Pure & Appl. Chem., Vol. 59, No. 7, pp. 879-894, 1987.
Printed in Great Britain.
© 1987 IUPAC

Organoboranes for synthesis—substitution with
retention

Herbert C. Brown and Bakthan Singaram

H. C. Brown and R. B. Wetherill Laboratories of Chemistrv
Purdue University, West Lafayette, Indiana 47907, U.S.A.

Abstract - The facile reaction of olefins, dienes and acetylenes with
various hyvdroborating agents made a vast array of organoboranes readily
available. Organoboranes tolerate many functional groups and are often
formed in a stereosnecific manner. The boron atom in these oraanoboranes
can be readily substituted with a variety of functional aroups to give
organic compounds under mild conditions such that oraganoboranes now appear
to be among the most versatile intermediates available for organic syn-
thesis. Exploration of these substitution reactions revealed that the
organoboranes transfer the alkyl qroun to essentially most of the other
elements of synthetic and bioloqgical interest, includina carbon, with com-
plete maintenance of stereochemical intearity. Consequently, the organic
groups that are formed stereospecifically by the hvdroboration reaction
can be readily incorporated into orqganic molecules. A recent development
- preparation of ontically pure organoborane intermediates - makes pos-
sible the synthesis of essentiallv any comnound containina a chiral center
in both ont1ca1 isomers in essentially 100% optical purity. Thus, our
research proaram has taken boranes from an exotic material of little
interest to a reagent widely used in organic svnthesis, qreatly assisting
chemists in overcoming synthetic difficulties.

INTRODUCTION

The remarkably facile addition of diborane in ether solvents to alkenes and alkynes was dis-
covered in 1956 (ref. 1). For the next decade a major portion of the research effort of my
students and associates was devoted to systematic studies of the scope and characteristics of
hydroboration reaction. These established that hydroboration is essentially quantitative,
involves a eis anti-Markovnikov addition from the Tess hindered side of the double bond and
can tolerate essentially all functional groups (ref. 2). Hhen we were exploring the hydro-
boration reaction, many individuals expressed skepticism to me as to the wisdom of devoting
so much research effort to this reaction. After all, hydroboration produced organoboranes.
At the time we started, only three things were really known about organohoranes: (1) they
were oxidized by air; (2) thev were stable to water; (3) they formed addition compounds with
bases. Besides, relatively Tittle new chemistry of organoboranes had appeared since the
original classic publication by Frankland in 1862 (ref. 3). Many individuals took the posi-
tion that the lack of published material in this area meant that there was 1ittle of value
there.

In this case, it is now clear that this position is not correct. After our exploration of
the hydroboration reaction had proceeded to the place where we felt we understood the reac-
tion and could anply it with confidence to new situations, we beqan a systematic exploration
of the chemistry of organoboranes, with emphasis on reactions of synthetic utility. A
svstematic study of the reactions of orqanohoranes revealed their exceptional versatility
(ref. 2). Our studies have established that these oraanoboranes transfer the alkvl aroup to
essentially most of the other elements of synthetic and hiological interest with complete
maintenance of stereochemical inteqritv. Typical transformations are indicated in Fig. 1.
It is not possible here to give more than a taste of the rich chemistrv. Consequently, this
article is restricted to some of the substitution reactions of oraanoboranes that nroceed
with retention of confiquration.
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PROTONOLYSIS

The organoboranes are remarkably stable to water, aqueous bases, and aqueous mineral acids.
However, they are susceptible to protonolysis by carboxylic acids. Trialkylboranes require
relatively vigorous conditions. In general, they must be heated under reflux with excess
propionic acid in diglyme for 2 to 3 hours (ref. 4). This provides a convenient non-catalytic
means of hydrogenating double bonds in compounds where the usual catalytic hyvdrogenation is
difficult (1).

HR EtCOzH \
RSCHZCH=CH2 — RSCHZCHZ(l)H2 ———Z—————> RSCHZCHZCH3 (1)
B

PN

Vinylboranes undergo protonolysis with particular ease, nrovidina a simnle route to cis-
olefins from the corresponding acetylenes (ref. 5) (2).

R R R R

pezcr B \_/ Hoae N/ (2}
/\ /\
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Protonolysis of organoboranes proceed with retention of confiquration (ref. 4). Thus one can
take advantage of the unique nroperties of the hydroboration reaction to achieve stereo-
specific hydrogenations (ref. 6, Fig. 2).

?HZ—QBB $H3
. EtCO,H
—
A
TA trans-Pinane
_ CH Fia. 2. Hvdroboration-protonolysis
\{E CH, )BB 3 of B-ninene to provide either cis-
EtCOZH or trans-ninane as desired

-

A
ets-Pinane
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Protonolysis also makes possible the stereospecific synthesis of deuterium derivatives

(Fig. 3).
ﬁ EtCO m
) 2B
BH, 3
BD, EtCO? ﬂb/

)
3
Fig. 3. Hydroboration-nrotonolysis of

\\\\‘ norbornene to demonstrate protonolysis
BD - .
3 mﬂ EtCO..D ﬁn with retention
— D
3B

The high reactivity of organoboranes with carboxylic acid is unexpected, although not un-
reasonable. This reactivitv may be ascribed to an initial coordination of the e]ectron rich
carbonvl oxygen of the acid with electron-deficient boron (3).

