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ORGANOBORANES—THE MODERN MIRACLE

HERBERT C. BROWN
Department of Chemistry, Purdue University, West Lafayette, IN 47907, USA

Abstract—Organoboranes, readily available via the hydroboration of unsaturated organic compounds, exhibit a
remarkable versatility in their reactions. They offer unusual promise as intermediates for application in organic

synthesis.

INTRODUCTION
The hydroboration reaction involves the addition of the
hydrogen-boron bond to the carbon-carbon double or
triple bond, producing the corresponding organoborane
1,22
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The reaction is essentially quantitative and instantane-
ous (3, 4).°
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It proceeds in an anti-Markovnikov manner (5).1
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Th? 3reaction involves a cis addition of the H-B bond
6).
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The addition takes place from the less hindered side of the
double bond (7)
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No rearrangements of the carbon skeleton have been
observed, even in the hydroboration of labile olefins, such
as a-pinene (8)."
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Finally, unsaturated compounds containing a wide variety
of functional groups can be hydroborated (9)."
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Consequently, for the first time we are in position to
synthesize reactive organometallic intermediates contain-
ing such functional groups and to transfer the organic
moiety from boron to carbon or other desired element in
synthesizing more complex structures.

HYDROBORATING AGENTS

For many purposes it is adequate to carry out the
conversion of the unsaturated organic compound to the
desired organoborane with the borane-tetrahydrofuran
complex (3) or the borane-methyl sulfide complex (4). In
other cases, there are advantages in utilizing selected
borane derivatives for the hydroboration.®

For example, some borane derivatives, such as
9-borabicyclo[3.3.1]Jnonane (9-BBN), achieve a more
favorable distribution in the hydroboration stage (10).’
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Others, such as disiamylborane, dicyclohexylborane, and
catecholborane, make possible a more selective reaction
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In still other cases, as in the dichloroborane derivative,
the product is a more sterically available, more reactive
intermediate (12).}

BC1 BCY
é + C1,BH:0EL, ——2 (5‘" 2 (12)

Monosubstituted boranes, such as thexylborane and
monochloroborane-etherate, are valuable in achieving the
cyclic hydroboration of dienes (13).
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Fig. 1.

Typical derivatives which have found useful appli-
cation in organoborane chemistry are summarized in
Fig. 1.

THE ORGANOBORANES—FROM A TO Z

In view of the explosion of developments in the
organoborane area, it is no longer possible in such a
lecture to attempt to present a reasonably complete
survey of the field with individual discussion of the
various points of special interest. One is faced with the
choice of limiting the discussion essentially to a single
topic, which can be discussed in depth,** or to present the
broad picture, with little discussion.” We have elected this
alternative for the present survey.

A. Isomerization

At 160° organoboranes readily undergo isomerization
involving the movement of the boron atom from an
internal position predominantly to a terminal position
(14),*® or from a ring position to the side chain (15)."
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This facile isomerization makes possible some simple
syntheses, such as that shown in 16.

The B-alkyl-9-BBN derivatives undergo much slower
isomerization. On the other hand, the corresponding
monoalkyldicyclohexylboranes exhibit greatly enhanced
rates."" This suggests that the rates of isomerization of
trialkylboranes may be greatly influenced by steric
factors, providing a guide to the development of an
improved process for such isomerizations.

B. Displacement
The mechanism proposed for the isomerization in-

volves a series of eliminations and readditions of H—B< ,
so that the thermodynamic equilibrium is readily estab-
lished between all of the possible organoboranes. The
predominant product is that derivative which places the
boron atom at the least hindered position.'

Introduction of a second alkene into the reaction mixture
/
N\
less volatile alkene, it becomes possible to distill out the
original alkene (17, 18).5"

results in the capture of the H-B{ moiety. By utilizing a
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C. Contrathermodynamic isomerization of alkenes

By a combination of hydroboration, isomerization and
displacement, it is possible to achieve the contrather-
modynamic isomerization of alkenes (19)."***
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D. Cyclization

The boron-hydrogen bond of a dialkylborane exhibits a
marked tendency to substitute carbon-hydrogen bonds in
the 1,5-position, forming cyclic derivatives which can be
oxidized to glycols (20)."
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E. Protonolysis

Alkylboranes are stable to water, aqueous mineral
acids, and aqueous alkalies, but they are readily cleaved
by carboxylic acids.”® This provides a convenient non-
catalytic means of hydrogenating double-bonds in com-
pounds where the usual catalytic hydrogenation is difficult
(1)1
RSCH,CH=cH, —HE nscuzcnzt[;;r:2 T:? RSCH,CH,CH,

" (21)

Vinylboranes undergo protonolysis with particular
ease, providing a simple route from acetylenes to the cis
derivatives (22-24)."-"
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As will be discussed later, protonation of certain
alkynyl- and alkenyldialkylboranes can proceed with
concurrent migration of one or more alkyl groups from
boron to carbon (Z).

F. Halogenolysis

Organoboranes exhibit a remarkable sluggishness to-
ward rupture of the carbon-carbon bond by direct
reaction with halogen. However, in the presence of alkali,
reactions such as 25 and 26 proceed readily at 0°.°*
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Hydroboration of norbornene gives the exo isomer
predominantly (7). However, treatment of this or-
ganoborane with bromine and sodium methoxide. in
methanol yields endo-norbornyl bromide preferentially
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(27)
Not only does this procedure provide a convenient route
to such bicyclic endo bromides (and iodides™), which are
relatively inaccessible by other methods, but it also raises
interesting questions about the mechanism of these
base-induced halogenations.
Treatment of the trans-alkenylboronic acid with iodine
in the presence of sodium hydroxide yields the trans-
alkenyl iodide (28).%
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On the other hand, if the boronic acid is first treated
with excess iodine (to form the diiodide addition product)
and then treated with alkali, the cis iodide is formed (29).%
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(This reaction is clean for R = straight-chain. Branching
of the alkyl group results in the concurrent formation of
the trans isomer.)

