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Hydroboration

The discovery that diborane in ether solvents reacts
practically instantaneously and quantitatively with
alkenes and related unsaturated carbon compounds to
convert them into the corresponding organoboranes
made these intermediates readily available for the first
time' (1,2). The characteristics of this reaction,

THF

3RCH=CH, + BH; —>» (RCH.CH;);B 1)

THF
12RCH==CH. + 3NaBH, + 4BF3'O(CzH5)2 'or_D>G

4(RCH,CH,);B + 3NaBF, + 4(C.H;»0 (2)

hydroboration, are highly favorable for synthetic work.?
Not only is the reaction very fast and essentially quanti-
tative, but practically all unsaturated compounds, with
very rare exceptions,® undergo the reaction. Rear-
rangements of the carbon structure are practically
unknown. The reaction appears to involve an anti-
Markovnikov c¢is addition from the less hindered side of
the double bond (3, 4).

CH; ‘CH;
s %
. 3
+ HB\ — B\ 3)
~
/ B
—_— 4
ﬁb + DB ﬂbg
99.5% exo

Of equally great significance is the fact that many
functional groups are readily accommodated without
difficulty* (5-7). Thus the organic chemist has at his

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

(2) H. C. Brown, “Hydroboration,” W. A, Benjamin, Inc., New
York, N. Y., 1962,

(3) M. Nussim, Y. Mazur, and F. Sondheimer, J. Org. Chem., 29,
1120, 1131 (1964).

(4) H. C. Brown and M. K, Unni, J. Am. Chem. Soc., 90, 2902
(1968); H. C. Brown and R, M. Gallivan, Jr., 1bid., 90, 2906 (1968);
H. C. Brown and R. L. Sharp, tbid., 90, 2915 (1968).
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>BH + CH2=CHCH2002CQH5 —_—

>B—CH,CH,CH,CO.C,H; (5)
>BH + CH;=CHCH;CN —> >B—CH,CH,.CH;CN (6)
>BH + (CH;),C=CHC] —» (CH;),CHCHC] ]

s

A

disposal for the first time a relatively reactive organo-
metallic capable of bearing many different functional
groups in the organic radical.

The Organoboranes as Synthetic Intermediates

These developments have created intense interest in
the discovery of new reactions of organoboranes of
utility in organic synthesis. Among the more interest-
ing possibilities to which attention should be called are:
isomerization,? displacement,? contrathermodynamic
isomerization of olefins,? cyelization,®P protonolysis,?
oxidation to aleohols (alkaline hydrogen peroxide),?
oxidation to ketones (chromic acid),’¢ amination,’d
metallation,’ coupling with alkaline silver nitrate,’:
1,4 addition to «,8-unsaturated aldehydes,®™! ketones,®
and Mannich bases,®* reaction with ylides® or with «-
halo carbanions,®™2 and carbonylation® to tertiary
alcohols, secondary aleohols, ketones, methylol deriva-
tives, aldehydes, ring ketones, and polycyclics.

The carbonylation reaction appears to be especially

(5) (a) H. C. Brown, K. J. Murray, H: Muller, and G. Zweifel,
ibid., 88, 1443 (1966); (b) R. Koster, Angew. Chem. Intern. Ed.
Engl., 3, 174 (1964); (c) H. C. Brown and C. P. Garg, J. Am. Chem,
Soc., 83, 2951 (1961); (d) M. W. Rathke, N. Inoue, K. R. Varma,
and H. C. Brown, bid., 88, 2870 (1966); (e) J. B. Honeycutt, Jr.,
and J. M. Riddle, 7bid., 82, 3051 (1960); (f) H. C. Brown and C. H.
Snyder, 7bid., 83, 1001 (1961); (g) H. C. Brown, C. Verbrugge, and
C. H. Snyder, ibid., 83, 1002 (1961); (h) H. C. Brown, M. M, Rogié,
M. W. Rathke, and G. W. Kabalka, tbid., 89, 5709 (1967); (i)
H. C. Brown, G. W. Kabalka, M. W, Rathke, and M. M. Rogié,
wbid., 90, 4165 (1968); (j) A. Suzuki, A, Arase, H. Matsumoto, M.
Itoh, H. C. Brown, M. M. Rogié, and M. W. Rathke, ibid., 89, 5708
(1967); (k) H. C. Brown, M. W. Rathke, G, W. Kabalka, and M. M.
Rogié, ibid., 90, 4166 (1968); (1) J. J. Tufariello, L. T. C. Lee, and
P. Wojtkowski, ibid., 89, 6804 (1967); (m) H. C. Brown, M. M.
Rogié, M. W, Rathke, and G. W. Kabalka, ibid., 90, 818 (1968);
(n) H, C. Brown, M. M. Rogié, M. W, Rathke, and G. W. Kabalka,
tbid., 90, 1911 (1968).