@B( +ELCOD Y. - ﬁn (3)

J,tJ\
<55” Et
OXIDATION

The reaction of alkaline hydrogen neroxide with ornanohoranes is a remarkably clean reaction
of wide qenerality (ref. 7, 8). It is essentially quantitative and takes place readily in
the presence of the usual hydroboration media and can accommodate all aroups which tolerate
hvdroboration. Alternative reagents include buffered peroxide, trimethylamine oxide and m-
chloroperbenzoic acid (ref. 9- 11). Hydroboration-oxidation studies with cyclic and bicyclic
alkenes led to the generalization that the reaction proceeds with complete retention of con-

figuration (Fig. 4, ref. 12).

R
M0 Nop s - e, N\ -
B, R+ 700 —> 8050 — 50k + "0
NaOH '

o---

1H202
H,0 OH
272 \/
+ POH
NaOH /ﬁ\
OH
Fia. 5. Proposed mechanismfor the oxidation
; H,0, zf:ii:ZZ o of =B-R by alkaline hydrogen peroxide
NaOH

Fia. 4. Representative nydroborations-oxidations
which establish retention in the oxidation stage

Consequently, hvdroboration, followed by in situ oxidation with alkaline hydrooen peroxide,
provides a simple, broad]y applicable procedure to achieve the eis-, anti-Markovnikov hydra-
tion of double bonds (4).

HOOH + OH™ —> "OOH + H,0
(4)

\oa
i

\
/B—R + 00H —> + ROH
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FORMYLATION

Carbonylation to aldehydes

Treatment of organoboranes with carbon monoxide in the presence of certain hydride reagents
provides an intermediate which is oxidized to the aldehvde or hydrolvzed to the homologated
alcohol derivative. The use of B-alky1-9-BBN derivatives is especially effective in permit-
ting complete utilization of the alkyl groups (Fig. 6, ref. 15,16).

H
_ 9-BBN
RCH—CH2 - RCHZCHZB::§> B i) )
9-BBN 1. €O - B
1. €O 2 ’
2. I oM
2. MH
RCH,,CH, CHO lKOH
|
RCH?CHZ?B@ ~
- 7 LiATH -~
/ oM Pl 0Ts  TsCl o
RCHZCHZCHZOH
trans
Fiq. 6. Conversion of RB via Fia. 7. Pronosed mechanism for the carbonylation of
carbonylation into aldehvdes or organoboranes to aldehydes or methvlols with comnlete
methvlol derivatives retention of confiauration

The stereospecificity realized in the hydrohoration reaction is retained durina the reaction
(Fia. 7, ref. 17).

A possible mechanism for this reaction is that the acvlidialkylborane, the first alkyl
miqrated product in the carbonylation.reaction of trialkylboranes, is trapped by the hydride
reducing agent to nrovide the a-alkoxy intermediate (Fia. 6).

Aldehydes from boronate esters

Alkylboronate esters are readily converted into the corresponding aldehyvdes by successive
treatment with methoxy(phenylthio)-methyllithium (MPML), mercuric chloride and buffered
hvdrogen peroxide (ref. 18) (5).

RB(OR'), 1 MPML RCH(0rte)B(OR"),, 01 peno (5)
2. HgCl
2

The reaction proceeds with retention of configuration at the miarating carbon atom, as
observed in other related reactions of organoboranes. Thus, the trans qeometry obtained by
hydroboration of T-methylcyclohexene is retained in the nroduct (Fia. 8).

OMe
B/O} 3\ 0
1. BHBr g Y
" © \o 1. MPHL 4 0}
OH 2. HaCl,
2‘<: Fig. 8. Transformation
OH [0l of the hydroboration
product from 1-methyl-
cyclohexene into trans-
. LiATH N _.-CHO 2-methylcyclohexane
4——i— 0Ts <MS— carboxaldehyde with
2. TsCl complete retention of

configuration
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The reaction proceeds through the intermediate formation of a stable ate complex. Addition
of mercuric chloride induces the alkyl aroun of migration, nresumably bv coordinating with
the sulfur atom. The a-methoxyboronate ester, upon oxidation, furnishes the aldehyde (Fia. 9).

/O:>
(5 P it
CH(0‘1e)S°h 1

ngm )
Fig. 9. Intermediates in the conver-

sion of boron intermediates into the
_CHO ?
pH 8 :::>

aldehvde by the MPML reaction
OXYCARBONYLATION

Treatment of alkvlthioboronic esters with trichloromethyllithium nrovides an intermediate
which 1§ oxidized to the carboxylic acids or hvdrolvzed to the aldehvde thioacetals (Fia. 10,
ref. 19).