The cis bromides are readily synthesized from the
boronic acids or the catecholborane intermediates by
treatzrsnent with bromine, followed by sodium hydroxide
(30).
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Addition of bromine to the alkenylboronic acid in
sodium methoxide-methanol at —78° causes the reaction
to take a new course, producing the a-bromoacetals in
excellent yield (31).7

R H
V4 2 Br
>c-c 2 RCHCH(OCH),  (31)
WO Ds(on), 3 NaOCH Br
-78°

G. Oxidation

a. Hydrogen peroxide. Oxidation of organoboranes
with hydrogen peroxide in the presence of alkali is
essentially quantitative and possesses remarkable specifi-
city for the boron-carbon bond (32).%

R;B +3HO,H + NaOH - 3ROH + NaB(OH), (32)

The reaction proceeds with retention of configuration.
Consequently, hydroboration followed by in situ oxida-
tion by alkaline hydrogen peroxide provides a remarkably
simple and convenient procedure for the anti-
Marzls(ovnikov hydration of double and triple bonds (33,
34).%,

CHy CHy | CHy
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RC=CH p —22,5  RenyCHo
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(34)

b.. Chromic acid. Alicyclic organoboranes are readily
oxidized in situ by aqueous chromic acid to the

corresponding ketones (35).”
3 _— —_— 3
(35)

The reaction provides the basis for a general synthesis of
certain types: of ring ketones (36).

) Fﬂ r\
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c. Oxygen. Oxygen is rapidly absorbed by solutions of
organoboranes in tetrahydrofuran. The reaction is readily
controlled to yield the diperoxy derivative (37).%
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R;B +20, IHF (RO,),BR
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To obtain the hydroperoxide, the intermediate is oxidized

at 0° with hydrogen peroxide and the hydroperoxide is

separated from the alcohol by extraction with base from

the tetrahydrofuran solution (38).*
(RO,),BR + H,0,

2RO H+ROH (38)

The synthesis of peroxides from organoboranes can
also be accomplished from the alkyldlchloroborane-
etherates (39).”!

—18°

RO,BCL, —2>ROH (39)
84 t0 94%

RBCL,: OEt, + O,

By limiting the amount of oxygen absorbed by the
trialkylborane to the theoretical quantity (1-Smol of
0,/mol of R;B), it is possible to achieve an essentially
quangt}tative conversion to the corresponding alcohol
(40).

R:B + 1-50, — 75— (RO,);.sBR,s — 22— 3ROH
(40)

Since the oxidation involves a free radical mechanism,®
there is some loss of the stereospecificity of the
hydroboration stage in cases such as norbornene and
1-methylcyclopentene (41).

(41)

. e i A

14%
H. Amination

Organoboranes are converted by chloramine, or,
preferentially, O-hydroxylaminesulfonic acid, to primary
amines (42).%

LSS HC CHoNH,

& -6 - &

The reaction proceeds with retention of configuration,
making it possible to retain the remarkable stereospecifi-
city of the hydroboration reaction (43, 44).

dy — Ay — A

(43)
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The reaction of organoazides with organoboranes,

(44)
preferably the monoorganodichloroboranes, provides a
convenient route to secondary amines (45).>

G O A

(45)

(42)

The reaction makes possible a stereospecific synthesis
of N-alkyl- and N-arylaziridines (46).*
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Dimethylchloroamine can apparently provide a related
route to tertiary amines (47).%

n-Bu;B + (CH,),NCl - n-BuN(CHs), + n-Bu,BCl  (47)

Unfortunately, the scope of this synthesis has not yet
been explored.

1. Metallation

In tetrahydrofuran solution, organoboranes from termi-
nal alkenes react with mercuric acetate with remarkable
ease at (° to give the corresponding mercuriacetate (48).>”

CH;=CH(CH,)sCO.R i>(|3H2CH2(CH2)3COZR
B
N
CH.CH,(CH.);:CO;R (48)

Hg(OAc),

HgOAc

The reaction can be directed to achieve the synthesis of
the corresponding dialkylmercurials (49).%

2RCH,CH,HgOAc Ze (RCH.CH,),Hg (49)

B(OAS);

The selectivity of borane derivatives can be utilized to
achieve selective and stereospecific conversions (50,
51)'37,39

H=CH, HyCHy—B Z CH,CH,HgOAc
(CHx) ,BH Hg(0Ac), O
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Seac! Holokedy | Se (51)
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J. Coupling

Treatment of organoboranes with alkali and silver
nitrate at 0° leads to coupling of the alkyl groups (52).

Hy CH Hy  CH
MOt 1. HB 3
segehptecn, My et tulucn,| (o)
2. AgNo, .
3 —— 3
NaOH 2

Presumably, the reaction involves a metallation to give
the silver alkyl which then undergoes the usual transfor-
mation into silver metal and the coupled product.

With two different alkyl groups, R and R’, the coupling
is essentially statistical,* with 25% R-R, 50% R-R’, and
25% R'-R. Even though the maximum yield is only 50%
for an equimolar mixture of the two alkenes, the reaction
does provide a simple, essentially one-flask synthesis of a
variety of structures (53, 54).

