (R)-(-)-3-hexanol, 13471-42-6; (R)-(-)-2-
pentanol, 31087-44-2; 3-pentanol, 584-02-1; (1S,25)-(-)-exo-
bornenol, 61277-93-8; (1R,2S)-(+)-exo0-5-norbornen-2-ol, 71030-
15-4; (R)-(-)-4,4-dimethyl-2-pentanol, 83615-50-3; 2,2-dimethyl-
3-pentanol, 3970-62-5; (S)-(-)-1-phenyl-1-propanol, 613-87-6;
cis-2-butene, 590-18-1; cis-3-hexene, 7642-09-3; cis-2-pentene,
627-20-3; norbornene, 498-66-8; norbornadiene, 121-46-0; cis-
4,4-dimethyl-2-pentene, 762-63-0; cis-propenylbenzene, 766-90-5;
(1R,28)-(+)-ex0-5-norbornen-2-ol acetate, 83679-37-2.
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Monoisopinocampheylborane (IpcBH,) has emerged as a useful chiral hydroborating agent for hindered olefins.
This was prepared for the first time as the triethylamine-monoisopinocampheylborane adduct (IpcBH,-NEts)
by the reaction of the triethylamine-thexylborane adduct ThxBH,-NEt; with a-pinene. The free borane can
then be liberated by treatment with borane in tetrahydrofuran (THF) or boron trifluoride etherate. The adduct
is a viscous liquid and could not be purified readily. A solid derivative of IpcBH,, the IpcBH, TMED adduct,
can be readily prepared with N,N,N'’N-tetramethylethylenediamine (TMED). This adduct can be purified readily
by crystallization. However, IpcBH, thus obtained retains only the original optical purity of the a-pinene used
to synthesize the reagent. IpcBH, of high optical purity (~100% ee) can be obtained from optically impure
a-pinene via the 2IpcBH, TMED adduct, either by the reaction of diisopinocampheylborane with 0.5 equiv of
TMED or by the reaction of 2ThxBH, TMED with a-pinene. The free borane in THF is then obtained by the
removal of TMED with 2 equiv of BF3-OEt,. It has also been observed that the direct synthesis of IpcBH, could
be achieved by the equilibration reaction of 1:1 a-pinene and BH3THF.

The introduction of chirality in a molecule by means of
an optically active reagent is an important transformation
in organic synthesis. Several reagents have been developed
to effect this transformation.! However, in recent years,
chiral organoboranes have emerged as a valuable means
to achieve such asymmetric syntheses.'? One of the most
versatile chiral reagents available for such laboratory ap-
plication is diisopinocampheylborane (Ipc,BH). This
reagent is an excellent hydroborating agent for cis ole-
fins.>® Indeed, it has recently achieved the conversion
of cis-2-butene into 2-butanol in 98.4% ee.® The reagent
also permits the partial resolution of racemic olefins.?’
Another useful application of the reagent has been the
asymmetric reduction of prochiral ketones to optically
active alcohols.#!! Unfortunately, the reactions of this
reagent with hindered olefins such as 1-methylcyclo-
pentene, 1-methylcyclohexene, trans-2-butene, etc. are slow
and mechanistically complicated, proceeding with partial

(1) Morrison, J. D.; Mosher, H. R. “Asymmetric Organic Reactions”;
Prentice-Hall: Englewood Cliffts, NJ, 1971.

(2) Brown, H. C.; Jadhav, P. K.; Mandal, A. K. Tetrahedron 1981, 37,
3547.

(3) Brown, H. C.; Ayyangar, N. R.; Zweifel, G. J. Am. Chem. Soc. 1964,
86, 397.

(4) Sandman, D. J.; Mislow, K.; Gidding, W. P.; Dirlam, J.; Henson,
G. C. J. Am. Chem. Soc. 1968, 90, 4877.

(5) Partridge, J. J.; Chadda, N. K.; Uskokovic, M. R. J. Am. Chem.
Soc. 1973, 95, 532.

(6) Brown, H. C.; Yoon, N. M. Isr. J. Chem. 1977, 15, 12.

(7) Brown, H. C.; Ayyangar, N. R.; Zweifel, G. J. Am. Chem. Soc. 1962,
84, 1341,

(8) (a) Brown, H. C.; Bigley, D. B. J. Am. Chem. Soc. 1961, 83, 3166.
(b) Brown, H. C.; Mandal, A. K. J. Org. Chem. 1977, 42, 2996.

(9) Varma, K. R.; Caspi, E. Tetrahedron 1968, 24, 6365.

(10) Caspi, E.; Varma, K. R. J. Org. Chem. 1968, 33, 2181.