]. BHBY‘Z F\S
RCH=CH, ———2—> RCH CH2 4 , 0—
sLi . Licey <,
2.[ T N—
sLi lucm 2. 65°C
RCH.,CH, COH {01 NaOH S
2 (0] 0— CO.H
, .Co, L
RCH.,CH,,CB - NS

~N

2" N> 0—
RCH. CH, CH{ ]/‘/a”” \_70

Fia. 10. Conversion of organoboranes Fig. 11. Evidence that the conversion of oraanoborane
into carboxvlic acids intermediates into carboxvlic acids by the MPML reac-
tion nroceeds with retention

13

pure trans by “C NMR

{he conf;guration attained by hydroboration of 1-methyicyclonentene is retained in the rroduct
Fig. 11).

This reaction apparently proceeds throuah the followina mechanism (Fia. 12).

SR! . rSR' SR!
LicCly -LiC1
RB\ — RBCC13 it =kl RCC]ZB\
SR I_SR' SR'
lTHF Fig. 12. Proposed mech-
anism for the conver-
, . sion of organoborane
0] R OSSN wE O OSSN0 intermediates into the
RCO H < RCB\\ «——— RCCIB correshonding carboxy-
SR' 0//\V/~\,/C1 \SR' lic acids

Alternativelv, the aldehydes obtained from the formylation of organoboranes can be easily
oxidized by the two-phase chromic acid procedure to furnish carboxvlic acids (ref. 29).
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HOMOLOGATION TO METHYLOL DERIVATIVES

Reaction of alkvlboronic esters with dichloromethyllithium (the Matteson reaction), followed
by reductinn of the intermediates with potassium triisopropoxyborohydride (KIPBH), gives the
correspo?ding one-carbon homologated boronic esters. Oxidation provides methylol derivatives
(ref. 21) (6).

. LiCHC
RB K, | RCH, B 0] 5 pen JOH (6)
2. KIPBH ;

In this reaction also, the transfer of the alkyl aroup from boron to carbon proceeds with
stereochemical integrity (Fig. 13). The mechanism of the reaction is given in Fig. 14.

Zb <BH:B:)H ;jbaf} © /) oo, @ ~o( )

. L1CHC]2 KIPBH
2. KIPBH
A, 9 A2 o ) "S\é/o
OH %o KC1 + N/ e 0
exo
Fia. 13. Homologation of boronic Fig. 14. Proposed mechanism homologatinn
esters into the higher boronic esters of boronic esters with retention

with retention

Alternatively, a one-carbon homolonation of organoboranes can be achieved by the reaction with
chloromethyllithium generated in situ from either C]CH I and n-BuLi (ref. 22) or C]CHZBr and
n-BulLi (ref. 23).

AMINATION

Primary amines

Either chloramine or O-hydroxylamine sulfonic acid (HSA) can be used to convert organoboranes
into the corresponding amines (ref. 24). The use of dimethvlalkylboranes is especially effect-
ive in nermitting essentially comnlete utilization of the alkyl grouns (ref. 25) (7).

NH,0S0,H

2%Y%
RBMe, —=——> RiH, (7)

The reaction proceeds with retention of configuration, making it possible to retain the remark-
able stereospecificity of the hydroboration reaction (Fig. 15). The reaction is believed to
involve a mechanism similar to that postulated for oxidation with hydrogen peroxide (Fig. 16).

: L1MezBH -Blte,
He S1Cl
NHZOSO3H ?_ +
+ Me,BR + :NH20503H <= Me,B —NHZ—OSO3H
- NHp 1. Hy0 . NHoBMe, |
— -
2. NaOH OSO3H HZO 4!1 -
Rn!l-'2 HZSO4 + MeZBOH «—— le,B H2 OSO3H

trans - 4

Fig. 15. Amination of oraanoborane inter- Fig. 16. Proposed mechanism for the

mediates with retention of configuration amination reaction
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Secondary amines

The reaction of oraanic azides with organoboranes, preferably the monoalkyldichloroboranes,
provides a convenient route to secondary amines (ref. 26) (8).

j

BBC1
HBC1 2 RN
2 i:i:}”/ 3, Y (8)

This procedure provides a simple route to pure N-exo-norbornyl aniline, corresponding to re-
tention in the reaction of the exo-norbornyl boron moiety produced in the hydroboration (Fig.
17). Experimental data for this reaction is consistent with a mechanism involving Lewis acid
complexation (Fig. 18).