H,CH(CH,)
2 3)2
(CHy) ,CxCH, + 1. HB
2. AgNO3
NaoH (53)
(CH3) CucHy + 1. H _ CH
N,
CH,CH(CH, ) 4O, 2. AgNo, _CHCH, (CHy) | oCO,R
‘ NaOH  CH3
(54)

K. Carbonylation to aldehydes

Treatment of organoboranes with carbon monoxide in
the presence of certain hydride reagents provides an
intermediate which is oxidized to the aldehyde or
hydrolyzed to the methylol derivative.* The use of 9-BBN
is especially effective in permitting complete utilization of
the alkyl groups (55).%

-8B, R, CH,

S B RCHZCHZE—@
LIATHIOCH)3 | 4(cH0) a0
xot/ \\£0] (55)

RCHZCHZCHZOH RCH,CH,CHO

RCH'CMz

All of the selectivity and stereospecificity of the
hydroboration reaction can be utilized (56, 57).9*

CH=CH, CH,CH,CHO CHy CH

2772
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HZC-CH(CH2)8C020H3 —_— Hg(CHZ)“’COZCH3 (57)

L. Carbonylation to ketones and tertiary alcohols

The reaction of organoboranes with carbon monoxide
results in the transfer of the three groups from boron to
carbon and the concurrent transfer of the oxygen from
carbon to boron. Oxidation of the intermediate produces
the tertiary alcohol (58).

R;B+CO-R,CBO —2—R,COH (58)
The reaction can accommodate even highly bulky groups,
such as 2-butyl, cyclohexyl, and exo-norbornyl.#

The ready replacement of boron by carbon makes
possible a valuable new synthesis of complex structures.
The boron is used to “stitch” together the unit and the
boron is replaced by carbon to “rivet” the new structure
into the desired form (59, 60).%

HET g " 5
HoC CH, BH3 1. co

W > i Z. 0T >

,C CH OH

(59)
B3 > 1, €0 |
2. [0]
(60)

In the presence of water, the carbonylation reaction can
be halted with the transfer of two groups from boron
(61).%

0
RyB + €O LA Rg—g+  —Ls R0 (61)

OH OH

Thexylborane provides the basis for an elegant general
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route to ketones which avoids the loss of one of the three
) 49

groups (62).
' o1, Mooy )
I—-I-B"z —_— — l—-l—ﬂ
\ \,
H RB

1. CO/H,0
2, [o0]

i
Rp——Rp (62)

Many functional groups can be tolerated in this ketone
synthesis (63, 64).
(CH3),C=CH, + CHy=CHCH,CO,R

—> (CHg),CHCH,CCH,CHoCH,CO,R (63)

gb + CHy=CHOHC1  ——> ﬁb_ﬂ
—CH,CH,CH,C1

(64)

It makes possible a simple conversion of dienes into
ring ketones (65, 66).*

usc—cu-cu \CH . CO/H,0 Do
cnscu2 2. [0]
(65)
CH,CH=CH, . CO/H,0
CH,CH=CH, —> G-H P T O’°
(66)

The reaction also provides the basis for versatile new
annelation reaction of apparently wide applicability (67).”

N. Carbenoidation to ketones and tertiary alcohols

Organoboranes undergo a facile reaction with a,a-
dichloromethyl methyl ether in the presence of a sterically
demanding base. The product is readily oxidized to the
corresponding tertiary alcohol (70).**

ya
RyB + HCC1,0CH; + Li0CEL, —IHFaZ5%, nacn
15 min
ocH,
1 (1 (70)
R,COH

The reaction is widely applicable (71, 72).%

O—-)3a O")s“’" on

— —_— l%ﬂ (72)

Indeed, it has proven capable of handling exceptionally
hindered systems (73).%

2 Q.
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gales Oth

(67)
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M. Cyanidation to ketones and tertiary alcohols

Cyanide ion is isoelectronic with carbon monoxide.
Organoboranes do react with alkali metal cyanides, but
the products are the simple coordination compounds.
Treatment of these addition compounds with a suitable
electrophilic reagent, such as trifluoroacetic anhydride,
induces migration of the groups from boron to carbon
(68).52'53

[n-Bu;BCN]"Na*

(CF3C02)20

[ 1—%> n-Bu,COH
(68)

—78° then45°
for12hr

The reaction appears to be especially effective for the
transfer of two groups, to provide the corresponding
ketones. Indeed, the thexyldialkylboranes react readily,
providing a highly convenient route to such ketones (69).”

1. (CF3C0)20
2, [0]

—CN | Na RACORB (69)

20 =00 =0
>

Dialkylborinic acid esters, now readily available via
hydroboration with chloroborane-ethyl etherate, react
readily with the reagent (74, 75).%"

Hy CHy
& & G

1. DCME
2, [o0]

DCME

Ay e Ay

0. a-Alkylation and a-arylation
a-Halo esters can be alkylated readily by or-
ganoboranes in the presence of suitable bases (76,77).%*

Ao

(75)
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R3B + (szCOzCsz — KOwBu RCHzCOzCzHS (76)
Br
RyB + CHBr,CO,CH, —K0t=BU s penco,c,Hg
Br
U
RaBl KOt-Bu an
R
S eHEO,C M

27275
Rl

The products are generally unstable to the action of
potassium t-butoxide, so that this reagent must be added
last, carefully avoiding any excess. On the other hand, the
products are usually stable to the potassium salt of 2,6-di-
tert-butylphenol, so this base can be used in excess and
can be present initially in the reaction mixture.*” If B-
alkyl-9-BBN or B-aryl-9-BBN derivatives are used, a
more economical utilization of the organic group intro-
duced is achieved (78, 79).%

—
@ﬁ( . Euzc02c2u5
v

K

@—@ + EH2C02C2H5 —_— HyCO0,CoHe
r

(79)

HZCOZCZNS

(78)

The reaction is broadly applicable.” Among the species
which have been shown to undergo this reaction are

CH,BrCO,C;Hs, CHBr,CO,C,Hs, RCHBrCO,C,Hs,
CH,BrCOCH;, CH,BrCOCsH;, CH,CICN, CHCICN,
RCHCICN, CHCI(CN),, CHBrCNCO,C,H;,

CH,BrSO,CH,* and CH,BrCH=CHCO,C,H;. It is of
special interest that ethyl 4-bromocrotonate provides a
4-carbon atom homologation (80).%

K

@—R + in(:N'CHCOzCzH ———> RCH=CHCH,C0,C,Hg
(80)

P. Transfer reactions

The a-alkylation and a-arylation reactions appear to
involve the formation of the a-halocarbanion which
coordinates with the boron species. This is followed by a
B-C transfer (81).

