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From Little Acorns to Tall Oaks:
From Boranes Through Organoboranes

This Nobel lecture provides me with
an exceptional opportunity to trace my
research program in boranes from its in-
ception in 1936, as an investigation initi-
ated for my Ph.D. thesis, to the present
time, when this program has been recog-
nized by the award of the Nobel Prize for
1979 (shared with my good friend, Georg
Wittig).

In 1936 diborane, B,Hs, was a rare
substance, prepared in less than gram
quantities in only two laboratories, that
of Alfred Stock at Karlsruhe, Germany,
and that of H. I. Schlesinger at the Uni-
versity of Chicago. The existence of the
simplest hydrogen compound of boron,
not as BH3, but as B,Hg, was considered
to constitute a serious problem for the
electronic theory of G. N. Lewis (/). The
reactions of diborane were under study
at the University of Chicago by Schlesin-
ger and his research assistant, Anton B.
Burg, in the hope that a knowledge of the
chemistry would aid in resolving the
structural problem.

I received the Associate of Science de-
gree from Wright Junior College (Chi-
cago) in 1935 and the B.S. degree from
the University of Chicago in 1936. Why
did I decide to undertake my doctorate
research in the exotic field of boron
hydrides? As it happened, my girl friend,
Sarah Baylen, soon to become my wife,
presented me with a graduation gift, Al-
fred Stock’s book, The Hydrides of Bo-
ron and Silicon (1). I read this book and
became interested in the subject. How
did it happen that she selected this par-
ticular book? This was the time of the
Depression. None of us had much mon-
ey. It appears that she selected as her gift
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the most economical chemistry book
($2.06) available in the University of Chi-
cago bookstore. Such are the develop-
ments that can shape a career.

Shortly before I undertook research
on my doctorate, Schlesinger and Burg
had discovered that carbon monoxide re-
acts with diborane to produce a new sub-
stance, borane-carbonyl, H3;BCO (2).
There was considerable discussion as to
whether the product was a simple addi-
tion compound, or whether the reaction
had involved a migration of a hydride
unit from boron to carbon.

Ho 4 HH

H:Q:C:::O: . H:B:C::0:

H
It was thought that an understanding of
the reaction of diborane with aldehydes
and ketones might contribute to a resolu-
tion of this problem. Accordingly, I was
encouraged to undertake such a study.

Once I mastered the high-vacuum
techniques developed by Stock for work
with diborane, it did not take me long to
explore the reactions of diborane with al-
dehydes, ketones, esters, and acid chlo-
rides. It was established that simple alde-
hydes and ketones react rapidly with
diborane at 0°C (even at —78°C) to pro-
duce dialkoxyboranes

2 R,CO + 1/2(BHy), —
(R;CHO),BH (D
These dialkoxyboranes are rapidly hy-

drolyzed by water to give the corre-
sponding alcohols

(R:CHO),BH + 3 H,0 —
2 R,CHOH + H, + B(OH); (2)
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The reactions with methyl formate and
ethyl acetate were slower, but quan-
titative reductions were achieved. No
appreciable reaction was observed with
chloral, acetyl chloride, and carbonyl
chloride (3).

My Ph.D. thesis was completed in
1938 and the contents were published in
1939 (3). At the time the organic chemist
had available no really satisfactory meth-
od for reducing the carbonyl group of al-
dehydes and ketones under such mild
conditions. Yet little interest in this de-
velopment was evinced. Why?

In 1939 diborane was a very rare sub-
stance, prepared in only minor amounts
in two laboratories in the world, handled
only by very specialized techniques.
How could the synthetic organic chemist
consider using such a rare substance as a
reagent in his work?

It would be nice to report that one of
the three authors had the foresight to
recognize that the development of practi-
cal methods of preparing and handling
diborane would make this reductive pro-
cedure of major interest to organic chem-
ists throughout the world. But that was
not the case. The problem was later
solved, but primarily because of the re-
quirements of research supporting the
war effort, and not because of intelligent
foresight.