(6) Discussed in detail in this review.
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promising in its versatility, and this review will be
devoted to a discussion of its utility.

Early History

In 1937 Burg and Schlesinger reported that diborane
reacts with carbon monoxide in a sealed tube at 100°
under 20 atm to give a simple addition compound,
borane carbonyl” (8). The product is a gas, bp —64°,

1/2(BHy), + CO === H;BCO (8)

which is largely dissociated into its components at
atmospheric pressure.?

1/4(BHa): + CO 225 1/, (H,CBOY,

At approximately the same time, Schlesinger and his
coworkers studied the reaction of the methyl derivatives
of diborane with carbon monoxide.? Dimethylborane
(dimer) reacted with carbon monoxide at a pressure of
5 atm to produce a number of relatively complex
materials. The major product was a liquid with the
empirical formula [(CH;);BHCOJ,. However, this
compound did not liberate hydrogen when treated with
water, indicating the absence of the original boron—
hydrogen bond. The authors were unable to assign
any structure to this intermediate. However, in view
of our own studies with dialkylboranes,!¢ it is probably
I.

In 1961 a patent was issued to Reppe and Magin for
the preparation of compounds of the type (R;BCO), by
the carbonylation of trialkylboranes under pressure.!!
Typically, a trialkylborane reacted at a tempera-
ture of 10 to 20° with carbon monoxide at pressures of
100 to 200 atm to give, after distillation, a mixture of
two products. The major component possessed a
molecular weight and analysis in agreement with the
empirical formula (R;BCO),. The minor product
corresponded to the empirical formula (R;BCO);. No
indication wag presented of any understanding of the
structures of these materials or of the nature of the
chemical reaction taking place.

To Hillman belongs the credit for first establish-
ing the nature of this reaction of carbon monoxide
and trialkylboranes.!? He treated the organoborane

(7) A. B. Burg and H. I, Schlesinger, J. Am. Chem. Soc., 59, 780
(1937).

(8) Under the catalytic influence of small amounts of sodium
borohydride, the reaction between diborane (in tetrahydrofuran)
and carbon monoxide proceeds very rapidly at room temperature
and atmospheric pressure to yield trimethylboroxine: M. W, Rathke
and H, C. Brown, ibid., 88, 2606 (1966).

(9) F. L, McKennon, Ph.D. Thesis, The University of Chicago,
1937,

(10) Unpublished research with M, W. Rathke and M. M. Rogié.

(11) W. Reppe and A. Magin, U. 8. Patent 3,006,961 (Oct 31,
1961); Chem. Abstr., 55, 103867 (1961).

(12) (a) M. E. D. Hillman, J. Am. Chem. Soc., 84, 4715 (1962);
(b) 7bid., 85, 982 (1963); (c) 7bid., 85, 1626 (1963).

Vol. 2

with carbon monoxide at very high pressures, usually
about 10,000 psi, in the presence of water.’?® He
reported that the products from ecarbonylation at
relatively low temperature (50-75°) were 2,5-dibora-
dioxanes (IT), corresponding to the dimer of Reppe and

R?/O\CERQ
R,C~ BR

II

Magin.}* Oxidation of these materials with alkaline
hydrogen peroxide did not produce the expected dialkyl
ketones, but rather the corresponding dialkylearbinols.!?

At higher temperatures, generally 150°, the 2,5-
diboradioxanes (IT) were converted into the correspond-~
ing boronic anhydrides (boroxines) (III).