(11) Wolfe, S.; Rank, A. Can. J. Chem. 1966, 44, 2591.

displacement of a-pinene from the reagent. In such cases,
the product alcohols reveal much lower enantiomeric
purities, in the range of 14-22% ee.!? Therefore, it ap-
peared desirable to develop a less hindered optically active
hydroborating agent which could be effectively used with
trisubstituted and other relatively hindered types. Recent
studies in our laboratory led to the discovery of mono-
isopinocampheylborane (IpcBH,), a less hindered optically
active hydroborating agent for such hindered olefins. It
has been observed that this reagent hydroborates both
trans-disubstituted and trisubstituted olefins smoothly to
yield, after oxidation, the corresponding alcohols in high
enantiomeric purities (50-100% ee).1?15 A detailed ac-
count of these applications of IpcBH, for chiral hydro-
boration are discussed in the succeeding paper. In this
paper we discuss our exploration of convenient synthetic
routes to isopinocampheylborane, IpcBH,.1316-18

Results and Discussion
Hydroboration of olefins with BH; THF or BH;:SMe,
generally proceeds rapidly past the monoalkylborane
stage.l??0  Consequently, it is generally not possible to
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-synthesize monoalkylborane by the direct reaction of
olefins with borane (eq 1). Only in the case of certain

BH2 12BH
Qw0 -0 -
3B
ok

highly hindered olefins such as tetramethylethylene (TME)
or 2,4,4-trimethyl-2-pentene (diisobutyl-2-ene = Dib-2) it
is possible to control the hydroboration so as to achieve
the synthesis of the monoalkylborane (RBH),.??? In this
way, thexylborane (ThxBH,)? and diisobutyl-2-eneborane
(DibBH,)?* are readily prepared (eq 2, 3). Fortunately,

>:*< + BHz —= }-‘» (2)
g + BHz; — }‘——BHZ (3)

an indirect approach to convert ThxBH, into mono-
alkylboranes, as their triethylamine complexes, was dis-
covered, making such monoalkylborane readily available
for the first time (eq 4).2* This procedure thus requires

THF, -25 °¢ —25°c / _EtsN
BHz @ B, THF, 25 °C,1 h
EtsN+H,B
\O . /\_—_< (4)

the clean preparation of thexylmonoalkylborane, which in
turn yields the desired products. However, in the case of
certain hindered olefins, such as «a-pinene, hydroboration
with ThxBH, proved to be very slow and does not proceed
to thexylmonoisopinocampheylborane cleanly.? There-
fore, monoisopinocampheylborane-triethylamine
{(IpcBH,NEt3) could not be synthesized satisfactorily by
this reaction. This difficulty was later circumvented by
the discovery that hindered olefins react readily at 25 °C
with ThxBH,NEt; (1), itself readily obtained from
ThxBH, and Et;N to displace TME and produce the
corresponding RBH,NEt;# When a-pinene is subjected
to this reaction, it cleanly yields IpcBH,-NEt, (2).1%%
Monoisopinocampheylborane-Triethylamine Ad-
duct (IpcBH,NEt;) (2). IpcBH,NEt; (2) was prepared
for the first time by the reaction of ThxBH,-NEt, (1) with
a-pinene ([a]% +48.0°, 94% ee) at 25 °C for 24 h (eq 5).
Following removal of the volatile components (THF,
TME), 2 can be obtained as a colorless viscous liquid.
Ozxidation following methanolysis yielded 97% isopino-
campheol ([a]*® —34.3°, 95% ee) and 3% thexyl alcohol,
indicating thereby the formation of 37% of 2. This result
also indicates that the displacement has proceeded without
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racemization, and 2 possesses the original optical activity,
95% ee, of the a-pinene used.

IpcBH,NEt; (2) in THF reacts only slowly with olefin
at 0 °C or 25 °C. This, therefore, necessitates the removal
of triethylamine from 2 to facilitate the reaction. Removal
of EtzN with boron trifluoride in THF is disappointingly
slow.?® However, BH; THF provided a solution for the
removal of Et;N from 2, producing free IpcBH, in solution,
presumably as the dimer 3, for ready hydroboration of
olefins (eq 6). Fortunately, BH;NEt; is inert toward

(IpcBH,* NEts)
2

THF

ZIDCBHZ'NE?3 “+ 2BHz*THF m—h’