The Alkali Metal Hydride Route to

Diborane and Borohydrides

In 1939 Burg transferred to the Uni-
versity of Southern California and I be-
came research assistant to Schlesinger.
In the fall of 1940 he was requested to
undertake for the National Defense Re-
search Committee a search for new vola-
tile compounds of uranium of low molec-
ular weight. As his research assistant, I
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became his lieutenant in this war re-
search program.

Just prior to this development, alumi-
num borohydride «), Al(BH,);, beryl-
lium borohydride (5), Be(BH,),, and lith-
ium borohydride (6), LiBH,, had been
synthesized in our laboratories. The lith-
ium derivative was a typical nonvolatile,
saltlike compound, but the aluminum
and beryllium derivatives were volatile,
the most volatile compounds known for
these elements. Accordingly, we under-
took to synthesize the unknown urani-
um(IV) borohydride

UF, + 2 Al(BH,); - UBH,), T +
2 AIF(BH,) | 3)

The synthesis was successful (7).
Moreover, the product, UBH,),, had a
low molecular weight (298) and adequate
volatility. We were requested to supply
relatively large amounts of the material
for testing.

The bottleneck was diborane. We had
six diborane generators operated by six
young men. Each generator could pro-
duce 0.5 gram of diborane per 8-hour
working day—a total production, when
all went well, of 3 g per day, or 1 kilo-
gram per year. Clearly, we had to find a
more practical route to diborane.

We soon discovered that the reaction
of lithium hydride with boron trifluoride
in ethyl ether solution provided such a
route (8)

(8}

6 LiH + 8 BF,:0Et, -
(BHy), 1 + 6 LiBF, | 4

We could now prepare diborane in quan-
tity and transform it into uranium(IV)
borohydride by the simple reactions 5 (9)
and 6 (/0)

LiH + 1/2(BHy), —“SLiBH,  (5)
AICl, + 3 LiBH, -%-
Al(BH,); T + 3 LiCl | (6)
UF, + 2 AI(BH,); —

UBH,), 1 + 2 AlFy(BHy) | (3)

Unfortunately, we were informed that
lithium hydride was in very short supply
and could not be spared for this syn-
thesis. We would have to use sodium
hydride instead. But with the solvents
then available, the direct use of sodium
hydride was not successful. However, a
new compound, sodium trimethoxyboro-
hydride (/1), readily synthesized from
sodium hydride and methyl borate,
solved the problem

NaH + B(OCHj); — NaBH(OCHj),
)]
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Fig. 1. Sodium borohydride and lithium alumi-
num hydride as extremes in a possible spec-
trum of hydridic reducing agents.
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Fig. 2. Alteration of the reducing power of the
two extreme reagents, sodium borohydride
and lithium aluminum hydride.
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Fig. 3. Variation in reduction characteristics
with electrophilic and nucleophilic reagents.

It proved to be very active and provided
the desired transformations previously
achieved with lithium hydride (reactions
410 6).

At this stage we were informed that
the problems of handling uranium hexa-
fluoride had been overcome and there
was no longer any need for uranium bo-
rohydride. We were on the point of dis-
banding our group when the Army Signal
Corps informed us that the new chem-
ical, sodium borohydride, appeared
promising for the field generation of hy-
drogen. However, a more economical
means of manufacturing the chemical
was required. Would we undertake a re-
search program with this objective?

We soon discovered that the addition
of methyl borate to sodium hydride
maintained at 250°C provided a mixture
of sodium borohydride and sodium
methoxide (/2)

4 NaH + B(OCH,); 2°¢
NaBH, + 3 NaOCH; ®)

This provides the basis for the present
industrial process for the manufacture of
sodium borohydride.

Reductions with Complex Hydrides

In the course of search for a solvent to
separate the two reaction products, ace-
tone was tested. Rapid reduction of the
acetone was observed (9)

NaBH, +4 R,C=0—NaB(OCHR,), (9)
VH0
NaB(OH), + 4 R,CHOH

In this way it was discovered that so-
dium borohydride is a valuable reagent
for the hydrogenation of organic mole-
cules.

At this stage I departed the University
of Chicago for Wayne University (De-
troit). With the much smaller opportuni-
ties for research at this institution, I
concentrated on my program dealing
with steric strains (I3, 14).

