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Organoborane chemistry is now widely used as one of
the important tools to bring about numerous nonenzy-
matic asymmetric transformations.? The 2-organylap-
opinenes (2-R-apopinenes) such as a—pinene (1a), 2-eth-
ylapopinene (1b), and 2-n-propylapopinene (le) are
versatile chiral auxiliaries for asymmetric synthesis via
organoborane chemistry.— The efficacy of borane re-
agents derived from these 2-R-apopinenes is noteworthy.
For example, B-chlorodiisopinocampheylborane (Ipc.BCl)
prepared from (+)-a—pinene has been effectively used for
the asymmetric reduction of many prochiral ketones.?
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Although borane reagents based on o—pinene have
been remarkably useful for asymmetric allylboration* and
reduction,? other borane reagents such as B-2-ethy-
lapoisopinocampheyl-9-boracyclo[3.3.1lnonane (Eapine—
borane) and B-2-n-propylapoisopinocampheyl-9-boracyclo-
[3.3.1lnonane (Prapine—borane), derived from 2-ethyl-
apopinene (1b)? and 2-n-propylapopinene (1¢),® respec-
tively, have proved to be effective chiral reducing agents.®
We have recently reported the synthesis of 2-R-apop-
inenes le—f which are promising for these applications
of organoborane chemistry.”® The utility of 2-phenylap-
opinene (1e)® for such organoborane reactions is yet to
be explored. However, the direct method of preparation
of 2-R-apopinenes 1b—f does not provide material of the
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desired 299% optical purity to permit the enantioselec-
tive synthesis of desired chiral borane reagents. We have
demonstrated that a-pinene can be obtained in =99%
optical yield by the convenient displacement of c.—pinene
from the optically pure Ipc,;BH (3a), obtained from the
(+)-a—pinene of 91% ee, upon treatment with benzalde-
hyde.? However, this methodology was unsatisfactory for
the synthesis of the optically pure 2-R-apopinenes 1b—
f, since the sterically bulkier 2-R-apopinenes fail to
undergo dihydroboration to yield a crystalline, optically
pure bis(2-R-apoisopinyl)borane (Rap;BH, 83b—f).” Thus,
the inapplicability of this method, so valuable for the
preparation of optically pure a-pinene, initiated a search
for another suitable, elegant, and convenient procedure
for the preparation of optically pure (=99% ee) 2-R-
apopinenes 1b—f.

The present study describes a general procedure to
obtain 2-R-apopinenes 1b—f of high optical purity from
chiral 2-organylapoisopinocampheylboranes (2-R-apoisopi-
nylboranes, 2b—f) of essentially =99% ee.

Results and Discussion

Reaction of 2-R-apoisopinylboranes (RapBH,
2a—f) with 1,5-Cyclooctadiene (1,5-COD) and 1,5-
Hexadiene. Recently, we have reported a general,
convenient procedure for the synthesis of optically pure
(299%) tetramethylethylenediamine (TMEDA) adducts
[(RapBHj3)TMEDA, 4b~—f], obtained by the hydrobora-
tion of 2-R-apopinenes 1lb—f with BHzSMe; (BMS).
These adducts 4b—f selectively crystallize in =99% ee
upon treatment of the reaction mixture (containing
RapBH; (2b—f) as major and Rap;BH (3b—f) as minor
components) with TMEDA.1° Treatment of these adducts
4b—f with BFyEE readily provides RapBH; (2b—f) of
>99% optical purity (eq 1).1
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We have demonstrated that the iPraBH; (2f) hydrobo-
rates prochiral trans-disubstituted and trisubstituted
alkenes to achieve significantly better optical induction
than those realized by 2a,b,e 112