H..
>B:\ b < + 2H3B-NEtz ()
HT
3
hydroboration, except at elevated temperature, and need
not be removed from the reaction product. This procedure,
however, suffers from three limitations: (1) it utilizes
BH,THF, a less convenient reagent to handle, (2) it re-
quires a relatively long reaction time, and (3) the reaction
product, BH;NEt;, present with 3 in solution in THF,
although inert toward hydroboration, interferes in the
isolation of the oxidation products, following the chiral
hydroboration. Consequently, the alkaline reaction mix-
ture had to be refluxed for 12 h to achieve complete hy-
drolysis and destruction of BHyNEt,, prior to isolation of
the alcohol products. Such conditions are not desirable
in reactions involving asymmetric synthesis. These dif-
ficulties were then circumvented by the following proce-
dure.®
Improved Synthesis of 2 and 3. This procedure
utilizes the convenient reagent, neat BH3;-SMe,, for the
rapid preparation of neat thexylborane. Removal of
methyl sulfide under vacuum and addition of a slight ex-
cess (20%) of Et3N yields 1. This is followed by a fast
displacement of TME from 1 by a-pinene at 25 °C to form
2 (eq 7). The volatile components are stripped off under

neat

vacuum to leave 2 as neat viscous liquid, as before, in
94-95% yield. The removal of Et;N from 2 is affected by
treatment of a pentane solution of 2 with an equivalent
amount of boron trifluoride etherate (BF;.OEt,) at 25 °C
for 15 min, resulting in the separation of two layers. The
lower layer of BF3NEt; can be syringed out or else, more
conveniently, can be crystallized out of solution at -5 °C.
The pentane solution of the product 3 can be removed for
hydroboration by simple decantation (eq 8)

Another simple approach to the synthesis of IpcBH,-
NEt; (2) was achieved by the dehydroboration of a-pinene
from diisopinocampheylborane by Et;N. Thus, diiso-
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pentane

2IpcBH; + NEts + 2BF3+0Et> 25 5C B mim

1 H H
DC\ o \\ /
B! B + 2BF3-NEta} (-5°C) (8)
SNy \Ipc

pinocampheylborane was first prepared neat by the reac-
tion of borane—methyl sulfide with a—pinene. Addition of
Et;N to the product resulted in the formation of 2 in
quantitative yield after 1 h at 25 °C (eq 9). The attempted

negt EtsN
—nest —3
2 + BH3:SMep o5 °C,025h 25°C, 1 h

_~BHz*NEft3
+
2

total removal of the dehydroborated a-pinene under high
vacuum (0.05 mm, 3-4 h) at 40 °C proved to be ineffective.
It is not clear at this time why all of the a-pinene could
not be stripped from 2.

In any case, in all of these procedures, 2 was obtained
as a viscious liquid and could not be readily purified.
Therefore, it appeared desirable to explore the possibility
of preparing a solid adduct of 3 with some other amine,
making it possible to purify it readily by crystallization.
N,N,N’N"~-Tetramethylethylenediamine (TMED) proved
to be suitable for this objective.

Monoisopinocampheylborane-N,N,N',N'’Tetra-
methylethylenediamine Adduct (IpcBH,TMED, 4).
While exploring the usefulness of TMED to stabilize
monoalkylboranes (RBH,) as the RBH,TMED adducts,
it had been observed? that 4 can be obtained by dis-
placement of triethylamine from 2 with TMED (eq 10).

IpcBH,: NEts + TMED ——> IpcBH,TMED + Et,N
4 (mp 113-115 °C)

(10

Removal of Et;N under vacuum yields 4 as a white solid,
readily purified by crystallization from pentane; mp
113-115 °C. The compound 4 is air stable and can be
stored as such or in THF solution for several weeks at 25
°C without any noticeable hydride loss, isomerization, or
disproportionation.

TMED could be readily removed from 4 by treatment
of a THF solution of 4 with two equivalent amounts of
BF3:OEt, at 25 °C for 0.25 h. 2BF;TMED precipitates
out of the THF solution of 3 can be removed by filtration
(eq 11).

IpcBH, TMED + 2B,0-BF; o0

°C, 15 min

3 + 2BF;TMED| (11)

The above procedure, however, requires first of all the
preparation of 2, which is then converted to 4.

The preparation of 4 is simplified by the treatment of
thexylborane-TMED (ThxBH, - TMED, 5), itself obtained
by the reaction of TMED with thexylborane, with a-pinene
(3 equiv of olefin is required to facilitate the reaction) for
72 h to yield 4 in 95% yield®® (eq 12). Removal of volatiles
under high vacuum yields 4 as a white solid which can be
crystallized from pentane as before.
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H’BHZ TMED + @ = T:F-,zn 4 + >=< (12)

(ThxBH,- TMED)
5

This procedure, however, requires a long reaction time
and also utilizes an excess of a-pinene. Therefore, a more
simplified procedure was desired. This is outlined below.

This procedure utilizes neat BH3:SMe, for the rapid
preparation of diisopinocampheylborane (Ipc,BH) by the
reaction of neat a-pinene with neat BH;-SMe,, fast dis-
placement of a-pinene by TMED at 25 °C, and finally, the
removal of dehydroborated a-pinene by distillation under
high vacuum. With these modifications, the synthesis of
4 becomes a simple, rapid process® (eq 13 and 14).