At the University of Chicago the alkali
metal hydride route was successfully ex-
tended for the synthesis of the corre-
sponding aluminum derivatives. Thus
lithium aluminum hydride was synthe-
sized in 1945 by the reaction of lithium
hydride and aluminum chloride in ether
solution (/5)

. EtO
4 LiH + AICl; =

LiAlH, + 3 LiCl (10)

The discovery of sodium borohydride
9) in 1942 and of lithium aluminum hy-

SCIENCE, VOL. 210



dride (/5) in 1945 brought about a revolu-
tionary change in procedures for the re-
duction of functional groups in organic
molecules (/6). As first described by W.
G. Brown and his co-workers, there is a
major difference in the behavior of these
two reducing agents (/6). Lithium alumi-
num hydride is an exceedingly powerful
reducing agent, capable of reducing
practically all functional groups. On the
other hand, sodium borohydride is a re-
markably mild reducing agent, readily
reducing only aldehydes, ketones, and
acid chlorides (/6). Consequently, we
had available two reagents which exhib-
ited extremes in their reducing capabili-
ties (Fig. 1).

In 1947 I came to Purdue University
with the opportunity for markedly ex-
panding my research program. I decided
to explore means of increasing the reduc-
ing properties of sodium borohydride
and of decreasing the reducing proper-
ties of lithium aluminum hydride. In this
way the organic chemist would have at
his disposal a full spectrum of reducing
agents—he could select that reagent
which would be most favorable for the
particular reduction required in a given
situation.

We quickly established that changes in
the metal ion from sodium to lithium, to
magnesium, and to aluminum greatly in-
crease the reducing power of the borohy-
dride moiety (/7)

NaBH, < LiBH, < Mg(BH,), < AI(BH,),
increasing reducing power

(11)

On the other hand, the reducing power of
lithium aluminum hydride could be di-
minished by the introduction of alkoxy
substituents (/8, 19)

LiAIH(Oz-Bu); < LiAIH(OMe); < LiAlH,
decreasing reducing power

(12)

Indeed, it has proven possible to en-
hance the reducing power of a borohy-
dride (LiEt;BH) (20) until it exceeds that
of lithium aluminum hydride and to
diminish the reducing power [K(i-
PrO);BH] (21) so that it is even less than
that of the parent borohydride (Fig. 2).

Finally, we discovered major dif-
ferences between reduction by elec-
trophilic reagents, such as diborane (22)
and aluminum hydride (23), and by nu-
cleophilic reagents, such as sodium bo-
rohydride (/6) and lithium aluminum
hydride (/6) (Fig. 3). It is often possible
now to reduce group A in the presence of
B, or group B in the presence of A, by a
careful choice of reagents. This is nicely
illustrated by the synthesis of both (R)-
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Fig. 4. Synthesis of both (R)- and (S)-mevalonolactone by selective reduction of a common

precursor.

and (S)-mevalonolactone from a com-
mon precursor (24, 25) (Fig. 4).

It should be pointed out that these
studies were greatly facilitated by many
exceptional co-workers, among whom I
would like to mention especially Nung
Min Yoon and S. Krishnamurthy.

Hydroboration

In the course of these studies of selec-
tive reductions, a minor anomaly result-
ed in the discovery of hydroboration. My
co-worker, B. C. Subba Rao, was exam-
ining the reducing characteristics of so-
dium borohydride in diglyme catalyzed
by aluminum chloride (/7). He observed
that the reduction of ethyl oleate under
our standard conditions, 4 moles of hy-
dride per mole of compound, 1 hour at
25°C, took up 2.37 equivalents of hydride
per mole of ester. This contrasted with a
value of 2.00 for ethyl stearate. Investi-
gation soon established that the reagent
was adding an H — B bond to the car-
bon-carbon double bond to form the cor-
responding organoborane (26).

Exploration of this reaction soon es-
tablished improved procedures for car-
rying it out. Of special value was the dis-
covery that the addition of diborane to
alkenes was markedly catalyzed by
ethers (27). In the presence of such
ethers, the reaction is practically instan-
taneous and quantitative

|

| % s
C:(IZ + H-B H—-C—-C-B

| N AN
NGE)
(My parents were farseeing in giving me
the initials H.C.B.)