+ TCHBrCOR®

R
)
RZB-CHCOR'

1 Basen®

RCH,COR'
(81)

—»  Basel'

§
R-?—iHCOR'
R Br

CNZBrCOR‘ + Base

RyB + “CHBrCOR' —_

Tufariello and his coworkers established that various
ylides can be utilized in related reactions (82).*

DMSO

Ph;B + Cst(CH3)z Ph,BCH,Ph (82)

More recently Negishi and his coworkers have utilized
an interesting related approach to synthesize allylic
boranes (83).%

N 1. L1CH,SCH, N (83)
= —_— - 5 -

4 /

W Desta, 20 Oyl W eH,Bsta,

The reaction of organoboranes with diazo derivatives
provides still another transfer reaction which permits
forming carbon-carbon bonds under remarkably mild
conditions (84, 85).%

)8
O— 3%+ n,cHeHO (84)
B H CO C,H
0‘3 + NyCHCO,C Hg _THF O/‘ 2"s
TN
(85)

The reaction evidently proceeds through an initial
coordination, followed by loss of nitrogen and transfer of
the group from boron to carbon (86).

TNFHO

H2€H0
25°

R
X -K 1,0

R-BICHCO,R'  —2>  R,B—CHCO,R® —F—>  RCH,CO,R
Pl
RN, (86)

The promise of this approach is indicated by its
application to achieve the mono- and dialkylation of
cyclic ketones (87).%

0
u3t\©}z uac\gj,czu5 nqy\n:r‘z
—
98%
0

C Mg s
(87)

The reaction suffers from certain disadvantages. First,
it uses only one of the three alkyl groups of the R;B
reagent. Second, the reaction becomes quite sluggish with
decreases in yield as the R groups become more bulky.

To some extent, these disadvantages can be overcome
by use of the R,BCl and RBCI, reagents (88, 89).”"'

O—)zm _NaCHCOpEE

N, + [ ]
e 2
H,C0,R
_ROH__ (88)
T
Bcl,
N,CHCO,Et
st
-78°

H COZEt
ROH (89)
-78'

Earlier procedures for introducing organic substituents
into the a-position of esters, ketones, nitriles, etc., largely
relied on reaction of the carbanion with organic halides or
similar derivatives. Only those structures capable of
participating easily in SN2-type displacements were
satisfactory. Aryl, vinyl, and certain aliphatic and
alicyclic groups which are resistant to SN2 displacements
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could not be utilized. On the other hand, the present
approach makes it possible to introduce aryl, vinyl, and
such resistant alicyclic groups as cyclohexyl and 2-
norbornyl without difficulty and with retention of
configuration in the group being transferred.

R. a-Bromination
It is evident from the above results that the migration of
groups from boron to carbon is a facile reaction which

occurs under very mild conditions in a-
haloorganoboranes (90).
8 }
-c'-é —”%> 8-+ X~ (90)
X 0 ! Aase

One approach to the a-bromo intermediate is the
reaction of organoboranes with a-halocarbanions. A
second approach is the hydroboration of appropriate vinyl
halides. A third approach which has proved unexpectedly
versatile is the photochemical bromination of or-
ganoboranes (91).

R
Br ] 1
R'-&-&— —_2 5 R _é_ __base R'-C-?—
hv r ! Pase
(91)

Fortunately, the carbon-boron bond of trialkylboranes
is remarkably stable to the action of bromine, while the
a-position is remarkably active toward attach by bromine
atoms (92).”

CH3 M3
B-C—CH —CH
i 3

L) L) t
600 120 1.00

H
H c-i-gu (92)
3 h 3

Bromination of the organoborane in the presence of
water results in an immediate migration of the initially
formed derivative (93).”

Br, fH3 H,0  CHCH,gHCHy

sec. Bu38 h—) sec- Buzaicu CHa —— CH c“ ic"3
2 r

sec-Bu/ \OH

(93)

Further bromination results in the migration of the third
sec-butyl group (94).

b,  CH3CHpgHCH; . CHyCH,CHCH,
———> CH;CH,(CHy CH3CH,(CHy (94)
hv CH,CH,,CCH CH,CH,CCH
3 zi 3 3CH CHy
N oH
no” oH

It is now possible to hydroborate with monoch-
loroborane. These derivatives are useful intermediates in
the a-bromination procedure (95).™

e o 2

_——, %(ou)z —I_l-’ % (95)

The thexyl derivatives can also be utilized (96).”
A
e, f‘l""\O
j“-cuz l__I_B/(cuz) 3C0,R

_CHpCOR
Bry.hy P HO_ (CH,)4CO,R

0
T H_ajc"z)swz" Lo

(96)

90%

Finally, it is possible to apply this synthesis to
polycyclic organoboranes (97)."

. (97)
H3 xorf OH
~ Brz »hv [01
H,0
88%

S. Conjugate addition
Organoboranes do not exhibit the facile addition to the

‘carbonyl group characteristic of the Grignard reagent (98).

(C,Hs);B + CH;CHO —2— no reaction (98)

However, rapid reaction occurs with acrolein (99),”
methylvinyl ketone™ and similar derivatives (100).”%

H,0

2
R3B + CHy*CHCHO —> RCH,CH=CHOBR, ——> RCHZCHZCHO
(99)

2 c "3 R 2°72 3
H 'ECOCH —> RCH AKCOCH
2 3 2 3

iua 2"3 gr
CHy=CCOCHy —> RCH,CHCOCH, cuz-ccuo —> RCH, éucuo
(100)

The reaction with acrolein, which provides a valuable
means of lengthening the chain by three carbon atoms,
involves a free radical chain mechanism (101).*!
Re + CH,=CHCHO —» RCH,CHCHO <—> RCH,CH=CHO-
RCH,CH=CHO. + RyB —> RCH,CH=CHOBR, + R.