A number of publications have described the cyclic
hydroboration of dienes and polyenes,!? but less effort has
been devoted to exploring the asymmetric cyclic hydrobo-
ration of dienes. It has been demonstrated in previous
work from this laboratory that the cyclic hydroboration
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of 1,5-COD with thexylborane (ThxBH;) gives two re-
gioisomeric products, arising from the 1,4- and 1,5-
cycloaddition in a 4:1 ratio, respectively.l* It has also
been reported that the chiral monoalkylboranes (R*BH,)
react with 1,5-COD to give a 70:30 mixture of the 1,4-
and 1,5-cyclic adducts.!® The less stable 1,4-regicisomer
is readily isomerized to the 1,5-isomer at 65 °C.15

As a part of our research program to explore asym-
metric syntheses using dienes via chiral organoboranes,
the hydroboration of inexpensive and easily accessible
1,5-COD with RapBH; 2a—f was investigated.1¢

Thus, the hydroboration of 1,5-COD with an ethereal
solution of 2-R-apoisopinylboranes 2a—f at 0 °C for 1-2
h achieved the quantitative formation of mixed trialky-
Iboranes 5a—f as determined by !B NMR (6 82—87).
Interestingly, the alkaline peroxide oxidation of an
aliquot of the solution and subsequent analysis of their
silyl ethers on capillary GC established the reaction
product to be a 50/50 mixture of 1,4- and 1,5-cyclooc-
tanediols. The silyl ethers were prepared from the
reaction of alcohols with bis(trimethylsilyl)acetamide
(BTSA)'7 (Scheme 1).

Since the mixture of trialkylboranes §b—f on treatment
with acetaldehyde would furnish the same product, i.e.,
optically pure 2-R-apopinenes 1b—f, no attempt was
made to isomerize this mixture to the presumably more
thermodynamically stable 1,5-regioisomer.

The cyclic hydroboration of 1,5-hexadiene with borane
reagents, such as BHTHF, BH;CI-EE, thexylborane, and
disiamylborane (Sia;BH), has been extensively studied.!3¢
It has been observed that the regioselectivity in the
hydroboration of 1,5-hexadiene with thexylborane to give
B-thexylborepane was 90%, while the other borane
reagents furnished a 70:30 mixture of 1,4- and 1,5-cyclic
adducts.13 It was, therefore, interesting to investigate
the hydroboration of 1,5-hexadiene with 2-R-apoisopi-
nylboranes 2a—f. Unlike the hydroboration of 1,5-COD,
hydroboration of 1,5-hexadiene with 2-R-apoisopinylbo-
ranes 2a—f under similar conditions furnished a 49:1
mixture of B-(2-R-apoisopinyl)borepane (8) and B-(2-R-
apoisopinyl)-2-methylborinane (9) (eq 2).

The percentage formation of trialkylboranes was de-
termined as described in Scheme 1. Capillary GC
analysis indicated the formation of 98% of 1,6-hexanediol
and ~2% of 1,5-hexanediol, which in turn confirmed the
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49:1 formation of 8a—f and 9a—f, respectively, in the
hydroboration.

An expected by-product of this investigation is the
discovery of a valuable new route to the essentially pure
(98%) B-alkoxyborepane (11) system and to the many
derivatives to which this can be readily converted, such
as cycloheptanone.

Liberation of Optically Pure 2-R-apopinenes 1b—f
from the Trialkylboranes by Reaction with Acetal-
dehyde. The displacement of one or two Ipc groups from
boron by treating Ipc:BR or IpcB(R); with aldehydes is
well documented in literature.’®* However, the displace-
ment of the third alkyl group is very difficult even under
drastic conditions.!® This chemistry was successfully
applied in displacing the optically pure 2-R-apopinenes
1b—f from the corresponding mixture of trialkylboranes
5 or 8 and 9 (Scheme 2).

Thus, the trialkylboranes 5 or 8 and 9 instantaneously
underwent reaction with ~1.1 equiv of acetaldehyde at
0 °C resulting in the quantitative liberation of optically
pure 2-R-apopinenes 1b—f along with the formation of
mixed borinates 10 or 11 and 12. It was interesting to
note that the displacement of 2-R-apopinenes 1b~f from
the boron atom of trialkylboranes 5 or 8 and 9 was the
predominant reaction with complete retention of configu-
ration. As a result, racemization of the product 2-R-
apopinenes 1b—f was not observed.