‘,)ZBH
negt

2 T BHsSMer T

(13)

Ipc,BH

_BHp*TMED
+ (14)
4

TMED could be removed from 4 as before (eq 10) to yield
free IpcBH; (3) in quantitative yield. It is to be noted that
in all of the procedures discussed so far, 3 is obtained in
95% ee; i.e., it possesses the original activity of the a-
pinene.

Bis Adduct of Monoisopinocampheylborane with
TMED (2IpcBH, TMED, 6). The discovery that IpcBH,
forms a crystalline bis adduct with TMED? made available
the most convenient synthesis of IpcBH, as 2IpcBH,:
TMED! (6). Thus, the present procedure utilizes BH,
SMe, (BMS) in Et,0 for the rapid preparation of Ipc,BH.?
A fast displacement of a-pinene by 0.5 equiv of TMED
yields 6: 80% yield; mp 140-141 °C. Finally, TMED could
be conveniently removed from 6 to yield 3 in quantitative
yield (eq 15-17). Unexpectedly, the bis adduct 6 separates

. 12BH

Et50

H3*SM
2 T BHySMe: 5 (15)
_)2BH
Et,0, 34 °C
2 + TMED —2
05 h

1

BHz TMED HB S
1

6 (mp 140-141 °C)
THF
6 + 2BF3OEt, — 3 + 2BF;TMED| (17)

in much higher optical purity (100%) than the (+)-a-
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pinene used (94% ee) to synthesize Ipc,BH. This was
established by the oxidation of 6 following methanolysis
to isopinocampheol; [«]? —35.79°, a value which corre-
sponds to 100% ee.® Therefore, this procedure achieves
the preparation of 6 in exceptionally high optical purity,
approaching 100%, from an optically impure substrate.

The formation of 2IpcBH, TMED (6) of higher optical
purity than the purity of the (+)-a-pinene utilized is due
to the preferential crystallizatioin of (+),(+)2IpcBH,
TMED over (+),(-)2IpcBH,,TMED. The amount of
(-),(-)2IpcBH,-TMED present would be negligible. This
hypothesis, however, requires the 2IpcBH, TMED present
in solution to have lower optical purity than the crystal-
lized product. Indeed, the isopinocampheol, obtained by
oxidation of the 2IpcBH;TMED in solution, has [«]%p
-30.16°, a value which corresponds to 84% ee.

Another convenient method for the preparation of
2IpcBH,TMED of high optical purity is outlined below.
We have recently observed!® that the crystalline bis ad-
ducts of monoalkylboranes with TMED (2RBH,-TMED)
could be synthesized by the reaction of 2ThxBH, TMED
(7) with the corresponding olefins in refluxing EE. Thus,
the reaction with a-pinene requires 6 h to yield 6, mp
140-141 °C, in excellent yield (eq 18).

EE, 34 °C
2 + 2ThxBHp TMED —=——= 6 =+ 2>=< (18)

Direct Synthesis of 3 by the Equilibration of 1:1
a-Pinene and Borane. It has been well established that
the reaction of olefin with borane in 1:1 ratio generally
yields a mixture of products (eq 1), except in the case of
a few hindered olefins, where the reaction proceeds cleanly
to the corresponding monoalkylboranes (eq 2 and 3).
However, in the course of studies directed to other ob-
jectives,® we observed that the reaction of a-pinene with
BH,-THF (1.5 M) in a 1:1 ratio at 0 °C for a short time
yielded 15% IpcBH,, with 42.5% each of Ipc,BH and
BH,THF (eq 19). When the same reaction mixture was

_BH,
1.0M

+ BH3'THF T-i?’ -+

(1)0°C, 0.5h 15%
(2)0°C,0.5h;25°C, 24 h 45%
(3)0°C, 0.5h;25°C, 48 h 70%

,,)ZBH
+ BHa+«THF  (19)

42.5% 42.5%
27.5% 27.5%
15% 15%

allowed to equilibrate at 25 °C for 24 h, the reaction
mixture consisted of 45% IpcBH, and 27.5% each of
Ipc;BH and BH3THF. The above reaction attains
equilibrium after 48 h at 25 °C with the following equi-
librium distribution: 70% IpcBH,, 15% Ipc,BH, and 15%
BH,- THF (eq 18). It therefore appeared to us that with
the proper reaction conditions, this reaction could give rise
to a simple synthesis of IpcBH,.