1 uzo

RCHchzCHO + RZBOH

(101)

The reaction can be stopped by free-radical inhibitors
such as galvanoxyl.*"

Many a,B-unsaturated carbonyl derivatives undergo
this conjugate addition spontaneously, i.e. without added
catalysts (95, 96).%° Others (102) fail to undergo a

spontaneous reaction.

,CHO ,C0CH, g M6 p

CH=CH /CH:CH [
a HyC @
(102)
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However, the introduction of free-radical initiators, such
.as diacetyl peroxide, or merely the introduction of small
quantities of oxygen, brings about satisfactory addition

(103).2#8

THFHO
cat. 02

(103)

o
In these reactions, only one of the three groups on R;B
is utilized. Fortunately, there are means of circumventing
this difficulty (104).%
i

,cat.
2 2 C(CHy)g
T. Free radical reactions

The reaction of oxygen with organoboranes involves
free radicals (105).5
R;B+0,-R’

R’ +0,-RO, _
RO; +R;B->RO,BR, +R’, etc.

(105)

Free radicals containing the odd electron on oxygen,
nitrogen, or sulfur undergo this remarkable displacement
of a free alkyl radical from boron.*” Evidently this is the
feature which accounts for the facile conjugate addition
of R;B to a,B-unsaturated aldehydes and ketones (101).

Similarly, trialkylboranes participate in facile free
- radical chain reactions with organic disulfides, producing
the corresponding thioethers (106).%

R,B + CcH;SSCeH;s

+R;BSCcH; (106)

The reaction appears to be broadly applicable, readily
accommodating groups such as 2-norbornyl, which resist
SN2 substitution processes, such as are customarily used
for thioether synthesis. The utilization of only one alkyl
group (as in the phenyldisulfide reaction) or only two alkyl
groups (as in the corresponding methyl disulfide reaction)
can be circumvented by utilizing the 3,5-dimethylborinane
derivatives (107).%

\Q/ + CHyssCHy  —D s Q (107)
Q SCH,

U. cis-Olefin synthesis

Treatment of the adduct of a dialkylborane and an
acetylene with sodium hydroxide and iodine reaults in the
transfer of an alkyl group and the formation of the
cis-olefin (108).

94%

R! R R
R,BH

R'CICH —2—p \/c-c Maok N (108)
THF W e, I W M

The reaction is believed to involve (1) coordination of

the base with the boron atom, (2) formation of an
iodonium ion, (3) transfer of one of the R groups, and (4)
trans-elimination (109).

gec —_— C=C \/c——c/
H BR, L S L W Ng—0H
v R R R
R H R:
—— tmletinr  —»  1wecron
W Vaon W
R R
— s s (109)
W N

The Zweifel cis-olefin synthesis is a major develop-
ment. It requires a simple route to dialkylboranes, now
under development, and a means of avoiding the loss of
50% of the R groups in R,BH for cases where R
represents a valuable intermediate. Unfortunately, the
thexylmonoalkylboranes do not solve the problem, both
thexyl and R migrate competitively.

V. trans-Olefin synthesis
The Zweifel trans-olefin synthesis involves an ingeni-
ous modification (110).%

CH
CH3
.
R,BH ROAT waocw, R PR
R'C=CBr ———> /:-c\ —_— /l:zc
W er, W\
luom:
R? H
/
N eac
7\

(110)

It is of interest that the base produces a transfer with
inversion even though the halogen atom is vinylic. The R
group transfers with retention of configuration both in this
reaction and in the cis-olefin synthesis.”

In the present case the thexylmonoalkylboranes can be
utilized (111).%

I—F\ S

R'C=CBr ——-) /C «
R /B
(lJCH3
NaOCH, KB I '
—_— /c-c
H \R
(1)
IRCOZH
R'\ /H
N
H R

A wide variety of R groups gives yields of trans-olefins in
the 90% range.

An alternative route to the trans-olefins is the treatment
of thg initial vinyldialkylborane with cyanogen bromide
(112).*
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R'\ /H R'\ Py
CaC L"C.N_> Cc=C

H/ \BRZ H/ \R

H
(M2)

W. Acethylene synthesis

Treatment of the “ate” complexes of acetylenes with
iodine provide a remarkably simple versatile route to both
mono- (113) and disubstituted” (114) acetylenes.

CHy Hy
1) .BC=CH
é"')a" LiCzCH G )3 it

EDA

(m3)

@-)38

LC=CC(CHy) 4 " .
—_ Ph33C=C—E—CH3 Li
H3
-78° 1 1,
H

3
—(IH3
H
94%

(114)

o-b-o

Here also the synthesis is not limited to the type of groups
that can participate in the usual synthesis from RX and
MC=CR. Thus aryl groups are readily introduced (114),
and groups can be transferred with complete retention of
configuration (113).

X. Diene synthesis
a. cis,cis-Dienes. cis,cis-Dienes are readily synthesized
from diacetylenes via hydroboration-protonolysis (115).>*

H H
N 7
1. Sia,BH RS
RC=C~C=CR C=C R (115)
2. HOAc AR
75%

The reaction can also be directed to the synthesis of the
corresponding cis-enynes to the a,8-acetylenic ketones.

b. cis,trans-Dienes. The transfer induced by iodine can
be utilized to provide the cis,trans-dienes (116).>°

):-c’
l—-'—-«au2 + 2 HCCR  ——> Ny
\N M
o=
oo\
l(°"3)3“° (116)
R\ /H H\c C/R
caC R Pt
W >c=C< <NaoH uos\ :
1
2 /
* " AN
H R

The procedure can be shortened considerably by
utilizing chloro-borane-etherate for the hydroboration

S (117).%
CIBH,:0Et H\c c} RGN
2: 0kt ai N
+ HC=CR — 18’ n N e R
s H I Neag
/
C=C H/ \|’|
W R
()

c. trans,trans-Dienes. Negishi and Yoshida have de-
veloped a route to trans,trans-dienes, both symmetrical
and unsymmetrical (118).