I

B
vy

|

R3 C CR3

III

Hillman examined the carbonylation reaction in the
presence of various glycols.'?®® He noted that whereas
certain glycols led to the formation of polymeric prod-
ucts, the use of ethylene glycol yielded the correspond-
ing cyclic esters (IV) smoothly. Finally, carbonylation

/O—CHz
R JCB\
0—CH,
v

in the presence of aldehydes yielded 4-bora-1,3-dioxa~
lanes?® (V).
RB—Q
>CHR’
R,C—0

Vv

Carbenylation at Atmospheric Pressure

Practically all of Hillman’s research had been done at
very high pressures, generally about 10,000 psi. He
had tried some carbonylations at atmospherie pressure
but had noted that the reactions were relatively slow
and incomplete.?s

It was apparent that carbonylation, combined with
hydroboration, offered a highly promising synthetic
route. However, very few laboratories are equipped to
run carbonylations at 10,000 psi. Moreover, even if
they were so equipped, the inconvenience of such a pro-
cedure would mitigate against the adoption of such s
procedure unless there were no simple alternatives
available. Consequently, we undertook to see if we

(13) As discussed later, we have found it possible to convert the
carbonylation intermediate either to the ketone or to the carbinol,
as desired, in excellent yields.
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could find means to accomplish such carbonylations at
atmospheric pressures.

Initially, our investigation took the form of a search
for possible catalysts for the reaction. However, we
soon discovered that merely by raising the temperature
to 100-125° practically all of the organoboranes of
interest reacted essentially quantitatively with carbon
monoxide at atmospheric pressure, usually in 1-3 hr,
although some of the more hindered derivatives re-
quired a longer time. Obviously, this solved the
problem of a convenient laboratory procedure, and
we undertook a study of the new synthetic entry.

This study was greatly facilitated by our familiarity
with the Brown® hydrogenator.!* This instrument,
although originally developed for hydrogenations, is a
very convenient automatic gas generator. It permits
one to follow the rate of absorption of a gas by the
system. Thus we have utilized it for hydrochlorina-
tions.’* In some cases the automatic feature has
revealed that a given hydrochlorination is complete in
1 min, with the initial product being very different from
that present after 10 min.'®

As adapted for carbonylation, the apparatus is
assembled (Figure 1). In the buret A is placed formic
acid. In the generator flask C is placed concentrated
sulfuric acid maintained at approximately 100° by a
heating mantle. The hydroboration is carried out in
the reactor E in the usual manner. The system is
flushed with carbon monoxide by injecting formic acid
through the serum cap into the generator C. Then the
reactor temperature is raised to an appropriate level,
depending on the reaction, and stirring is initiated.
The mercury in the valve B is sufficient to support the
column of formic acid in the buret as long as the pressure
in the apparatus is atmospheric. However, as soon as
carbon monoxide is absorbed by the organoborane solu-
tion in the reactor E, the pressure drops approximately
20 mm below atmospheric, and formie acid is drawn
through the mercury seal into the generator. In this
way the carbonylation proceeds automatically to com-
pletion. At any moment a mere reading of the buret
will indicate the progress of the reaction. At the end of
the reaction, the reactor vessel is cooled, an appropriate
base is added, followed by 309 hydrogen peroxide, and
the reaction produect is then isolated.

Tertiary Alcohols!?

It was observed that a wide variety of organoboranes,
readily synthesized via hydroboration in diglyme (2),
reacted readily with carbon monoxide at temperatures
of 100-125°. Oxidation of the intermediates with
alkaline hydrogen peroxide provided the corresponding
trialkylearbinols in excellent yield (9). In some cases

(14) C. A. Brown and H. C. Brown, J. Am. Chem. Soc., 84, 2829
(1962): J. Org. Chem., 31, 3989 (1966). We used a commercial model
from Delimar Scientific Laboratories, Maywood, Ill. 60154,

(15) H.C. Brown and M.-H. Rei, J. Org. Chem., 31, 1090 (1966).

(16) H. C. Brown and K.-T, Liu, J. Am. Chem. Soc., 89, 3898
(1967).

(17) H. C. Brown and M. W. Rathke, ¢bid., 89, 2737 (1967).
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Figure 1. Hydrogenation apparatus modified for generation of

carbon monoxide.