Subba Rao established that oxidation
of such organoboranes, in situ, with al-
kaline hydrogen peroxide, proceeds
quantitatively, producing alcohols with
the precise structure of the organobo-
rane (26, 27)

H202 (|: |
~40° Pl

(14)

At this stage in the development, Sub-
ba Rao returned to India after spending
5 years with me. Fortunately, an equally
competent and productive co-worker,
George Zweifel, soon joined my group.
Although he had been trained at the
E.T.H. (Swiss Federal Institute of Tech-
nology) in Zurich as a carbohydrate
chemist, he expressed a deep interest in
the possibilities of the hydroboration re-
action and progress was extraordinarily
rapid (28).

It was soon established that the addi-
tion proceeds in an anti-Markovnikov
manner

o s o
CH3CH,C=CH, B—B—CH:;CHZ(')CHZBi + CH3CHCCH3
H /B\
99% 1%
(15)

The reaction involves a cis-addition of
the H — B — bond

wBZ wOH
O e s

pure trans

(16)

The addition takes place preferentially
from the less hindered side of the double
bond

;bﬂ'—;ba: +;b

99.6% 0.4%

an

No rearrangements of the carbon
skeleton have been observed, even in
molecules as labile as a-pinene.

. .

(18)

Most functional groups can tolerate
hydroboration

N\,
CH,=CHCH,C0,R HBe “B_CH,CH,CH,COLR
(19
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Fig. 5. Synthesis of partially alkylated boranes.

Now the organic chemist can conve-
niently synthesize reactive intermediates
containing functional groups and utilize
those intermediates to form products
with new carbon-carbon bonds.

Standardized procedures for hydro-
boration have been developed and are
fully described, as well as the utilization
of the organoborane products for organic
syntheses (29). (To conserve space, ref-
erences will be given only to develop-
ments which have appeared since the
publication of this book.)

New Hydroborating Agents

The hydroboration of simple olefins
generally proceeds directly to the forma-
tion of the trialkylborane (28, 29)

ot
3 CH3C=CH, + BHz THF_ [(CH3),CHCH,]3B
(20)

However, in a number of instances it has
been possible to control the hydro-
boration to achieve the synthesis of
monoalkylboranes, dialkylboranes, and
cyclic and bicyclic boranes (Fig. 5).
Many of these reagents, such as thexyl-
borane (30), disiamylborane (3/), dipi-
nylborane (32), and 9-borabicyclo-
[3.3.1]nonane (33), have proven to be
valuable in overcoming problems en-
countered with the use of diborane itself.

In a number of cases, hydroboration
with heterosubstituted boranes has also
proven valuable. Research in this area
was greatly facilitated by exceptional
contributions from S. K. Gupta, N. Ra-
vindran, and S. U. Kulkarni. For ex-
ample, catecholborane (34) and the chlo-
roborane etherates (35) (Fig. 6) permit
the synthesis of boronic and borinic acid
esters, as well as the synthesis of the
simple mono- and dialkylchloroboranes,
RBCl, and R,BCl. The corresponding
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haloborane-dimethyl sulfides are stabler
and easier to work with (36) (Fig. 7).

These reagents often exhibit marked
advantages in hydroboration over dibo-
rane itself. For example, disiamylborane
yields far less of the minor isomer in the
hydroboration of terminal olefins than
does diborane

CH3(CH2)3CH=CH2 CH3(CH,)3CH=CH,

'

| |

1% 99%
(21

BH3 6% 94% SiayBH

Disiamylborane also favors addition of
the boron atom to the less substituted
position of a 1,2-dialkylethylene

(CHalpCH_ OH3

7/ N\ z

H H H H

(CH3),CH  CHjy
\C_C/

|
BH3 43% 57% SiapBH3% 97 %

22

9-BBN exhibits an even greater selec-
tivity

(CH3)2CH  CH3
CH3(CH2)3CH=CH» /C:C\
H H

9-BBN 0.1% 99.9% 9-BBN 0.2% 99.8%
2

The use of optically active a-pinene
yields dipinylborane, IPC,BH, an asym-
metric hydroborating agent. It achieves
asymmetric syntheses with remarkable
efficiency (32)

"
H3C CH
Me=¢” P IPCoBH +)2B—CH
i —_— - |
H H CIHz
CH3
i
[0] GHOH
o
CH3
98.4%
optically pure
(24)

The Versatile Organoboranes

At the time we were exploring the hy-
droboration reaction, many individuals
expressed skepticism to me about the
wisdom of devoting so much research ef-
fort to this reaction. After all, hydro-
boration produced organoboranes. Rela-
tively little new chemistry of organ-
oboranes had appeared since the original
classic publication by Frankland in 1862
(37). They took the position that the lack
of published material in this area meant
that there was little of value there.