o R
/C'C\
I ' s"z RC:CC'Ii | | B\‘ H
a. R
C=C
R'C=CH I | B’ N
\c c)
N
W RY(118)
oCH
R |
R H
NaOCH, \c-c}—}—' RCO,H UL
/N /‘ /s \. 7
W e W Jeag
: H \R' H \R‘

Y. Allenes and trienes
Hydroboration of the higher derivatives of propargyl
alcohol with dialkylboranes proceeds to place the boron in
the 2-position. Treatment of the intermediate with base
results in an elimination to yield the corresponding allene
(119).%,
, R CH,C1 R
RgBH Nl D MO, Nogagy
Noo, / 2
H BR} H

1 HOAc

R\ /CH2C'I
/C-C\
H H

RCECCHZCI

(M9)

On the other hand, protonolysis with acetic acid gives the
cis allylic chloride (119).

The corresponding hydroboration of propargyl chloride
itself proceeds to place the boron in the 3-position.
Treatment with methyl-lithium gives the corresponding
allylic borane (120).”

R,BH AN
HCsCCHZCI B — /C-('\
R M
CH Lt N
H—C—CH=CH,
R ]
tHy
Jf‘ (120)
RCH=CHCH,BRCHy

Recently, the first stereoselective synthesis of trans-
1,4-disubstituted-1,2,3-butatrienes was described (121).'®
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LR
PN Na0CH,
Hy + 2 IC:R —> '—I—e H
\ M
cec”
\
7 ™R
R 1 R H
N 7/ NaOCH /
Y 3 \/c-c-c-c\ (121)
" eee_ H R
CH30-8 R

Z. Markovnikov boranes
The ate complex from vinyllithium and organoboranes
undergo protonolysis to give the Markovnikov or-
ganoborane (122)."
RyB + LiCH=CH, ——> [RyB—CH=CH,]"Li*

-78° 1 HC1 (122)

Lo

BR,

Similarly, the ate complex from lithium acetylide and
organoboranes can be protonated to give the correspond-
ing Markovnikov vinylborane (123).""'

Raa + LCsCH —— [%B—CECH]'“‘

-78° | W1
23
R\c cH e
=tHa
R,8”

2
These contrast with the hydroboration products (124).

RCHsCH, + RpBH  ——>  RCH,CH,
BR, (124)
N
RCZCH + RpBH  ——> g
\
H BR

2

The product from 123 readily undergoes oxidation to
the corresponding ketone, RCOCH;. Treatment with
iodine and base yields the 1,1-disubstituted olefin (125).

R R
)c-cu2 —HalH - vach, (125)
R,B I, '

2
Finally, the intermediate can be protonated to yield the
doubly-transferred product (126).

R
\c-cnz —Ha R-C—CH (126)
R,8” BroH
CONCLUSION

In attempting this summary of the remarkable develop-
ments in the organoborane field, it was clear that a
detailed review of all of the contributions of interest and
importance was no longer practical in a lecture of this
kind. For example, merely in the reactions of alkynyltrial-
kylborate ate complexes some thirty publications have
appeared in the past three years. Only three are included
in this discussion. For omitting many such developments
of major interest, the speaker can only apologize and refer
to his more recent books>* for more inclusive reviews.

Finally, in this lecture I have restricted myself largely to
reactions of interest in synthetic organic chemistry. I have
not attempted to discuss numerous other developments of
both theoretical and practical interest. I should like to
close by quoting from the Preface to my recent book® to
indicate some of the possibilities of this new chemistry.

PAAC VOL 47 NO 1—E

“The remarkably facile addition of diborane in ether solvents to
alkenes and alkynes was discovered in 1956. For the next decade a
major portion of the research effort of my students and associates
was devoted to the study of this fascinating new reaction,
hydroboration.

This reaction made the organoboranes readily available.
However, organoboranes had not been of special interest in the
past, and they had received relatively little research attention. It
appeared desirable, therefore, to undertake a program to explore
these derivatives in more detail. Consequently, the emphasis of
our programs was shifted from the study of hydroboration to a
study of the chemistry of organoboranes.

This proved to be an extraordinarily rich new area. There
resulted a veritable explosion of new chemistry whose full
potentiality we can only dimly visualize.

The problem is how to transmit the knowledge in the area to the
chemists who must use the chemistry if its full potential is to be
achieved.

Before us lies the utilization of these methods for the synthesis
of complex molecules, such as natural products and pharmaceuti-
cals. Before us lies the exploration of the applicability of this
chemistry for the synthesis of fine chemicals. Before us lies the
exploration of the utility of this chemistry in the petrochemical
area.

But this is only the beginning. Still to be explored are also the
reaction mechanisms involved in the remarkably clean reaction of
the organoboranes. The spectroscopy of organoboranes is in its
infancy. Structural effects have yet to be examined systematically.

Clearly, it will require another generation of chemists to fully
explore this new continent. However, before the new generation
of students can be taught the new chemistry, their teachers must
learn it. It is clear that many chemists have hesitated to utilize
these methods, and many instructors have hesitated to introduce
them in their courses because of their inexperience in handling
and working with hydroboration and organoboranes.

It is my hope that this book will serve to acquaint working
chemists, teachers, and students with the chemistry and techni-
ques or organoborane chemistry. A second effort to overcome this
hurdle has been to persuade Dr. Alfred R. Bader of the Aldrich
Chemical Company to set up a subsidiary, Aldrich-Boranes, Inc.,
to make readily available the basic chemicals and intermediates
and certain specialized pieces of apparatus to facilitate application
of these new methods by chemists. It is expected that both
developments will contribute to surmounting the barrier.

A new continent has been discovered—it requires settlers to
develop its riches to contribute to mankind.”
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tion (Grant MPS73-05136 A01) is gratefully acknowledged.