RsB + CO —> (R«CBO), —2% R,COH ©
NaOH

the intermediate appeared to be polymeric and difficult
to oxidize. However, by carrying out the carbonyla-
tion in the presence of ethylene glycol,!2b this difficulty
could be avoided (10).

(CH;OH),
i,

RB + CO ReCB\ on~ RCOH (10)

0—CH

2

P -IHZ HO:

The synthesis appears to be of wide applicability, as
indicated by the following preparations (11-16), This

CH;CH,CH=CH, m (CH:CH,CH.CH,);COH  (11)

CHs
CH;CH==CHCHj, -877: (CHscHzéH)sCOH (12)
(CHs)C=CH. 9—077: [(CH,).CHCH,}sCOH (13)

O w Omem
QO = O w
80%

— (18)

makes readily available for the first time trialkylearbi-
nols containing bulky groups. For example, the yield
of tricyclohexylearbinol, through the Grignard reaction,
is reported to be only 7%, and this was raised to 199,
by use of a special procedure involving sodium.’* No
difficulty was experienced in achieving an isolated yield
of 809, with the present procedure.

Mechanism of the Carbonylation Reaction

Carbonylation of an equimolar mixture of triethyl-
boron and tri-n-butylboron gave an equimolar mixture
of triethylearbinol and tri-n-butylearbinol (17). There

(18) P. D. Bartlett and A. Schneider, tbid., 67, 141 (1945),



68 Hersert C. BRowN Vol. 2

(C:H)B + (n-CiH)B 3 1% (CiH,)iCOH + R,CHOH + RB(OH), (23)
(n-C;Hg);COH.  (17) RE—CR, HO

was no evidence for the presence of any mixed deriva- \ / B0,

tives, such as diethyl-n-butylearbinol or ethyl-di-n- 0 NeOH™N RcO + ROH 24

butylearbinol, which would have accompanied an inter- CH,CH,CH==CH, —> (CH,CH,CH,CH,.CO 5)

molecular transfer of alkyl groups.'® 85% CH,

Similarly, dicyclohexyl-n-octylborane, readily syn-
thesized by the reaction of dicyclohexylborane and 1- CH,CH=CHCH; g2 (CH,CH.CH)CO (26)

octene, yielded dicyclohexyl-n-octylcarbinol in 829,
vield, without evidence of any isomeric materials (18).

). BH
e~ (Y

ll-octene (18)
) L,B(CH,),
O/ )zT(CH2)7CH3 ng 429_ O/). ( 2)/CH3
OH

These results indicate that the groups are transferred
intramolecularly from boron to carbon and are consis-
tent with the mechanism (19-22) proposed by Hill-

RB + CO = RQB'EO (19)

mB'Eo ~—=- R,B—C—R (20)
!

R,BCR ——> RB—CR, (21

i Y/
RB CR,
\/

man'? and slightly modified.?

The boraepoxide (21) is presumably the precursor (by
dimerization) of the 2,5-diboradioxane (II). Once the
latter is formed, the transfer of the third alkyl group
becomes very slow and requires heating at elevated
temperatures in the presence of water or other materials
to open up the stable diboradioxane system.'?» The
boronic anhydride (22) trimerizes to the corresponding
boroxine (III). Presumably it is the sluggish oxidation
of some of these polymeric derivatives which makes it
advantageous to carry out the reaction in the presence
of ethylene glycol.'?

OBCR, (22)

Secondary Aleohols and Ketones?

It is evident from this mechanism that, were it possi-
ble to stop the reaction at the point where two alkyl
groups had transferred from boron to carbon (21),
hydrolysis would produce the secondary alcohol,
R,CHOH (23), and oxidation would produce the
corresponding ketone, R,CO (24).

Indeed, we discovered that the addition of equimolar
quantities of water greatly inhibited the transfer of the
third alkyl group, making possible a convenient synthe-
sis of secondary alcohols and ketones (25-29).

The water apparently converts the boraepoxide into

(19) H. C, Brown and M. W, Rathke, J. Am. Chem. Soc., 89, 4528

(1967).
(20) H. C. Brown and M, W. Rathke, ibid., 89, 2738 (1967).