In this case it is now clear that this po-
sition is not correct. After our explora-
tion of the hydroboration reaction had
proceeded to the place where we felt we
understood the reaction and could apply
it with confidence to new situations, we
began a systematic exploration of the
chemistry of organoboranes. This re-
search, facilitated by a host of ex-
ceptionally capable co-workers, among
whom may be mentioned M. M. Rogi¢,
M. M. Midland, C. F. Lane, A. B. Levy,
R. C. Larock, and Y. Yamamoto, made
it clear that the organoboranes are
among the most versatile chemical inter-
mediates available to the chemist.

It is not possible here to give more
than a taste of the rich chemistry. For a
more complete treatment, the reader
must go elsewhere (29, 38).

Simple treatment of the organoborane
with halogen in the presence of a suitable
base produces the desired organic halide

(39, 40)
CH=CH, CH2CH2BSia2

SiapBH

———

CHaCHop!

NaOH NG
(25)

Bry
—_—
NaOCH3

Br
(26)
Oxidation with alkaline hydrogen per-

oxide produces the alcohol in essentially
quantitative yield with complete reten-

tion of configuration (4/)
Cb\\\OH

7
é HB G“‘B\ H202
NaOH
pure trans

(¢2))
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X
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Catecholborane Dichloroborane Monochloroborane
etherate etherate

Fig. 6. Synthesis of heterosubstituted bo-
ranes.

Either chloroamine or O-hydroxyl-
aminesulfonic acid can be used to con-
vert organoboranes to the corresponding
amines (42)

HB H,NOSO3H
| B ; g
‘ wB_

pure trans

(28)

The reaction of organoboranes with

organic azides proceeds sluggishly with

the more hindered organoboranes. For-

tunately, this difficulty can be circum-

vented with the new hydroborating
agents (43)

é HBClp

‘“NHQ

\\\BCIQ

H
\\\N\R

29
Other organometallics can be synthe-
sized from the organoboranes (44)

1. RN3
2. Hy0

e
CH=CH CHpCHB
2 HB 2 h
(CH2)gCO%R (CH2)gCO2R
CHchzHgOAC

Hg(0Ac)2
————nea
(CH2)gCO2R

The organoboranes can also be uti-
lized to form carbon-carbon bonds (29).
One procedure utilizes transmetallation
to the silver derivative, followed by the
usual coupling reaction of such deriva-
tives (45)

CH3\ CH3

—_ AN Ps
_C=CHy JCHCH,—B
CH3 CH3

HB
+ —— +
CH=CHa CH2CH,B T
(CH2)gCO2R (CH2)gCO2R
_CH
AgNO 5 CH2CH2CH2CHCH
NaOCH3  (CH,)gCO2R 31
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Cyclopropanes are readily synthesized
“6)
CHaCHCH=CH,
c1 c1

9-BBN
—

?H2$HCH2(I§H2
Cl C1 B

©
01ch—q

(32

It is possible to achieve the a-alkyla-
tion and -arylation of esters, ketones,

nitriles, and so on ¢7)
é\“Cchozn

O e

NaOH
T

CH2BrCOEt
base, 0° .