Investigation established that the reaction of a-pinene
with BH;THF in 1:1 ratio in 0.7 M THF at 25 °C attained
equilibrium after 96 h, and the equilibrium mixture con-
sisted of 91% IpcBH, and 4.5% each of Ipc,BH and

(30) Mandal, A. K.; Yoon, N. M. J. Organomet. Chem. 1978, 156, 183.
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BH, THF (eq 19).3! Alternatively, the reaction mixture
was found to attain equilibrium at 50 °C after 3.5~4 h, with
the equilibrium mixture containing 86% IpcBH, and 7%
each of Ipc,BH and BH;THF (eq 20). The components

_BH, )pBH
07 M
+ BHyTHF =~ + +

25°C, 96 h 91% 4.5%
50°C, 4 h 86% 7%

BH3-THF  (20)

4.5%
7%

of the equilibrium mixture were analyzed by low-tem-
perature methanolysis of aliquots followed by 'H and !'B
NMR determination of Ipc,BOMe, Ipc(OMe),, and B-
(OMe);. After the equilibrium had been attained, THF
was removed under vacuum and replaced by pentane.
Addition of an appropriate amount of TMED equivalent
to the BHTHF present led to the precipitation of
2BH3; TMED which, if desired, could be removed by fil-
tration. However, 2BH; ' TMED is very inert toward hy-
droboration, and if direct hydroboration is envisaged, it
need not be removed from the supernatant liquid, which
contains >95% of IpcBH, for the 25 °C equilibration and
92.5% IpcBH, for the 50 °C equilibration (eq 21).

BH,
0.7 M THF
+ BHyTHF rigem +

91%

.),BH 1. 3mm, 9.75 h

+ BH3THF 2. pentane
3.225% TMED
4.5%

.-BHa .- )2BH
+ (21)

>95% <5%

4.5%

Therefore, it has been shown that the reaction of a-pinene
with BH3THF in a 1:1 ratio gives rise to IpcBH, in >95%
yield.

This procedure suffers from one limitation. It utilizes
the less convenient BH; THF. Therefore, we undertook
to establish whether the reaction of a-pinene with BH;
SMe, in a 1:1 ratio would yield IpcBH,. However, the
above reaction in 0.7 M THF attained equilibrium only
after ~6 days with the equilibrium mixture containing
~T70% IpcBH,; and 15% each of Ipc,BH and BH;-SMe..

Conclusion

Monoisopinocampheylborane (IpcBH,) has emerged as
a useful reagent for the asymmetric hydroboration of
trans-disubstituted and trisubstituted olefins to provide
the corresponding alcohols in high optical purities
(60-100%). It also offers promise for asymmetric reduc-
tion and coordination. Consequently, a simple synthesis
of the reagent was desired. The present paper described
the synthetic approaches that were taken to achieve this

(31) Pelter, A.; Ryder, D. J.; Sheppard, J. H.; Subrahmanyam, C.;
Brown, H. C.; Mandal, A. K. Tetrahedron Lett. 1979, 4777.
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objective. The most convenient method now appears to
be the preparation of IpcBH, as 2IpcBH, TMED by the
reaction of 0.5 equiv of TMED with diisopinocampheyl-
borane, followed by the removal and precipitation of
TMED by BF4.0Et,. This procedure is simple, yet it
yields, IpcBH, of 100% optical purity.

Experimental Section

Materials. All operations were carried out under nitrogen.
The solvents were purified by standard procedures.’* Borane in
THF was prepared from NaBH, and BF;-OEt,.!* BMS was
obtained from the Aldrich Chemical Co. TME (Aldrich) and
(+)-a-pinene (Dragoco Co.) were distilled from LiAlH, and stored
under nitrogen. (+)-a-Pinene showed an optical rotation of [«]%p
+48.03° (94% ee). The optical rotations were measured by using
a Rudolph polarimeter. Melting points are uncorrected and were
obtained in sealed capillary tubes.

Preparation of Monoisopinocampheylborane-Triethyl-
amine Adduct (2). A 2.0 M solution of thexylborane in THF
was prepared by adding 6.6 mL (55 mmol) of TME to 20.9 mL
of a 2.63 M (55 mmol) solution of BHsTHF at 0 °C and following
the standard procedure.’®% To this solution was added 8.4 mL
(60 mmol, 10% excess) of NEts. A 1.5 M solution of ThxBH,-NEt,
in THF was obtained. To this was added 8.8 mL (55 mmol) of
(+)-a-pinene, and the reaction mixture was stirred at 25 °C for
24 h. TME and THF were removed under aspirator vacuum (15
mm), providing IpcBH,NEt; (2, 55 mmol) as a viscous liquid.
A portion of 2 (5 mmol) was methanolyzed with 0.8 mL of
methanol. Oxidation with alkaline hydrogen peroxide yielded
isopinocampheol: [a]® -34.3° (¢ 5, benzene), 95% ee.