%00
O = O @
1,00
0 . O/ (28)
80%
—

RB—CR, + HO 2% RB—CR, (30)
0 OH (I)H
lslow
(HO),BCR,

the corresponding hydrate (30) and the latter is evi-
dently less susceptible to the transter of the third
alkyl group.

Hydrolysis of the reaction mixtures with agueous
sodium hydroxide readily produces the corresponding
secondary alcohols. Unless the oxidation is carried out
carefully, in accordance with the recommended proce-
dure,® hydrolysis can accompany the oxidation, so that
the produet can consist of a mixture of ketone and al-
cohol.1%

Primary Alcohols?! and Aldehydes??

It is evident that if it were possible to stop the reac-
tion at the point where a single alkyl group had been
transferred from boron to carbon (20), hydrolysis should
yield the corresponding aldehyde (31) and oxidation the
corresponding acid (32).

RCHO + R;BOH (31)
HO
RBCR o
|| Naom
0 RCOH + 2 ROH (32)

Up to the present time we have been unable to stop
the reaction at this stage without simultaneously
changing the oxidation stage of the intermediate. Thus
in the presence of lithium borohydride or lithium tri-
methoxyaluminohydride an intermediate is obtained
which hydrolyzes to the methylol derivative (33) and is
oxidized to the corresponding aldehyde (34).

Not only do the complex hydrides reduce one of the
intermediates (19 or 20), which permits the reaction to

(21) M. W. Rathke and H. C. Brown, tbid., 89, 2740 (1967).
(22) H. C. Brown, R. A, Coleman, and M. W. Ratke, ibid., 90, 499
(1968).
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q RCH,0H + R,BOH (33) Ig
| HO NaOH
R,B—CR H0, © + BH, — (41)
NaCH
191 RCHO + 2 ROH (34)

stop at the stage where only one of the three alkyl
groups have been transferred from boron to earbon, but
the reagents simultaneously strongly catalyze the ab-
sorption of carbon monoxide. Whereas the previous
reactions are generally carried out at temperatures of
100-125°, the present reactions proceed relatively
rapidly at temperatures of 25-45°.

The reaction with lithium trimethoxyaluminohy-
dride? is especially interesting. Neither the reagent
nor the trialkylborane individually reacts with carbon
monoxide at atmospheric pressure at any appreciable
rate at 25°. However, their presence together in the
same reaction vessel (Figure 1) results in a rapid uptake
of carbon monoxide which is complete in a matter of
minutes. The reaction exhibits a simple 1:1:1 stoichi-
ometry for the three components (35).

H

R,B + CO + LIiAIH(OCH;) — R,B—C—R

OAKOCH,),Li  (35)
o~ [0]

RCH,0H RCHO

Based on this stoichiometry, the yields of aldehyde
are almost quantitative (36-40).

CH,(CH,),CH==CH, g CH,(CH,);CHO (36)
CH,

CH,CH==CHCH; ryre CH,CH,CHCHO 37

(CH3)20=CH2 9_Y7—o> (CHs)zCHCHQCHO (38)

CHO
O e O/ (39)
ﬂb Erg ﬁﬂ HO @0

Hydrolysis of the reaction mixture with alkali, with-
out oxidation, produces essentially quantitative yields
of the corresponding methylol derivatives. An obvious
disadvantage of this procedure is the fact that only one
of the original three alkyl groups on boron is utilized.
Fortunately, it has proven possible to circumvent this
difficulty.?

Treatment of 1,5-cyclooctadiene with borane in a
1:1 mole ratio under controlled conditions yields 9-
borabicyclo{3.3.1lnonane (41), a material which is

(23) This reagent is readily synthesized by adding 3 mol of
methanol to 1 mol of lithium aluminum hydride in tetrahydrofuran
solution. The solution is used, without isolation of the reagent:
H. C. Brown and C. J. Shoaf, J. Am. Chem. Soc., 86, 1079 (1964).
For a survey of its reducing characteristics, see H. C, Brown and
P. M. Weissman, tbid., 87, 5614 (1965).

(24) Research in progress with R. A, Coleman and E. F. Knights.