(33

@ C5H 5COCH2Br

base 0°

CH2COCgH5

o
H3C 34

a-Bromination provides still another
route to achieve the synthesis of desired
carbon structures (48)

)29c1
OH

PO

%%e(on)z %

(35)

By means of this reaction, it is pos-
sible to combine three sec-butyl groups
“9)

CH3CH2CHCH3
Brp,hv
sec-BuzB —E—O__> CH30H2CCH3
2
CH3CH20CH3
|
B(OH);
CH3CH2CHCH3
[o]
—_— CH3CH20CH3
CH3CH2CCH3
OH (36)

Finally, it is possible to utilize this re-
action to synthesize derivatives not real-
izable through the Grignard reaction (50)

o S He

CH CH2

CH2C02R (CH2)3C02R Brp,hv
H20
HO, CH»)3CO2R
oH (CH2)3C02
B (CH2)3c0oR [0
é (37

Stitching and Riveting

The hydroboration reaction allows the
chemist to unite to boron under ex-
ceptionally mild conditions either three
different olefins (reaction 38), or to cy-
clize dienes (reaction 39) or trienes (reac-
tion 40)

CHs
(CH3CH,CH—)3B
(38)

o0t

.

BH3
—_——

3 CH3CH=CHCH3

(39)
LY = &
(40)

Thus, hydroboration allows us to use bo-
rane and its derivatives to ‘‘stitch’ to-
gether with boron either the segments of
individual molecules or the segments of a
relatively open complex structure.

If we could replace boron by carbon,
we would be in position to ‘‘rivet’’ these
temporary structures into the desired
carbon structure. In fact, there are now
three different procedures which can be
used in this way: carbonylation (5/), cy-
anidation (52), and the DCME reaction
(53) reactions 41, 42, and 43, respective-

&

1 Co,A
2. [O]
41
. KCN
2. (CF3C0),0
3 [o] OI
42)
H
B
BH3 ROH
A
o 0
B
1. CHC1,0CH3
2. LiIOC(C2H5)3
3. [0]
43)

Consequently, stitching and riveting
provides an elegant new procedure for
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the synthesis of complex structures. Its
versatility is indicated by the synthesis
of an exceptionally hindered tertiary al-
cohol, reaction 44 (54), and by the anne-
lation reaction (55) (Fig. 8).

W O O
H ey

)
s

(44

Again, these studies were greatly facil-
itated by a number of exceptional co-
workers, among whom may be men-
tioned M. W. Rathke, Ei-ichi Negishi,J.-
J. Katz, and B. A. Carlson.

Cl3B:SMey Br3B:SMej Iy
+ + +
2 H3BZSM€2 2 H3BISM92 2 H3BISM€2

4 % %

3 H2BCl:SMe) 3 HyBBr:SMey H2Bl:SMe)

Fig. 7. Synthesis of heterosubstituted bo-
ranes.
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Hydroboration of Acetylenes

Early attempts to hydroborate acety-
lenes with diborane led to complex mix-
tures (28). Fortunately, the problem can
be solved by use of borane derivatives
32, 33)

CH3(CH3)3C=CH

BH
CH3CHRCZCCHoCHy -

CH3CH /CHQCH3

2

\
c=C
/ \

H

B-
@ (46)

Dibromoborane-dimethyl sulfide (56)
appears to be especially valuable for
such hydroboration of acetylenes (57).
The reaction readily stops at the mono-
hydroboration step and it exhibits a valu-
able sensitivity to steric effects (56)

CHs
CH3 H3C—CH  CHj
\ _ \ /
/CH-—C:C~CH3 — /C:C\
CH3 H BBry:SMe,
96% 47)

oy
o
A

OO

Fig. 8. General annela-
tion reaction through
hydroboration - carbon-
ylation.

CH3(CHy); H’/\jzo
\ (0]
c=C
/ \
H H

Japanese beetle .
P Fig. 9. Representa-

tive insect phero-

H\ E‘{ mones.
CH3CH /c::c; CH3(CHz)3 W H H
£, (CHa)sCHO £ e
H H H (CH2)2 (CH2)eOAC

Navel orangeworm
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Pink bollworm moth

The different reagents exhibit very dif-
ferent selectivities toward double and
triple bonds (56, 57). Thus it is now pos-
sible to achieve the preferential hydro-
boration in an appropriate enyne of the
double bond in the presence of the triple
bond (58), or to hydroborate the triple
bond selectively in the presence of the
double bond (57), reactions 48 and 49, re-
spectively