HRBC1
w0, A, N
N RBC1, + R'N, —> CIB—N-R'
l @/ 3 2 3 «—

Al 4
cl CNZ
-N
i H,y0 N 1 2
—
Zb"\ ;b',“wz H.,0 R
Ph P

]
h B(OH); + HNRR'  «—= CH'S—N—R'
exo Cl
Fig. 17. Synthesis of secondary amines Fia. 18. Mechanism for the synthesis of
with retention from oraanoborane inter- secondary amines

mediates and organic azides

ACETYLENE SYNTHESIS

The ate complex formed by the reaction of an oraanoborane with a lithium acetylide reacts
readily with iodine at -78°C to give the corresponding acetylene (ref. 27) (9).

RgB + LiCzCR' —» [RyBC=C]LiT —78C pescr (9)
I
2

The reaction makes possible the ready synthesis of some acetylenes that would otherwise be
difficult to prepare (Fig. 19).

©_)3B + LiC=CC(CHy)
—_——
ThxBRC1-SMe, + NaOCH, —> ThxBR(0CH3) + NaCl + He,S

+ - R -
Li @‘) B—C=CC(CH |
[ 3 ( 3)3] ThXBR(OCH3) + LiCz=CR' —> Li+ ThX?—CECR'

OCH

TthHC]-SMe2 + alkene —> TthRC]-SI"Ie2

I,,l-78°c 3
A

o

121-78 c
=C—C(CH
@—c (CH3);3 RC=CR'
Fig. 19. Simnle svnthesis of nhenv1- Fig. 20. Improved procedure for the synthesis of
tert-butyl-acetylene acetylenes avoidina the R qroups

This procedure involves the loss of two of the three organic aroups on boron. Fortunately,
a recent development allows one to avoid such loss (Fiq. 20, ref. 28).
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Use of Tithium acetylide-ethylene diamine makes possible the synthesis of simple acetylenes
(ref. 27). Application of the reaction to 1-methylcyclopentene established that the reaction
proceeds with complete retention of confiaquration (Fig. 21).

BH g8 /,)3BC5CH L . ,c- N
3 LiC=CH Lt 2,
-78°C 2 HOPY

90% yield pure trans

Fig. 21. Acetylene synthesis proceeds witia retention

SUBSTITUTION WITHOUT RETENTION

Whereas the areat majority of the substitution reactions of oraanoboranes nroceed with com-
plete retention, a few reactions are known which nroceed with Toss of stereochemical intearity
or with inversion.

Oxidation by oxygen
Orqanoboranes can be quantitativelv converted into alcohols by the controlled treatment with
air or molecular oxygen (10, ref. 29).

NaOH

R.B+1.50 ————> 3 ROH (10)

3 2 2)7.58R

The formation of the peroxy intermediate proceeds throuah free radical intermediate, resultina
in a Toss of the stereochemical integrity of the final product (Fiq. 22).

— (RO

R3B + 02 —> R
R + 02 — ROZ'
R02- + R3B — ROZBR2 + R-, etc.

A o Loy L
C—— o

OH Fig. 22.
Oxidation of
86% 14% organoboranes

" o by molecular

. ~ ) oxvgen pro-

fi B 3 1. 1.5 0? . OH ceeds with
2 NaOH loss of

stereochemical
81% 199 identity

It is important that the oxidation by alkaline hydrogen peroxide, which nroceeds with com-
nlete retention of confiauration (ref 8) be carried out with complete exclusion of atmos-
pheric oxygen.

REACTION OF R;B WITH CONJUGATED ALDEHYDES AND KETONES

The treatment of organoboranes with acrolein or other o,8-unsaturated carbonyl compounds 1ike-
wise proceeds through free radical intermediates (11, ref. 30,31).

R3B + CH2=CHCHO — RCHZCHZCHO (11)

The reaction appears to involve an interestina type of chain reaction (Fia. 23).
0
RB —2— R

Re + CH2=CHCH0 — RCHZCHCHO jo— RCHZCH=CH0-

RCHZCH=CH0- + R3B — RCHZCH=CH0BR2 + R-
lHZO Fig. 23. Proposed mechanism for the
reaction of orqanoboranes with
RCHZCHZCHO conjugated aldehvdes and ketones
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Although this point does not anpear to have been examined criticallv, it is probable that the
reaction will involve the same kind of Toss of stereochemical identity in the alkyl aroups as
has been established for the reaction of oraganoboranes with oxygen.

CONVERSION OF ORGANOBORANES TO HALIDES

In the presence of alkali, organoboranes, R3B, readily react with bromine or iodine to aive
the corresnonding halides, RBr and RI (12,13, ref. 32,33).

21
2
(RCH,CH,) ;B W 2 RCH,CH,T + 2 Nal + RCH,CH,B(0H), (12)

2 Br?
B —» 3 RCHZCHzBr + 3 NaBr (13)

(RCHZCH
2 NaOCH3

2)3

The reaction is more sluqaish for secondary alkvl arouns. Somewhat surprisina, the bromina-
tion of exo-norbornyl boron derivatives nproceeds with predominant inversion to yield endo-
norbornyl bromide, the inverted product (Fia. 24).