Preparation of Monoisopinocampheylborane (3). The
above product (2 X 50 mmol) was dissolved in 20 mL of THF and
25.0 mL of 2.0 M BH; THF (50 mmol) added. After4 hat 0 °C,
the formation of BH;NEt; is complete, and the solution now
contained free monoisopinocampheylborane, presumably as the
dimer 3.

Improved Synthesis of 2 and 3. With the usual experimental
setup,’® the reaction was carried out in a 200-mL flask. The flask
was charged with BHz;-SMe, (10.0 mL, 100 mmol). TME (12.0
mL, 100 mmol) was added to it dropwise, keeping the flask in
a water bath at 25 °C. After 20 min, dimethyl sulfide was removed
under aspirator vacuum (14 mm) for 10-15 min, thereby yielding
neat thexylborane (100 mmol). To this product was added tri-
ethylamine (16.8 mL, 120 mmol) at 25 °C, forming the addition
compound, ThxBH, NEt;. (+)-a-Pinene (16.0 mL, 100 mmol)
was then added to the stirred reaction mixture. After the reaction
mixture was stirred for 3 h at 25 °C, TME and excess Et;N were
removed under aspirator vacuum (14 mm) for 3—4 h, providing
2 (~100 mmol) as a viscous liquid. The product was then dis-
solved in pentane.

To 2 in pentane (12.8 mL of 1.56 M solution, 20 mmol) there
was added at 25 °C BF3-OEt, (2.5 mL, 20 mmol). The reaction
mixture was stirred at 25 °C for 15 min. Two layers separated.
when the reaction flask was cooled to -5 °C, the lower layer of
BF;NEt; crystallized. The free product 3 in pentane was then
decanted off to another flask by using a double-ended needle. The
crystalline BF3NEt; was thoroughly washed with pentane (15
mL), and the pentane washings were transferred to the main
solution. The free borane 3 thus obtained could be utilized for
hydrohoration.

Preparation of 2 by Dehydroboration of a-Pinene from
Ipc,BH. To a stirred solution of neat borane—methyl sulfide (2.0
mL, 20 mmol) at room temperature there was added dropwise
7.36 mL (46 mmol) of (+)-a-pinene (94% ee) over a period of 5
min. The precipitate of Ipc,BH appeared after 5 min. After 10
min, the reaction mixture could not be stirred. To it was added
3.36 mL (24 mmol) of triethylamine, and the lumps were broken
with a needle. After 45 min, the reaction mixture became ho-
mogeneous. The dehydroboration of a-pinene to form 2 is com-
plete after 1 h at 25 °C, as is evidenced by (1) the oxidation of
an aliquot, followed by GC analysis for a-pinene, and by (2) the
B NMR spectrum. The reaction mixture was put under high
vacuum (0.05 mm) for 4 h. An aliquot was oxidized, and it was
found to contain ~50% of a-pinene. 'H NMR also indicated the
presence of ~53% of a-pinene.
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Preparation of IpcBH, TMED (4) from IpcBH,-NEt; (2).
To neat IpcBHyNEt; (5 mmol), prepared as before, was added
at 25 °C 0.75 mL (5 mmol) of TMED at 25 °C, and the mixture
was stirred for 1.5 h. The heavy white precipitate of IpcBH,
TMED was collected by centrifugation, washed with cold pentane,
and dried. There was obtained 1.01 g (75%) of 4, mp 113-115
°C (recrystallized from pentane).

Preparation of 4 from ThxBH,TMED (5). To a stirred
solution of 10.0 mL (10 mmol) of ThxBH;TMED in THF, pre-
pared by adding 1.5 mL (10 mmol) of TMED to 8.5 mL (10 mmol)
of ThxBH,, was added at 25 °C 4.76 mL (30 mmol) of (+)-a-pinene
over 5-10 min. Stirring was continued for 72 h at 25 °C to give
a 95% yield of 4. Following evaporation of THF and TME under
aspirator vacuum (12 mm) for 2 h and then a-pinene at 0.05 mm
for 4 h, 4 could be isolated in >90% yield as a white solid. Re-
crystallization from n-pentane yielded pure 4, mp 113-115 °C.

The excess a-pinene could be recovered in pure form in ca. 90%
yield by trapping the evaporated olefin at -78 °C.

Preparation of 4 by the Dehydroboration of a-Pinene from
Ipc,BH with TMED. With the usual experimental setup, the
reaction was carried out in a 100-mL flask. The flask was then
charged with 5.0 mL (50 mmol) of borane-methyl sulfide (BMS).
To it was added dropwise 18.4 mL (115 mmol) of (+)-a-pinene,
keeping the flask in a water bath at 25 °C. After 20 min, the
formation of diisopinocampheylborane (Ipc,BH) as a white solid
was complete. To this product was added 7.6 mL (50 mmol) of
TMED at 25 °C, forming IpcBH,-TMED within 1 h by the dis-
placement of a-pinene. After 1 h at 25 °C, the a-pinene and
methyl sulfide were stripped off under aspirator vacuum (12 mm)
for 3-4 h, providing IpcBH, TMED (4) as a white solid, mp
113-115 °C (recrystallization from pentane).