Purification of the Liberated 2-R-apopinenes
1b—f from the Reaction Mixture Containing Mixed
Borinates 10 or 11 and 12. Two methods were suc-
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cessfully employed for the removal of borinates: (A) by
treatment with ethanolamine and (B) by alkaline perox-
ide oxidation.

Method A. The numerous borinic acid derivatives,
such as 9-borabicyclo[3.3.1]borinates,'® dicyclohexylbori-
nates,? and diisopinocampheylborinates,?’ have been
shown to precipitate quantitatively as crystalline solids
from their solution in pentane upon treatment with
ethanolamine.?? Therefore, this reaction was successfully
applied. Thus, the addition of acetaldehyde to the
reaction mixture at 0 °C liberated 2-R-apopinenes 1b—f
along with the formation of borinates 10 or 11 and 12 in
pentane?® as determined by !B NMR (6 55—-58). The
instantaneous reaction of ethanolamine with the mixed
borinates 10 or 11 and 12 provided a quantitative
separation of the borinates as a mixture of crystalline
ethanolamine adducts 13 or 14 and 15, leaving behind
the optically pure 2-R-apopinenes 1b—f in the solution
along with ethanol as a water-miscible side product. The
ethanolamine adduct 14 was further crystallized from
THF/pentane (1:2) and compared with the authentic
sample reported in the literature.2¢
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The enantiomeric purity of the 2-R-apopinenes 1b—f
was conveniently determined as described in the Experi-
mental Section.

Method B. The reaction mixtures containing optically
pure 2-R-apopinenes 1b—f and mixed borinates 10 or 11
and 12 in diethyl ether (EE) were oxidized with alkaline
hydrogen peroxide at 0 °C. The products of the reaction,
i.e., 1,4- and 1,5-cyclooctanediols or 1,6- and 1,5-hex-
anediols, were easily separated from the ethereal solution
of optically pure 2-R-apopinenes 1b—f by washing with
water. Thus, the 2-R-apopinenes 1b—f of essentially
299% chemically and optically pure material were ob-
tained conveniently in 85-90% isolated yields by this
one-pot procedure.

Conclusions

This procedure describes a simple, convenient, one-pot
means of preparing 2-R-apopinenes of general interest
in essentially 299% optical and high chemical yields from
their corresponding 2-R-apoisopinylboranes, derived from
2-R-apopinenes of only 87—91% ee, under mild reaction
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conditions. The 2-R-apopinenes are obtained in 85—-90%
isolated yields. Therefore, this procedure provides a
practical means for preparing 2-R-apopinenes which can
be readily used to make enantiomerically pure organobo-
rane reagents with controlled changes in the steric
requirements of the organyl group in the 2-position of
apopinene.

Experimental Section

All glagsware were dried overnight at 140 °C, assembled hot,
and cooled to ambient temperature in a stream of nitrogen.25
All reactions were performed under static pressure of dry
nitrogen. The reported boiling points are uncorrected. The 1B
NMR were recorded at 96 MHz and were referenced to BFEE.
The 'H and 13C NMR spectra were recorded at 200 and 50 MHz,
respectively. Samples were purified by preparative GC (20%
SE-30 column), and optical rotations were measured on a digital
polarimeter.

Materials. Anhydrous EE, acetaldehyde, and borane—dim-
ethyl sulfide complex were used as obtained. The 2-R-apop-
inenes 1b—f were prepared as described elsewhere.5-8 The
(RapBH2)2 TMEDA adducts, 4a?8 and 4b—f,1° were prepared us-
ing previously described procedures. The 2-R-apoisopinylbo-
ranes (RapBH;, 2a—f) were prepared by the reaction of BFsEE
with bis-adducts 4a—f according to the literature procedure.1®
26 1,5-Hexadiene and 1,5-COD were distilled over LAH prior to
use.