L : H,0 Bf:( HOSO,NH
/( a0 e oM /(

HB
l Ho 7 " W™
H H
l\ 87% e.e. IZ/NEOCH3 75% e.e.
|
Br, lwancn3
2 (5)-(+)-,
I
N 84% e.e.
H
r Fig. 25. An examnle of inversion as contrasted
to predominant retention in the substitution
Fig. 24. Inversion in the conversion reactions of oraanoboranes

of exo-norbornvl boron intermediate
into the norbornyl bromide

As a final example, it may be mentioned that the observation that the chiral intermediate, 2-
buty1diisopinocampheylborane, is readily converted into optically active 2-butanol (ref. 35)
and optically active 2-aminobutane (ref. 36), both with complete retention of configuration,
but into 2-iodobutane (ref. 37) with comnlete inversion of confiquration (Fia. 25).

A GENERAL ASYMMETRIC SYNTHESIS

The realization that the great majoritv of the substitution reactions of organoboranes pro-
ceed with retention made it evident that if we could learn to achieve the synthesis of optic-
ally active groups attached to boron, we could transfer those aroups to carbon and other ele-
ments to nermit a general synthesis of optically pure enantiomers.

Our approach has been to emphasize the synthesis of optically active hydroborating agents by
practical hydroboration of appropriate terpenes. These reagents are then used to hydroborate
alkenes to produce the desired optically active alkyl group attached to boron (ref. 38). An
alternative approach has been utilized by D. S. Matteson and his coworkers (ref. 32). They
have synthesized esters of boronic acids, RB(OH)», with appropriate chiral diols and then
treated these esters with lithium dichloromethide. Subsequent treatment of the intermediate
with R'Li or RMgX nrovides the optically active intermediate, RR'C*HB(NH)2. Since Matteson is
presenting his anproach at IMEBORON VI, we shall concentrate on the hydroboration anproach in
the present treatment.
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ASYMMETRIC HYDROBORATION—Ipc,BH

In our original study of hydroborations with optically active IpcoBH (ref. 35), we used re-
agent prepared from commercial a-pinene of relatively low enantiomeric purity (v~ 93%). How-
ever, we have now learned to nrepare reagent of high enantiomeric purity from such a-pinene.
The reagent is equilibrated at 0°C with 15% excess a-ninene. The major isomer becomes incorp-
orated into the crystalline reagent, leaving the minor isomer in solution (Fig. 26, ref. 40).

2 + BHy THF
0°C/3 days l 2 + BH.SMe, —_—>
94.7% e.e. (+)-a-pinene 91.3% ee
). BH 91.3% ee 15% excess
(15% excess) )y . g Jr(*)'«'pinem
100% e.e. minor isomer . ,)ZBH
. 100 ¢ <
Fig. 26. Preparation of pure diiso- 2 <«—— 3 CgHgCHO  +
pinocampheylborane 20 h
98.9% ee 98.9% ee
Fig. 27. Preparation of a-pinene of high

optical purity

Treatment of IpcpBH with benzaldehyde liberates a-pinene of ~ 100% ee. Thus the two reactions
provide a convenient procedure for upgrading commercial a-pinene to an enantiomeric purity of
essentially 100% ee (Fig. 27, ref. 41,42).

Improved asymmetric results were realized in the hydroboration of cis-alkenes with this
improved reagent and a somewhat lower hydroboration temperature (-25°C) (Fig. 28, ref. 43).

( \ [\ [\
C C o N7y
an
|
/g (f U’ U ’ O’
/( : uo/,C jﬂb
H* )
H : an
98.4% e.e. 92.3xe.e. 93% e.e. 83% e.e. 100% ee 100% ee 100% ee 86% ee
Fig. 28. Asymmetric hydroboration of cis- Fig. 29. Asymmetric hydroboration of

alkenes with Ipc2BH some heterocyclic alkenes

Hydroboration of heterocyclic olefins with IpcyBH is both highly regio- and enantioselective.
Thus asymmetric hydroborat1on of 2,3- d1hydrofuran followed by oxidation of the intermediate,
provides 3-hydroxytetrahydrofuran in essentially 100% ee (Fig. 29, ref. 44,45).

Diisopinocampheylborane handles cis-alkenes very effectivelv. However, it is not an effective
asymmetric hydroborating agent for 2-methyl-1-alkenes, trans-alkenes and trisubstituted alk-
enes. Evidently the steric requirements of 2-methyl-1-alkenes are too low to provide a good
steric fit with the reagent. 0n the other hand, the steric requirements of ¢rans- and tri-
substituted alkenes appear too larae for the reagent. It appeared that monoisopinocampheyl-
borane, IpcBH,, might be more effective for the latter types of alkenes (Fig. 30).

2-METHYL-1-ALKENE ~ 20% e.e.
c78-ALKENES ~ 100% e.e.
trans-ALKENES ~ 20% e.e.

TRISUBSTITUTED ALKENES ~ 20% e.e.