Preparation of 3 from 4. To 10.0 mL of IpcBH;TMED (4)
in 2.0 M THF (20 mmol) there was added at 25 °C 5.0 mL (40
mmol) of BF3OEt,. The reaction mixture was stirred for 15 min,
during which time a heavy white precipitate of 2BF; TMED
formed. The solution containing free IpcBH, was then removed
from the slurry of 2BF3TMED by filtration under nitrogen
through a filter chamber.?® The solid 2BF3- TMED was then
washed thoroughly with portions (2 X 5 mL) of THF, and the
washings were transferred to the main solution. Thus a solution
of 3 in THF was obtained. Reaction with 3.2 mL (80 mmol, 100%
excess) of methanol evolved 36 mmol of hydrogen. Oxidation with
alkaline hydrogen peroxide yielded isopinocampheol: [«]% -34.1°
(¢ 1.35, benzene), 95% ee.

Preparation of 2IpcBH,TMED (6) of High Optical Purity.
With the usual experimental setup, the reaction was carried out
in a 200-mL flask. The flask was charged with 10.0 mL (100 mmol)
of BHzSMe; and 65 mL of Et,0. While the solution was stirred
at room temperature, 36.8 mL (230 mmol) of (+)-a-pinene ([a]p
+48.05°, 94% ee) was added dropwise at such a rate that the
reaction mixture refluxed gently. Following addition of a-pinene,
the reaction mixture was allowed to reflux for an additional 0.5
h during which time the preparation of Ipc,BH was complete.
TMED (7.54 mL, 50 mmol) was then added, and the reaction
mixture was refluxed for 0.5 h. Seedlings of 2IpcBH,TMED (6)
were then introduced into the flask by the withdrawal of an aliquot
from the reaction mixture by means of a hypodermic syringe and
then pushing it back into the solution (two or three times).?
When the mixture cooled to room temperature, 6 started crys-
tallizing out of the solution. To ensure complete crystallization,
the reaction mixture was kept at 0 °C overnight. The supernatant
liquid was then removed from the solid by means of a double-
ended needle. The crystalline 6 was washed with pentane (3 X
25 mL), and the washings were added to the supernatant liquid.
The solid was then dried under vacuum (1 hat 15 mmand 2h
at 1 mm) to yield 16.4 g (~79%) of 100% optically pure
2IpcBH;TMED (6): mp 140.5-141.5 °C; [a]®p +69.03° (c 9.33,
THF). A portion of 6 (5 mmol) in THF was methanolyzed with
excess methanol and then oxidized with alkaline hydrogen per-
oxide to afford isopinocampheol with [«]?p —-35.79° (c 0.9,

(32) The description of the filtration chamber is given on page 224 of
ref 19,

(33) Seedlings of 2IpcBH, TMED are needed for crystallization. The
product does not crystallize out of the solution even if it is kept at 0 °C
for 3 days.
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benzene), a value which corresponds to ~100% ee.

The combined washings were collected, and excess methanol
was added. Oxidation as before yielded isopinocampheol with
[@]1%p -30.2° (c 1.2, benzene), a value which corresponds to 84.6%
ee. This result therefore indicates that the minor isomer has
accumulated in the solution.

In another reaction, 2IpcBH,TMED was prepared on a 250-
mmol scale, and the dehydroborated o-pinene was recovered from
the washings as shown below. The volatiles (Et,O and pentane)
were removed, and the residue was then steam distilled. a-Pinene
(49.5 mL, 95%) was collected. This was further purified by
distillation over LiAlH, to yield 45.8 mL (88%) of pure a-pinene:
[a]? +47.6° (neat), ~93% ee.

Preparation of 3 from 6. For liberation of the free borane
3, 14.6 g of 6 (35 mmol) was dissolved in 50 mL of THF, and 8.6
mL (70 mmol) of BFyOEt, was added with constant stirring. After
1.25 h at 25 °C, the precipitation of 2BF; TMED was complete.
The solution containing free borane 3 was removed from the slurry
of 2BF3 TMED by filtration as before. The solid 2BFy TMED
was washed with dry, ice-cold THF (3 X 9 mL), and the washings
were transferred to the main solution. The filtrate was analyzed
for IpcBH, by hydrolysis. The recovery of IpcBH, is 80-84%.