REFERENCES

'H. C. Brown, Hydroboration. W. A. Benjamin, New York
(1962).

*H. C. Brown, Boranes in Organic Chemistry. Cornell University
Press, Ithaca (1972).

°H. C. Brown, G. W. Kramer, A. B. Levy and M. M. Midland,
Organic Synthesis via Boranes. Wiley-Interscience, New York
(1975).

*H. C. Brown, Accounts Chem. Res. 2, 65 (1969).

*H. C. Brown and M. M. Rogic, Organomet. Chem. Syn. 1, 305
(1972).

°H. C. Brown and M. M. Midland, Angew. Chem. Internat. Edit.
11, 692 (1972).

"H. C. Brown, Chemistry in Britain, 7, 458 (1971).

®H. C. Brown and B. C. Subba Rao, J. Am. Chem. Soc. 81, 6434
(1959).

°H. C. Brown and G. Zweifel, J. Am. Chem. Soc. 88, 1433 (1966).

'°H. C. Brown and G. Zweifel, J. Am. Chem. Soc. 89, 561 (1967).

"Unpublished research with H. Taniguchi.

2H, C. Brown and B. C. Subba Rao, J. Org. Chem. 22, 1136
(1957).

BH. C. Brown and M. V. Bhatt, J. Am. Chem. Soc. 88, 1440
(1966).

“H. C. Brown, M. V. Bhatt, T. Munekata and G. Zweifel, J. Am.
Chem. Soc. 89, 567 (1967).



60 HERBERT C. BROWN

“H. C. Brown, K. J. Murray, H. Miiller and G. Zweifel, J. Am.
Chem. Soc. 88, 1443 (1966).

'H. C. Brown and K. Murray, J. Am. Chem. Soc. 81,4108 (1959).

YH. C. Brown and G. Zweifel, J. Am. Chem. Soc. 83, 3834

(1961). .

18G. Zweifel and H. Arzoumanian, J. Am. Chem. Soc. 89, 5086
(1967).

1. Plamenden, J. T. Snow and G. Zweifel, Organomet. Chem.
Syn. 1, 249 (1971).

H, C. Brown, M. W. Rathke and M. M. Rogi¢, J. Am. Chem.
Soc. 90, 5038 (1968).

2'H. C. Brown and C. F. Lane, J. Am. Chem. Soc. 92, 6660 (1970).

2. C. Brown and C. F. Lane, Chem. Commun. 521 (1971).

BUnpublished research with N. R. De Lue.

%Y. C. Brown, T. Hamaoka and N. Ravindran, J. Am. Chem. Soc.
95, 5786 (1973).

2Unpublished research with T. Hamaoka.

2¢H. C. Brown, T. Hamaoka and N. Ravindran, J. Am. Chem. Soc.
95, 6456 (1973).

2T, Hamaoka and H. C. Brown, J. Org. Chem. 40, 1189 (1975).

G, Zweifel and H. C. Brown, Org. Reactions, 13, 1 (1964).

*H. C. Brown and C. P. Garg, J. Am. Chem. Soc. 83, 2951, 2952

(1961).

3°H. C. Brown and M. M. Midland, J. Am. Chem. Soc. 93, 4078
(1971).

3M. M. Midland and H. C. Brown, J. Am. Chem. Soc. 95, 4069
(1973).

32H. C. Brown, M. M. Midland and G. W. Kabalka, J. Am. Chem.
Soc. 93, 1024 (1971).

M. W. Rathke, N. Inoue, K. R. Varma and H. C. Brown, J. Am.
Chem. Soc. 88, 2870 (1966).

*H. C. Brown, M. M. Midland and A. B. Levy, J. Am. Chem. Soc.
95, 2394 (1973).

*A.B.Levy and H. C. Brown, J. Am. Chem. Soc. 95, 4067 (1973).

*A. G. Davies, S. C. W. Hook and B. P. Roberts, J. Organometal.
Chem. 23, C11 (1970).

¥R. C. Larock and H. C. Brown, J. Am. Chem. Soc. 92, 2467
(1970).

3], D. Buhler and H. C. Brown, J. Organomet. Chem. 40, 265
(1972).

*R. C. Larock, S. K. Gupta and H. C. Brown, J. Am. Chem. Soc.
94, 4371 (1972).

“H. C. Brown and C. H. Snyder, J. Am. Chem. Soc. 83, 1001
(1961).

“'H. C. Brown, C. Verbrugge and C. H. Snyder, J. Am. Chem.
Soc. 83, 1002 (1961).

“2H. C. Brown, E. F. Knights and R. A. Coleman, J. Am. Chem.
Soc. 91, 2144 (1969).

“*H. C. Brown, M. M. Rogié, M. W. Rathke and G. W. Kabalka, J.
Am. Chem. Soc. 91, 2150 (1969).

“H. C. Brown and R. A. Coleman, J. Am. Chem. Soc. 91, 4606
(1969).

“H. C. Brown and M. W. Rathke, J. Am. Chem. Soc. 89, 2737
(1967).

“H. C. Brown and E. Negishi, J. Am. Chem. Soc. 91, 1224 (1969).

“H. C. Brown and E. Negishi, J. Am. Chem. Soc. 89, 5478 (1967).

“*H. C. Brown and M. W. Rathke, J. Am. Chem. Soc. 89, 2738
(1967).

“°H. C. Brown and E. Negishi, J. Am. Chem. Soc. 89, 5285 (1967).

**H. C. Brown and E. Negishi, J. Am. Chem. Soc. 89, 5477 (1967).

*'H. C. Brown and E. Negishi, Chem. Commun. 594 (1968).

32A. Pelter, K. Smith, M. G. Hutchings and K. Rowe, J. Chem.
Soc. Perkin 1, 129 (1975). )

A, Pelter, M. G. Hutchings, K. Rowe and K. Smith, J. Chem.
Soc. Perkin 1, 138 (1975).