RC=C(CH2)nCH=CH3

«

== RCZC(CHz)nCHzCHy

©

(43)
R (CH2)hCH=CH
A 7
S C:C\
HBBr,*SMe; H/ BBrp-SMe;
(49)

Vinyl Boranes

The monohydroboration of acetylenes
makes the vinyl boranes readily avail-
able. These reveal an exceptionally rich
chemistry. For example, protonolysis
proceeds readily and provides an ex-
cellent synthesis of cis-alkenes of high
purity (59)

R-C=C-R ———= Cc=C
/ \
H /BZ
CH30H R\ 5
—_— /c:c\
H H (50)

Oxidation produces the aldehyde or
ketone (57)

HBBry+SMe,
(CH3)3CCECH  ——
(CH3)3¢  H
\ / [¢)
=c/ [0]
H BBY2'SM82
(CH3)3CCH2CHO

&3]

The halogenation can be controlled to
yield the halide either with retention (60)
or inversion (6/)

R H
R\ /H Hp0 N/
C= — C=C
/ \ / \
H /B‘O H B(OH)2
[0]
R H
1,,NaOH \ /
-t - c=C
/ \
H |
(52)

SCIENCE, VOL. 210



R H
\C_ / 1. Brp \C_C/Br
7T 2. NaOH VRN
/
(53)

Mercuration readily yields the corre-
sponding mercurial with complete reten-
tion of stereochemistry (62)

R H R
o Hg(OAc), \ C/H
— —_— —
‘s THF,0° Hf \ o
/=0 g0Ac

(54

Pappo and Collins (63) adopted this ap-
proach in their synthesis of prostaglandins.

The ready conversion of these vinyl
boranes into organomercurials suggested
an exploration of their conversion into
the organocopper intermediates. The re-
search in this area was greatly facilitated
by J. B. Campbell, Jr. Indeed, treatment
of the 9-BBN adduct with sodium meth-
oxide and the CuBr-SMe, complex at
0°C gave the diene with complete reten-
tion of stereochemistry (64)

(CH3)3C\C c/H 1. NaOCH3
— _— -
/ 0\ 2. CuBr-SMe,
H BZ
(CH3)3C  H
R c=C H
/ \ /
H c=C
/ \
H  C(CH3)3

Presumably the diene arises from a ther-
mal decomposition of the vinyl copper
intermediate.

At —15°C the intermediate is suffi-
ciently stable to be diverted along anoth-
er reaction path by reaction with rela-
tively reactive organic halides (65)

AcO(CH H

e Z)Z\C ¢ 1. NaOCHg [ 7
— —

A 2. CuBr-SMe ;

H B(CHex)2 2 -

—15°

AcO(CH2)2 H

=C

/ 0\

H  CHyCH=CHy
(56)

AV

o

This gentle procedure for synthesizing
vinyl copper intermediates can accom-
modate such functional groups as the
acetoxy group utilized in the example
shown.

Our research efforts in this area were
greatly facilitated by exceptional contri-
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butions by a number of co-workers, in-
cluding James B. Campbell, Jr., and
Gary Molander. :

Although time does not permit a de-
tailed review here, attention is called to
the elegant procedures developed by my
former co-workers, George Zweifel and
Ei-ichi Negishi, and their associates, for
the synthesis of cis- and trans-olefins,
and the synthesis of cis,cis-, cis,trans-,
and trans,trans-dienes (66).

Pheromones

Pheromones offer a promising new
means for controlling insect populations
without the problems of some of the ear-
lier methods (67). The pheromones are
chemicals of relatively simple structure
emitted by insects as a means of commu-
nicating with other members of the same
species. Typical examples are shown in
Fig. 9.

Even though the structures are rela-
tively simple, they must be very pure so
that procedures utilized for their syn-
thesis possess unusually severe require-
ments for high regio- and stereo-
specificity. It appeared that synthetic
procedures based on organoborane
chemistry should be especially favorable
for this objective. Accordingly, we have
undertaken a new program directed
toward developing simple syntheses of
such pheromones based upon organo-
borane chemistry. This research pro-
gram has been greatly facilitated by G.
A. Molander and K. K. Wang.

One example, the synthesis of the
looper moth sex pheromone, will be pre-
sented (68).