Increasing Steric
Requirements

Fia. 30. IpcpBH handles only one class
effectively

Wil IpcBH2 handle more hindered classes?
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ASYMMETRIC HYDROBORATION—IpcBH,

It is difficult to halt the hydroboration of a-pinene at the monoalkylborane stage. Conse-
quently, IpcBHy must be prepared by an indirect route. Treatment of IpcpBH with one-half
molar equivalent of N,N,N’,N’-tetramethylethylenediamine (TMED) provides 2 IpcBH2-TMED. The
diastereomeric adduct crystallizes out in enantiomerically pure form. The pure reagent,
IpcBH2, is readily liberated by treating the adduct with boron trifluoride etherate (Fig. 31,
ref. 46).

)BH
R
) ey, o h i *”7< A
| | |
" “oft}\j )
H

lTMED 1
2 BF | |
2 TpcBi, 3 lpcBHz-N/\/N-HZBIPc +2
100% e.e. 100% e.e. ) )
HO -~ 7<:: HO Ph
Fig. 31. Synthesis of IpcBH, in 100% ee H
(S)-(+)=, (5)-(+)-, (R)-(+)-, (R)-(+)-,
73% e.e. 75% e.e. 92% e.e. 75% e.e.

Fig. 32. Asymmetric hydroboration of
trans-alkenes with IpcBH2

Monoisopinocampheylborane is very effective for the asymmetric hydroboration of trans-alkenes
(Fig. 32, ref. 47).

Similarly, the hydroboration of trisubstituted alkenes with IpcBH2, followed by oxidation of
the 1nterm§diate organoboranes, provides the corresponding alcohols in 53-72% ee (Fig. 33,
ref. 48,49).

oh Ph
v C &0 T
| ! | | | x
H LN W L B Y
S50 XS A0
Ho” wo HO <~
H H

(25,35)-(-)-, (25,38)-(+)-, (18,2R)=(+)-,  (15,2R)-(+)-,

(S)-(4)=y  (RI=th)-,  (15,25)-(+)-,  (15,25)-(+)-,
531 e.e. 62% e.e. 66% e.e. 72% e.e. 82% ee 85% ee  85% ee 7% ee

Fig. 33. Asymmetric hydroboration of tri- Fig. 34. Asymmetric hviroboration of tri-
substituted alkenes with IpcBH2 substituted alkenes with a phenyl sub-
stituent by IpcBH2

For some reason, the asymmetric hydroboration of the phenyl derivatives nrovides considerably
improved asymmetric svnthesis. For examnle, 1-phenylcyclopentene provides the hydroboration
product in 85% ee. Possibly the areater steric requirements of the phenyl groun or the m-
cloud nrovide a more optimum fit with the reagent (Fig. 34, ref. 50,51).

It appears that IpcoBH and IpcBH2 are complementary to each other. Excellent results are
realized in the case of unhindered cis-olefins by using a reagent with large steric require-
ments, IncpBH. On the other hand, hydroboration of olefins with laraer steric requirements
is more favorable with a reagent of lower steric requirements, IpcBHp. These two reagents
handle three of the four major classes of alkenes. There remains a need for a reagent which
will provide access to products of high ee from alkenes of relativelv low steric requirements
such as the 2-methyl-1-alkenes (Fia. 35). However, as discussed later, we have developed an
alternative solution to this nroblem.
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CLASS IchBH IpcBH2
L3
T| , 2-METHYL-1-ALKENE ~ 208 e.e. 1%
R
e %ctu-ALKENES ~ 100% e.e. ~ 25%
=
-l =
=t -ALKENES ~ 20% e.e. 70-90% e.e. :
gl 5rrenes Fig. 35. PRange of applicability of IpczBH
G| @ TRISUBSTITUTED ALKENES ~ 20% e.e.  60-100% e.e. and IpcBH,

<—

A NEW ASYMMETRIC HYDROBORATING REAGENT

Recently !lasamune and coworkers have reported an alternative approach to asymmetric hydro-
borating agents (ref. 52). Instead of relving on optically active terpenes to provide the
active R2BH reagents, they undertook to svnthesize such a reagent. 2,5-Dibromohexane was

converted into the di-Grignard reagent. This was treated with C12BNEt2 to form the three

isomeric B-methoxy-2,5-dimethylborinanes. By appropriate use of three complexina aqents,

N, N—d1methy1ethan01am1ne, (+) -prolinol and (-)-valinol, these three isomers were separated
and resolved (Fig. 36).

C1 BNEt
’ 2
c
Me 6Me
[&,8] [”,R] [s,s]

{OH Nte, l% lﬂo \—gNH/Z
Fig. 36. Synthesis of a new
ss[ji}.— ~\_<;;>,— .\Z:—>>»' asymmetric hvdroborating

B B
-~ 4 H e agent
v ) o\—b 0\.—\2;/ |

[&,8] [&,R] [s,s]

MgBr  MgBr

Utilizing a reaction to be discussed later, they converted the desired isomer into an ontic-

ally active hydroborating agent.
P

H

[&,R]

This reagent yielded excellent results in the hydroboration of three of the four representa-
tive classes of olefins. Only 2-methyl-l1-alkenes proved resistant (Fig. 37).