>*H. C. Brown and B. A. Carlson, J. Org. Chem. 38,2422 (1973).

5H. C. Brown, J.-J. Katz and B. A. Carlson, J. Org. Chem. 38,
3968 (1973).

%B. A. Carlson and H. C. Brown, J. Am. Chem. Soc. 95, 6876
(1973).

'B. A. Carlson and H. C. Brown, Synthesis, 776 (1973).

**H. C. Brown, M. M. Rogié, M. W. Rathke and G. W. Kabalka, J.
Am. Chem. Soc. 90, 818 (1968).

*H. C. Brown, M. M. Rogi¢, M. W. Rathke and G. W. Kabalka,
J. Am. Chem. Soc. 90, 1911 (1968).

“H. C. Brown, M. M. Rogi¢, M. W. Rathke and G. W. Kabalka, J.
Am. Chem. Soc. 90, 6855 (1968).

“'W. E. Truce, L. A. Mura, P. J. Smith and F. Young, J. Org.
Chem. 39, 1449 (1974).

“H. C. Brown and H. Nambu, J. Am. Chem. Soc. 92, 1761 (1970).

“D. S. Matteson and R. W. H. Moh, J. Am. Chem. Soc. 85, 2599
(1963).

%J. 1. Tufariello, P. Wojtkowski and L. T. C. Lee, Chem.
Commun. 505 (1967).

%E. Negishi, T. Yoshida, A. Silvaria and B. L. Chiou, J. Org.
Chem. 40, 814 (1975).

%J. Hooz and S. Linke, J. Am. Chem. Soc. 90, 5936 (1968).

“J. Hooz and S. Linke, J. Am. Chem. Soc. 90, 6891 (1968).

J. Hooz and G. F. Morrison, Can. J. Chem. 48, 868 (1970).

*J. Hooz, D. M. Gunn and H. Kono, Can. J. Chem. 49, 2371
(1971).

"H. C. Brown, M. M. Midland and A. B. Levy, J. Am. Chem. Soc.
94, 3662 (1972).

"J. Hooz, J. N. Bridson, J. G. Calzada, H. C. Brown, M. M.
Midland and A. B. Levy, J. Org. Chem. 38, 2574 (1973).

"H. C. Brown and N. R. De Lue, J. Am. Chem. Soc. 96, 311
(1974).

7C.F. Lane and H. C. Brown, J. Am. Chem. Soc. 93,1025 (1971).

7H. C. Brown, Y. Yamamoto and C. F. Lane, Synthesis, 303
(1972).

"*H. C. Brown, Y. Yamamoto and C. F. Lane, Synthesis, 304
(1972).

%Y. Yamamoto and H. C. Brown, J. Org. Chem. 39, 861 (1974).

""H. C. Brown, M. M. Rogié, M. W. Rathke and G. W. Kabalka, J.
Am. Chem. Soc. 89, 5709 (1967).

7A. Suzuki, A. Arase, H. Matsuomoto, M. Itoh, H. C. Brown, M.
M. Rogi¢ and M. W. Rathke, J. Am. Chem. Soc. 89, 5708 (1967).

H. C. Brown, G. W. Kabalka, M. W. Rathke and M. M. Rogié, J.
Am. Chem. Soc. 90, 4165 (1968).

8H. C. Brown, G. W. Kabalka, M. W. Rathke and M. M. Rogié, J.
Am. Chem. Soc. 90, 4166 (1968).

81G. W. Kabalka, H. C. Brown, A. Suzuki, S. Honma, A. Arase
and M. Itoh, J. Am. Chem. Soc. 92, 710 (1970).

&Y. C. Brown and G. W. Kabalka, J. Am. Chem. Soc. 92, 712
(1970).

%H. C. Brown and G. W. Kabalka, J. Am. Chem. Soc. 92, 714
(1970).

84E. Negishi and H. C. Brown, J. Am. Chem. Soc. 95, 6757 (1973).

5A. G. Davies and B. P. Roberts, Accounts Chem. Res. 5, 387
(1972).

%H. C. Brown and M. M. Midland, J. Am. Chem. Soc. 93, 3291
(1971).

¥G. Zweifel, H. Arzoumanian and C. C. Whitney, J. Am. Chem.
Soc. 89, 3652 (1967).

%G, Zweifel and H. Arzoumanian, J. Am. Chem. Soc. 89, 5086
(1967).

8@G. Zweifel, R. P. Fisher, J. T. Snow and C. C. Whitney, J. Am.
Chem. Soc. 93, 6309 (1971).

%E. Negishi, J.-J. Katz and H. C. Brown, Synthesis, 535 (1972).

2'G. Zweifel, R. P. Fisher, J. T. Snow and C. C. Whitney, J. Am.
Chem. Soc. 94, 6560 (1972).

M. M. Midland, J. A. Sinclair and H. C. Brown, J. Org. Chem.
39, 731 (1974). .

*A. Suzuki, N. Miyaura, S. Abiko, M. Itoh, H. C. Brown, J. A.
Sinclair and M. M. Midland, J. Am. Chem. Soc. 95, 3080
(1973).

%G. Zweifel and N. L. Polston, J. Am. Chem. Soc. 92, 4068
(1970). .

%G. Zweifel, N. L. Polston and C. C. Whitney, J. Am. Chem. Soc.
90, 6243 (1968).

*H. C. Brown and N. R. Ravindran, J. Org. Chem. 38, 1617
(1973).

97E. Negishi and Y. Yoshida, Chem. Commun. 606 (1973).

%G. Zweifel, A. Horng and J. T. Snow, J. Am. Chem. Soc. 92, 1427
(1970).

#G. Zweifel and A. Horng, Synthesis, 672 (1973).

19T, Yoshida, R. M. Williams and E. Negishi, J. Am. Chem. Soc.
96, 3688 (1974).

19"M, M. Midland, A. B. Levy and H. C. Brown, J. Am. Chem. Soc.
97 (1975).