(dimer)

remarkably stable thermally and so insensitive to
atmospheric oxygen that it can be handled in the open
air.® In spite of its chemical stability toward oxygen,
it readily hydroborates even hindered olefing? (42),

H

H
| CH,
B é HSC"'
H....
+ —_ (42)
ﬁﬁv B‘ :

Reaction of these B-R-9-borabieyclo[3.3.1]nonane
derivatives with carbon monoxide and lithium tri-
methoxyaluminohydride results in the preferential
reaction of the B-alkyl group (43-45).

CHg(CH2)3CH=CH2

—

p CH;(CH,);CHO (43)

CH==CH, CH,CH,CHO

O O w
CHO
O = O @

The introduction of the aldehyde group takes place
with retention of configuration? (46).

CH,
(4 — , O --CHO (46)
LiAIH(OCH,),

Moreover, preliminary results indicate that there is
no difficulty in carrying out this synthesis in the pres-
ence of many functional groups.? Consequently, it
now appears that we are in a position to introduce the
CH.OH or CHO group in excellent yield into a wide
variety of complex molecules at the position of a
carbon—carbon double bond.

A word may be in order concerning the mechanism.
The tremendous accelerating effect on the rate of up-
take of carbon monoxide brought about by the reagent
suggests that it must react rapidly with a small equilib-
rium concentration of an intermediate. If both stages
(19) and (20) are reversible equilibria, as represented,
then the reagent might operate by converting the
carbonyl derivative, R,BCOR, into the reduced prod-
uct. On the other hand, if only the first stage (19) is
reversible, then the reagent must react with the small

(25) E. F. Knights and H. C. Brown, ibid., 90, 5280 (1968).

(26) E. F. Knights and H. C. Brown, ibid., 90, 5281 (1968).

(27) Research in progress with M, M. Rogié, G. W. Kabalka, and
M. W. Rathke.

(28) Research in progress with R. A, Coleman.



70 Herserr C. BrROWN

equilibrium concentration of the carbonyl intermediate,
R;BCO. Unfortunately, we have been too preoccupied
with exploring the scope of these new reactions to have
the time to investigate the mechanisms in detail.

Mixed Ketones!®:29

Certain dialkylboranes are readily synthesized by the
controlled reaction of 2 mol of olefin with 1 mol of
borane.? Reaction of these dialkylboranes with 1 molar
equiv of another olefin gives a mixed trialkylborane.
Carbonylation of such mixed organoboranes in the
presence of water provides a synthetic route to ketones
possessing two different organic moieties attached to the
carbonyl group (47).

CH;,

),BCH(CH;)CH,CH, C—CHCH,CH;
o, oL | (47)
HO 0

66%

Many functional groups can be tolerated, as indicated
by the related synthesis of the derivatives VI-IX.

C(CH,),,C0O,CH,4 C(CH,),,CH,0,CCH;

T Jl

e

VI,53% VII, 61%
ﬁ—(CH2)2CH202CCGH:‘ ﬁ(CH%CN
(T (!
VIII, 43% 1X, 45%

However, derivatives containing substituents in the «
and 8 positions relative to the boron atom possess un-
usual properties and their use may encounter difficul-
ties.

The Thexylborane Synthesis of
Unsymmetrical Ketones®

Hydroboration of 2,3-dimethyl-2-butene can be
controlled to yield the monoalkylborane, termed
thexylborane® (48). This valuable reagent is not

HC (|3H3 HC CH,
(=C + BH, -—> H—(—C—BH, (&
H,C CH; H,C CHy

isolated, but is formed and used in situ. Addition of
1 mol of a not too hindered olefin readily converts the
thexylborane to a thexylmonoalkylborane (49). Ad-

H—BH, + (CH)c=CH, —

/CHECH(CHg)AZ

-8,

(29) H. C. Brown, G. W. Kabalka, and M. W. Rathke, J. Am.
Chem. Soc., 89, 4530 (1967).

(30) H.C. Brown and E. Negishi, bid., 89, 5285 (1967).

(31) H.C. Brown and G. Zweifel, 1bid. 85, 2066 (1963).

(49)

Vol. 2

dition of a second mole of a suitable olefin results in
the formation of an organoborane with three different
groups attached to the boron atom (50).