Preparation of 6 from 2ThxBH,TMED. Neat ThxBH, was
prepared as before by adding 1.2 mL (10 mmol) of TME to 1.0
mL of 10 M (10 mmol) BHg-SMe,; at 25 °C for 0.5 h. To this
reaction mixture was added 0.75 mL (5 mmol) of TMED followed
by the addition of 2.0 mL of Et,0, thus providing a 1.0 M solution
of 2ThxBH,TMED in Et,0. The Et,0 solvent was refluxed, and
1.6 mL (10 mmol) of (+)-a-pinene was added. The reaction
mixture was refluxed for 6 h. The volatiles were then removed

under aspirator vacuum (12 mm) to yield 6 in 95% isolated yield.
This is then crystallized from Et,0 to yield pure 6, mp 140-141
o

C.

Preparation of 3 by the Equilibration of 1:1 a-Pinene and
BH;THF. The reaction was carried out in a 100-mL flagsk. The
flask was charged with 22.03 mL of 2.27 M (50 mmol) BH,THF
and 41.4 mL of THF to make the resulting reaction mixture 0.7
M with respect to borane. (+)-a-Pinene (8.0 mL) was then added,
and the reaction mixture was stirred for ~96 h at 25 °C. During
this time the reaction attained equilibrium, and the equilibrium
mixture contained 91% IpcBH, and 4.5% each of Ipc,BH and
BH;THF. THF was removed under vacuum and replaced by
30 mL of pentane. Addition of 0.17 mL (1.1 mmol) of TMED
precipitated BH; as 2BH3 TMED in 0.75 h, which was removed
from the supernatant solution by filtration as before. The
2BH3TMED was washed with portions (2 X 5 mL) of cold pen-
tane, and the washings were added to the main solution. Thus
a solution of IpcBH, (>95%) in THF was obtained.
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Monoisopinocampheylborane (IpcBH,), the first monoalkylborane chiral hydroborating agent, is capable of
reacting with olefins of varying structural and steric requirements to produce, in most cases, clean dialkylboranes.
IpcBH,; achieves the asymmetric hydroboration of trans-disubstituted and trisubstituted olefins with exceptionally
high asymmetric induction. The product alcohols, produced by oxidation of the intermediate organoboranes,
exhibit enantiomeric purities in the range of 53~100% ee and reveal the same absolute configuration. Enantiomeric
purities of the products increase with increasing steric requirements of the alkyl or phenyl substituent in the

trans-disubstituted or trisubstituted alkene.

Organoboranes are clearly one of the most versatile
organometallic intermediates for organic synthesis.! The
stereospecificity and regioselectivity provided by mono-
alkyl- and dialkylboranes in the hydroboration of olefins
is remarkable. This property, coupled with an asymmetric
attack on the enantiotopic face of prochiral olefin by a
chiral hydroborating agent makes this reaction a most
valuable one for asymmetric synthesis. In fact, in 1961,
the chiral hydroborating agent diisopinocampheylborane

(1) (a) Brown, H. C. “Boranes in Organic Chemistry”; Cornell Univ-
ersity Press: Ithaca, NY, 1972. (b) Brown, H. C.; Kramer, G. W,; Levy,
A. B,; Midland, M. M. “Organic Syntheses via Boranes”; Wiley-Inter-
science: New York, 1975. (c) Pasto, D. J. In “Boron Hydride Chemistry”;
Mutterties, E. L., Ed.; Academic Press: New York, 1975. (d) Pelter, A.;
Smith, K. In “Comprehensive Organic Chemistry”; Barton, D. H. R.; Ollis,
W. D.; Pergamon Press: Ozxford, 1979; Vol. 3.

(Ipc,BH, 1) marked the beginning of a practical, nonen-
zymatic asymmetric synthesis.?2 Prior to this time, asym-
metric syntheses had been very inefficient, with the excess
of one enantiomer over the other produced in the known
asymmetric syntheses being generally quite small and
hardly of practical utility.

Diisopinocampheylborane is currently one of the most
versatile chiral reagents readily available for laboratory
use.’ It is readily prepared by the hydroboration of a-
pinene with diborane,? BH;THF,® or BH;:SMe,.6 The

(2) Brown, H. C.; Zweifel, G. J. Am. Chem. Soc. 1961, 83, 486.

(3) For a recent review on “Asymmetric Syntheses via Chiral Orga-
noborane Reagents”, see: Brown, H. C.; Jadhav, P. K.; Mandal, A. K.
Tetrahedron 1981, 37, 3547,

(4) Brown, H. C.; Ayyangar, N. R.; Zweifel, G. J. Am. Chem. Soc. 1964,
86, 397,

0022-3263/82/1947-5074$01.25/0 © 1982 American Chemical Society