General Procedure for Liberation of 2-R-apopinenes
1b—f of >99% ee from the Corresponding 2-R-apoisopi-
nylboranes (RapBH;, 2b—f). Method A, An ethereal solution
of RapBH; 2b—f (0.60—0.80 M, 30 mmol) was cooled to 0 °C,
and 1,5-cyclooctadiene (31 mmol) or 1,5-hexadiene (31 mmol)
was then added over a period of 5 min. The mixture was
warmed to 25 °C and stirred for 1-2 h. The 1B NMR indicated
quantitative formation of a mixture of trialkylboranes 5 or 8 and
9 (6 82—87). The volatiles of the reaction mixture were removed
(12 mmHg, 40 °C, 1 h). Dry pentane?® (30 mL) was placed in
the flask, and acetaldehyde (40 mmol) was slowly added at 0
°C. The mixture was further stirred for 1-2 h (1B NMR 6 55—
58). The ethanolamine (31 mmol) was added to the mixture at
25 °C, which readily precipitated ethanolamine derivative of
borinates. The clean pentane layer was removed. The precipi-
tate was washed with cold pentane (2 x 10 mL) and centrifuged.
The combined solvent was distilled off, and the residual oil on
distillation under reduced pressure over LAH furnished 2-R-
apopinenes 1b—f (85~90% yields). A small amount of 2-R-
apopinene was further purified to give material of 299% GC
purity and =99% ee by rotation. Small amounts of 2-R-
apopinenes 1b—f were subjected to the hydroboration—oxidation
to obtain the corresponding alcohols 8b—f, derivatized!? as the
menthyl carbonate?” (of 6b—d,f) or MTPAZ (6e). These deriva-
tives were analyzed on a SPB-5 capillary GC column, revealing
optical purities of 299% ee, in comparison with the equal
diastereomeric mixture of derivatives of the alcohols 6b—f
obtained from hydroboration—oxidation of the corresponding
racemic 2-R-apopinenes 1b—f£.1% The 'H and 13C NMR spectral
data obtained for purified 2-R-apopinenes were identical with
the reported values.5-81¢ (—)-2.Ethylapopinene (1b): bp 88—
90 °C/40 mmHg; [a]?*p —45.7° (neat) [lit.5 [a]?3%p —46.2° (neat),
99% eel. (+)-2-n-Propylapopinene (lc): bp 100—102 °C/30
mmHg; [a]?%p +43.68° (¢ 1.0, MeOH) [[a]?lp +39.29° (¢ 1.0,
MeOH), 90% ee]. (+)-2-Isobutylapopinene (1d): bp 53—54 °C/
0.9 mmHg; [a]2%p +15.29° (neat) [a]2%p +13.67° (neat), 90% eel.
(—)-2-Phenylapopinene (le): bp 80—82 °C/0.1 mmHg; [a]23p
—19.89 (neat) [0.]?!p ~17.28 (neat), 87% eel. (+)-2-Isopropylap-
opinene (1f): bp 70—72 °C/12 mmHg; [0]?°p; +39.00° (¢ 1.0,
MeOH) [[a]?%p +35.31° (¢ 1.0, MeOH), 91% ee].
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Method B. The ethereal solution of trialkyboranes § or 8
and 9 was treated with acetaldehyde (40 mmol) at 0 °C. After
1—2 h, the borinic acid derivatives 10 or 11 and 12 were oxidized
by the successive addition of 3 N aqueous NaOH (10.5 mL) and
30% H30; (7.1 mL). The organic phase was separated and the
aqueous phase extracted with ether (2 x 30 mL). The combined
organic extract was stirred with water (60 mL) for 1 h. The
organic layer was treated with brine and Na;SO4. Removal of
solvent, and vacuum distillation of residual liquid over LAH,
gave the 2-R-apopinenes (85—90% yields). The optical rotation
of purified material (preparative GC) showed >=99% ee of 2-R-
apopinenes 1b—f.

Notes
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