CH,CH(CHy),

-2,

+ CH,CH.,CH=CH, —

CH,CH (CH,),
< (50)
~CH,CH.CH,CH,

In the course of these studies we observed that the
thexyl group greatly hindered the boron atom, so that
atmospheric-pressure carbonylation was no longer
practical. However, carbonylation at 1000 psi was
satisfactory. Far more important was the observation
that the thexyl group was very sluggish in migrating
from boron to carbon. Consequently, we were now in
position to achieve a specific ketone synthesis from
almost any two olefins (51). Indeed, many functional

CHCHCH), o0 o
-8l o O (CH).CHCH,O(CH),CH,

CH,CH,CH,CH,
0 (51}

groups can be tolerated, so that this provides a new,
simple ketone synthesis of major promise (52-55).

CH;

CHC==CH, + CH,=CHCH,CO,C.H;

—
84%

(CH,),CH CHzﬁlCHZCHQCHQCOQ CH;, (52)

CH==CH,

+  CH~CH(CH),COCH, >

CGHE,CHZCHgﬁ(CHg)wCOZCH3 (63)

Q + CH~CHCH,CN —»
45%

;b + CH,=CHCH,CI P
; iﬁCHZCHQCHQCl (55)
Cyclic Ketones??

Thexylborane can be utilized for the cyclic hydrobo-
ration of appropriate dienes.?® Consequently, the
carbonylation of such derivatives provides a convenient
synthesis of cyclic ketones (56-58).

CCH,CH,CH,CN
0 (54)

A New Annelation Reaction®*

It has proven possible to adapt this new synthesis of
cyclic ketones to a new annelation reaction, as illus-

(32) H.C. Brown and E. Negishi, tbid. 89, 5477 (1967).
(33) H. C. Brown and C. D. Pfaffenberger ibid., 89, 5475 (1967).
(34) H. C. Brown and E. Negishi, Chem. Commun., 594 (1968).
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CH,C==CH, CH;—CH— CHQ\
—_— —,—'
CH=CH, é H,~—CH,” e
CH,
To w0
fH“ CH
3
o <CH=CH2 H—CH\ : [§=O )
CH=CH, CH —CH, n e
CH,CH==CH,

CHQCHZCHZ\
——
CHZCHZCHQ & 2

O (58)
CH,CH==CH,

trated for the stereospecific conversion of c¢yclohexanone
to the thermodynamically disfavored trans-perhydro-1-
indanone (59). Similarly, by use of the allyl Grignard,

(l CH;=—CHMgX -HO O\/
————— ——
0 H
OH
:F 0
B H
2 co
s d_J 2, o (:'é (59)
H H

one can convert, cyclohexanone stereospecifically to the
corresponding {rans-1-decalone (60). The reaction

O\ CHr=CHCHMgX Q\) O\)
(6]
= OL\J o, (:')1\5 (60)

appears to be of considerable generality, as indicated by
the following syntheses (the yields shown are based on
diene (X-XIV)).

X,66% XI, 71%
XII, 54% XTI, 73% XIV, 68%

Polycyclics?s 3

The remarkably easy addition of the boron-hydrogen
bond to carbon-carbon double and triple bonds,? the
less easy but still facile substitution of ecarbon—hydrogen

( (35) H. C. Brown and E. Negishi, J. Am. Chem. Soc., 89, 5478
1967).
(36) E.F. Knights and H. C. Brown, 1bid., 90, 5283 (1968).

ORGANOBORANE—-CARBON MoNOXIDE REACTIONS 71

bonds by boron-hydrogen bonds,®? and the ready
isomerization of organoboranes? all combine to give the
organic chemist an unparalleled opportunity to utilize
the unique characteristics of boron to bring together
widely separated portions of a carbon structure into a
more compact cyclic or polycyelic entity. Some repre-
sentative examples follow (61-65).