YK N\
/- /o
i !
\\1/0” L \_Ls >}_4L—H
o “ox o
1.4% ee 95% ee 971 ee 9% ee

Fig. 37. Asymmetric hydroboration with the
Masamune reagent

It has not yet been established whether this new hydroboratina agent can be recycled in the
manner to be discussed later for diisopinocamnheylborane.
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ASYMMETRIC BORONIC AND BORINIC ACIDS

Initially, the application of chiral organoboranes was limited primarily to alcohols because
of the presence of the isopinocampheyl groups on boron in the product. Recently we discovered
that these groups can be selectively eliminated by treatment of the mixed chiral organobor-
anes with acetaldehyde, regeneratina a-pinene, and providing the optically active boronate as
the product. In this way, 2-butyldiisopinocampheylborane is readily converted into diethyl
2-butylboronate in 97% ee (Fig. 38, ref. 53).

_-)gBH Ph g oo
THF BH2 /é\
2 + BHy.SMe, > ’ —_— .
+

92% ee 99% ee
15% excess /=\ 100% ee recrysta]hzed 2 OH,CHO/25°C/6
Ph
(££0),,8 MA 2 CHyCHO @\ RFLN A/\ Ho\é o) (Et0) s\é @
®\ 25°¢/36 h
97% ee 100k ee E:(jx eizs.amox “
Fig. 38. Asymmetric hydroboration with IpcgBH b
with regeneration of the a-pinene Fig. 39. Asymmetric hvdroboration with

IpcBH? with regeneration of a-pinene

Similarly, diethyl trans-2-phenylcyclopentylboronate can be obtained in 100% ee (ref. 51).
The elimination of the isopinocampheyl group is highly selective. Indeed, in all cases we
nave studied thus far, this group is eliminated in preference to the desired chiral group
(Fig. 39, ref. 53,51).

It should be noted that in this synthetic approach the chiral auxiliary, a-pinene, is readily
recovered and recycled (Fig. 40)

; L~ BH,
/ w‘nn*

Fig. 40. Easy recycle of the chiral

M ky A/Olenn-s auxiliary
: |

B
’B\a/'t @ gy
L‘z"s

It was apparent that if we could control the hydroboration step to yield boron intermediates
of 100% ee this chemistry would provide a major synthetic route to the preparation of optic-
ally pure enantiomers.

>

GENERAL ASYMMETRIC SYNTHESIS

A recent development in our laboratories offers promise of a general synthesis of essentially
any organic compound containing an asymmetric center in 100% ee. Either of the two enantiom-
ers can be produced as desired. Consequently, it would appear that for the first time we
have within our grasp a rational synthesis of almost any organic compound with an asymmetric
center in 100% ee.

As discussed earlier, asymmetric hydroboration of alkenes with either IpcoBH or IpcBH2 as
appropriate provides the correspondina chiral organoborane containinag the new alkyl group R*
in from 53 to 100% ee. UWhile this is encouraging, it would be more desirable to have the
alkyl group R* available in all cases in 100% ee. Once the group is on boron, it can be
transferred to carbon and many other elements of interest with essentially complete retention
of activity.
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It was noted that the hydroboration products of both Ipc2BH and IpcBH2 are often solids.
Consequently, instead of oxidizing the entire reaction product, providing us with the total
ee achieved, we undertook to separate the crystalline product from the total hydroboration
productj He achieved organoboranes containing the R* group in essentially 100% ee (Fig. 41,
ref. 54).

i
B, B
’ olefin R* Ph
L} ]
' |
A B(OR A
crystalline H (0R), B(OR)2
dimers B

[0 ! BOR),
H
1 pd !
B Ph : B
. RN HH (0R),
o IH son)
B(OR
-100:
53 % ee 1008 ee B(OR)Z 2
Fig. 41. Major improvement in optical Fig. 42. Optically pure boronic esters

purity afforded by recrystallization
of the hydroboration product

Ye are now in position to obtain both the initial hydroboration product, IpcR*BH, and the
derived bhoronic esters in a state of high optical purity, essentially 100% ee (Fig. 42, ref.54).

It should be noted that we achieve predominant formation of the desired optical isomer by
utilizing the appropriate hydroborating agent from either (+)- or (-)-a-pinene. Ye then
bring it to 100% ee by a crystallization of the hvdroborating product. Once we obtain the
boron intermediate, IpcR*BH or Ipc2R*B, optically pure, we can remove the Ipc groups by
tre?tment w;th an appropriate aldehyde. This provides us with chiral boronic esters in 100%
ee (Fig. 42).