Hydroboration of 6-acetoxy-1-hexene
yields the corresponding organoborane

BH

—_—

3 ACOCH(CH3)3CH=CHy

(AcOCH2(CH2)3CH2CH2)3B
(57)

Reaction with the lithium acetylide from
1-hexyne gives the ate complex

[(AcOCH2(CH2)3CH2CH,)3BC=C(CH2)3CH3 ] L
(58)

Treatment of the ate complex with iodine
at —78°C provides the acetylene (69)

AcO(CH2)gC=C(CH2)3CH3 (59)

Hydroboration with 9-BBN, followed by
protonolysis with methanol, gives the
desired product in an isolated yield of 75
percent, exhibiting a purity of > 98 per-
cent

AcO(CH2)g CH2)3CH3

(

/
H/c..c\H (60)
It should be noted that the entire syn-
thetic procedure can be carried out in a
single flask without isolation of any ma-
terial until the final product.

Conclusion

In this Nobel lecture I elected to dis-
cuss the results of a research program
over the past 43 years on the chemistry
of borane and its derivatives. This was a
deliberate choice. I felt that in this way I
could transmit a valuable message to my
younger colleagues.

In 1938, when I received my Ph.D. de-
gree, I felt that organic chemistry was a
relatively mature science, with essen-
tially all of the important reactions and
structures known. There appeared to be
little new to be done except the working
out of reaction mechanisms and the im-
provement of reaction products. I now
recognize that I was wrong. I have seen
major new reactions discovered. Numer-
ous new reagents are available to us.
Many new structures are known to us.
We have at hand many valuable new
techniques.

I know that many of the students of
today feel the same way that I did in
1938. But I see no reason for believing
that the next 40 years will not be as fruit-
ful as in the past.

In my book, Hydroboration (28), 1
quoted the poet: ‘‘Tall oaks from little
acorns grow’’ (70). But in this lecture I
have started further back, to a time when
the acorn was a mere grain of pollen. I
have shown how that grain of pollen de-
veloped first into an acorn. Then the
acorn became an oak. The oak tree be-
came a forest. Now we are beginning to
see the outlines of a continent.

We have been moving rapidly over
that continent, scouting out the major
mountain ranges, river valleys, lakes,
and coasts. But it is evident that we have
only scratched the surface. It will require
another generation of chemists to settle
that continent and to utilize it for the
good of mankind.

But is there any reason to believe that
this is the last continent of its kind?
Surely not. It is entirely possible that all
around us lie similar continents awaiting
discovery by enthusiastic, optimistic ex-
plorers. I hope that one result of this lec-
ture will be to inspire young chemists to
search for such new continents. Good
luck.
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quite so obvious that the neural basis of a
behavior like locomotion might be similar
in animals as different as a cockroach
and a cat. Yet there is no intrinsic reason
why general principles of integration un-
derlying simple behaviors should not ex-
ist.

Evidence presented over the last two
decades overwhelmingly supports one
such general principle: that the central
nervous system does not require feed-
back from sense organs in order to gen-
erate properly sequenced, rhythmic
movement during repetitive behaviors
such as locomotion. Recognition of this
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controversy nearly three-quarters of a
century old, a resolution brought about
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in part by the recognition that the com-
peting hypotheses underlying the con-
troversy are not mutually exclusive.

The Concept of Central Control

Rhythmic behaviors are those in
which all or part of an animal’s body
moves in a cyclic, repetitive way; ex-
amples are walking, swimming, scratch-
ing, and breathing. Historically, there
have been two main hypotheses about
the neural mechanisms underlying such
simple behaviors. These hypotheses
were intended to explain the observation
that contractions of the muscles that pro-
duce the behavior always occur in a
rhythmic and predictable pattern, such
as the alternation of extensor and flexor
muscles in a limb during walking or the
serial activation of body wall muscles
during undulatory swimming.

The first hypothesis, peripheral con-
trol, holds that these rhythmic patterns
are achieved through the use of sensory
feedback from the moving parts of the
body. One phase of the cycle of move-
ment is thought to provide the sensory
cues necessary for the proper timing of
the next phase, so that loss of the normal
sensory feedback disrupts the behavior.
. The second hypothesis, central con-
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