CH3 CH3 CHJ CH3
HSC—tJJ——-CH (L-CH2 B o——cH—C
CH, CH, CH,
H
~B
=+
a l -H,
CH, CH,

H,C—C—CH,—CH (61
CH» H,

B
=+
B,

/2

N " Dy N -
<\H 7) EyN-BH, Cé@ (63)""

Cl

©§ﬂe..e.,
ﬁ%
Hee

CH4(CH,);CH==CH,

(64)%

EtNBH, (65"

It is evident that if the boron atom in these “stitched
together” structures eould be replaced by carbon, we
could have a major new approach to the synthesis of
complex carbon structures. We have tested this possi-
bility on several representative systems and discovered
that transformations proceed with remarkable ease
(66-68).

Thus it is now possible to “stitch’” with boron and

O ax = O

OH
predominantly cis

(87) N. N. Greenwood, J. H. Morris, and J. C. Wright, J. Chem.

Soc., 4753 (1964).

(38) Research with E. Negishi.

C0,150°

CH,0H), (66)°
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Y O

C
C0,150°  [0]
——

36

=y cEow, ~ @7
97% yield

€0,150°. [0} @ (68 )3

(CH,0H),

70% yield

then “rivet” with carbon, providing a remarkably
simple new route to complex carbon structures.
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Conclusion

It is difficult to realize that less than 2 years has
passed (at the time of this writing) since the initial
experiments with carbon monoxide. However, prog-
ress can be very rapid with the assistance of competent,
interested coworkers. It is important to have the
right men at the right place at the right time. The
development of hydroboration was greatly facilitated
by the major contributions of Dr. B. C. Subba Rao and
Dr. George Zweifel. The development of carbonyla-
tion was especially facilitated by the major contribu-
tions of Michael W. Rathke (now Dr.) and Dr. Eiichi
Negishi. Developments in newer areas are being
facilitated by the major contributions of George W.
Kabalka, Dr. Milorad M. Rogié, and Dr. Akira Suzuki.

It 7s a pleasure to acknowledge the assistance of Grant GM
10987 from the National Institutes of Health.
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Early Developments

In 1961 the reaction of nickel sulfides with diphenyl-
acetylene was studied! as a modification of Steinkopf’s
historical thiophene synthesis? from acetylene and
pyrite. With technical grade nickel sulfide containing
excess sulfur the formation of tetraphenylthiophene was
observed to occur at higher reaction temperatures.
Under milder conditions a complex was isolated for
which structure 1 was proposed! on the basis of degrada-
tion experiments (eq 1). The structure of 1 was con-

CeHs Cels
[T
60, Gl 8

+ 2CH;C=CCH; M

C.H;
Nin

120°
S
CH— Ny B CH,

C:H, ‘~-S/ \S«’ CeH,
1

(1) G. N. Schrauzer and V. P. Mayweg, J. Amer. Chem. Soc.,
84, 3221 (1962).

(2) W. Steinkopf and G. Kirchhoff, Ann. 403, 1 (1914); 403, 11
(1914).

firmed by X-ray analysis.!® Complex 1 was also ob-
tained from the combined reaction of sulfur with di-
phenylacetylene and metallic nickel (or Ni(CO),).1

In substantiation of the initial working hypothesis,
1 was found to react with alkynes to yield thiophene
derivatives. The reaction involves a 1,4 addition of the
alkyne to a C¢H;CsS; ligand in the complex, producing a
dithiadiene intermediate which cleaves off sulfur to
yield the thiophene. Due to the low yield of 1 ob-
tained, the new thiophene synthesis at this stage was of
course devoid of practical utility. Therefore, a more
convenient synthesis of 1 was sought.

In the reaction of benzoin with PsS;,* thiophosphates
of stilbenedithiol are formed which on treatment with
metal salts afford the desired complexes. The reaction
could be extended to acyloins and has become the most
widely applicable method of synthesis.

Shortly after the appearance of the first report on
“dithiobenzilnickel,” several complex salts derived
from maleonitriledithiol (MNT) were described.’

(3) D. 8artain and M. R. Truter, J, Chem. Soc., 4, 1264 (1967).

(4) G. N. Schrauzer, V. P, Mayweg, and W. Heinrich, Inorg.
Chem., 4, 1615 (1965).

(5) H. B. Gray, R. Williams, I. Bernal, and E. Billig, J. Amer.
Chem. Soc., 84, 4756 (1962).