Fortunately, there are now a number of reactions which can be applied to boronic esters. Thus
they are readily converted into aldehydes, R*CHO, and these can either be reduced to alcohols,
R*CH20H, or oxidized to carboxylic acids, R*CO,H (Fig. 43, ref. 55). These chiral boronic

esters of 100% ee can be converted into chiral ketones of 100% ee (Fig. 44, ref. 56).

0
R* / 1. LiCH(OMe)SPh R*CHO R*B(OR)Z + R —> L1'R"‘R'B(0R)2 —> R*R'BOR
E,\0 2. HgC12
3. [0] 1. HC1,COMe (DCME) !
. : RECH R*R'BOR > /&\
R*QH ,0H 2. Li0-t-Bu NN
T[oj IBMS 3. Ho0,,pH 8
0 0 g
! 0
R*B< ) RACHO b ¢ j ﬁ I
0 bCrO. H.0.EE )/H Me /\:'<H Z/ \ N <" we
200520 0 ~H “H
R*COZH > 99% ee > 99% ee > 99% ee > 99% ee
- . . . ) ‘ ' ‘
Fig. 43. Conversion of optically active Fig. 44. Synthesis of optically active

boronic esters into optically active
aldehydes, acids and methylol deriva-
tives of essentially 100% ee

ketones of essentially 100% ee

Ye can adopt the Matteson homologation reaction to achieve the synthesis of optically active
boronic esters, making available the B-chiral boronic esters (ref. 57). A second operation
provides the y-chiral boronic ester (Fig. 45).

Treatment of boronic esters with Tithium aluminum hvdride provides the optically active boro-
hydrides, LiR*BH3. By an appropriate choice of the ester qroup, the aluminum by-product,
HA](OR)Z, readily precipitates from solution (Fig. 46, ref. 58).

He are how in position to make all of the boron reagents we had previously found valuable to
achieve syntheses via organoboranes without loss of alkyl groups (Fig. 47, ref. 59).

To illustrate, in the past the synthesis of amines from organoboranes invariably resulted in
the loss of approximately 50% of the organic groups attached to boron. Such a loss is highly
undesirable for 100% ee organic groups. e can avoid any loss by the procedure indicated
(Fig. 48, ref. 60).
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R¥CH,OH
R*OH <«— R*B } ——-é R*CHO

R*COZH R*
1. LiCHCl \ / ; <
2 mau2 RTBH, + /7 \ )
. /

H
0 R¥CH,, CH,,OH
R¥CH,OH «— R*cuzs\0:> —< R¥CH,CHO

R*CH co H
1. LiCHCI 22 R¥BH, + - R*‘B@
2. KIPBH

R*CH,CH, CH, OH Fig. 47. Synthesis of optically active
R*CH,CH0H «— R*CHZCHZ R*CH,CH,CHO thexyl and 9-BBN derivatives
R*CH,CH,CO,H

Fig. 45. Synthes1s of opt1ca11y active
derivatives via successive homologations

0 LiATH, )
R*B\ _3 — 4, L1R*BH3+HAI :> 1 0 . R OSNAAC
No R*p/ > 1. Meli \
N\
HX ReBH, + H, 0 2. CHyCOC we’
: 2 HX *
LiR*BH; ——=——> R*BHX + H, R\ /O~ OAc 1. NH050,H
3 HX / R*NH,
Lo HA o R*sz + HZ Me 2. HZO
Fig. 46. Conversion of optically active Fig. 48. Procedure for the svnthesis of
boronic acids into optically active boro- primary amines in high enantiomeric purity

hydrides and derived boranes

IMPLICATIONS

Now we are in position to obtain by relatively simple procedures a wide variety of organic
groups of 100% ee attached to boron, R*RZ . ‘!le have simple procedures to convert these into
our common reagents, R*B(0OR)2, LiR*BH3, R*BH2, R*BHX, R*BX2, R* , R*HB—f—‘, R*RBOR,
LiR*RBHy, R*RBH and R*RBX.

An important characteristic of the reactions of organoboranes and of these organoboron
reagents is that in almost all reactions the organic group transfers from boron to other
elements, including carbon, with complete retention of configuration. Consequently, it should
be possible to duplicate Fig. 1 in optically active form, Fig. 49. This is now the main
center of our efforts.

R*CH=CHCH=CHR

cis,cis
eis, trans R*OH
trans ,trans
R* etc.
\ R* R*D R*COH
R e R*CHO
R
*
\ R R*CH, OH
% |
R*—C4CH2 R¥NH,,
N
CHy
* - R*RNH
R¥CH,,CH=CHy —————
R*C=CR RRCHNH,
R*C=CH R*COR
R*CH, CN R*RCHOH Fig. 49. Borane chem-
z R*CH,CO,Et R*COC=CR istry makes possible
RECH(CN), 2z a general synthesis
of optically pure
R*CH,COR R*R;COH enantiomers

2
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