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INTRODUCTION

I"lu’ liyilrolionitioii ofdli‘iitis, difiu's, nncl aiu'tyUMic.s inv<ilv(‘s tliriul«U tinn

of a boroii-liydrogfu boiul to the carl)Oti-(*arl)Qii innltipu> This
I / T |
C=C +H—H —Il C—U-H
11 11\

-~ -
~

b\

1 Brown and Subba Uao, J. Am. Ckem. Soc., 78, 5094 (1950); 81, 6423. 6428 (1959);
J. Org. Ckem., 22. 1136 (1957).
* Brown and *jwoifel,J. .4m. Chem. Soc., 81. 1312 (19.>9); 83, 3834 (1961).



reaction proviclos n new convonient route to the corresponding organo*
boranes and makes tluMn readily nvaiial)le as interniediates in organic
synthesis. (n«* of the itnportant reac”tionM which the orgfiin>horaneH
inidergo is the rapid and essentially (juantitative oxidation with alkalinu
hy<lrogen p»*ro.\ide.

| 1
H- (—(+ v , H202-——— »H -C'—C-OH I-HOU
I\ 11 \
o | /
H-C=t -1i 4 H202—E-pH—( - (+=() + HOU
1\ 11

The hydroboration of olefins involves a cis addition of the boron-
hydrogcn bond, the boron atom becoming attached to the less substituted
of the two olefinic carbon atoms of the double bond. Furthermore the
oxidation occurs with retention of configuration, placing the hydroxyl
group at the jirecise position occuj)ied by the boron atom iu the initial
organoboranc. 1Joth the hydroboration and the oxidation reactions
appj-ar to be free of tin> carbon Kk<*I(ton n'arrangements that occasionally
acc«)n)pany other h3'dralion pro<i'dnn*s. As a result, hydroboration
followed by oxi<lation with alkaline hydrogen peroxide has become an
important new synthetic method for the anti-MarkownikolF, cis hydration
of double bonds.

I'his chaj>ter stirveys the available information on the hydration of
ojcfins. dienes. acetylenes, and their derivativ€*s by the hydroboration*
oxidation procedure.*

Early observations on the reactiolt of diborane with olefins indicated
that the reaction recjuired elevated temi>eratures and long reaction jK*riods®
and did not provide a convenient route to organoboranes. Later it was
observetl that anhydrous ahnninum chloride enhanced the reducing power
of sodium horohydride to the p(»int where the reageiitat rooiu t(‘Hiperature
readily reduced Hul>stanees siu-h as nili‘iles and 4stei's, groups ulnch iir(?
normally resistant to sodium IH)rohy<iride itself.” IOven more utu*xpectetl
was the observation that olelins reacted with the reagent, utilizing one
B-H etjuivalent J>er molecule of olefiis an«l f(»rming an organoborane.*

f .-tNaHIlj } AICI3 rniiCHacCllalaU + AIH3 + :JXacCl

¢« Anothor Mirvry is I<» h- r<imnl in nn nrlirir liy Urnwn. Trirnhriiron, 12, 117 (IfiOl), and

A (IfInili'il In*ntmciit <if Uio liy'Ir<ili<iriitioii r<-iii'lion iltx| iif Hm Hvnlin-lic' n)ililirfilioiiH <if tho
ork'ntiriliiirtiiK'M in iii >y Hriiwii, Nifilniluinilioti, W. A. Jii-tijiiiiiiii, Ni-w York. MMI2.
e lltinl, J. Am. Chrni. iSoc., 70, UOX.! (HUH); Ntoiio niul Kriit'-Iftin, J. i'hrm . 19S0,

3755; Whutloy nnd I'casc,J. Am. Chtm. Soc., 78, 835 (1054); >Stoius and (iraham, Chem. d'
Ind. iljondon), 1955,1881.
e Hrown and Sublm J<ao../. .Im. Chcm. Sor., 78, 2582 (ll.Ofl); 81, 0423 (10.'JO).



This discovery led to the search for alternative procedures for hjdro-
boration. It was found that hydroboration could readily be achieved by
treating an olefin with sodium borohydride and boron trifiuoride in an
appropriate solvent.

URCH=CH2+ 3NaliH4 + 4BF3:()(Cjn5)2 —
4{11CI12Cil2)3U + f 4{C’jH5)20

It was also discovered that, contrary to the impression given by the
earlier reports, diborane itselfadds rapidly and quantitatively to olefins in

ether solvents® qrcH=CH” + BgHa —2(RCHjCH:}l

The reaction appears to be as general as the addition of hydrogen or
bromine to multiple carbon-carbon bonds.

Johnson and Van Campen had noted that alkaline hydrogen peroxide
effected a complete dealkylation of tri-n-biitylborane and related organo-
boranes to form alcohols and boric acid® A detailed sttidy of this re-
action revealed that the oxidation is essentially quantitative at 25°, that
the solvents utilized for the hydroboration do not interfere with the
oxidation and hence the reaction can be performed without isolating the
organoborane, and that the reaction is of very wide generality.®

The subject matter of this chapter is limited to hydroboration-oxidation
as a specific combination for the hydration of multiple carbon-carbon
bonds under mild conditions. It may be noted, however, that organo-
boranes undergo protonolysis in the presence of carboxylic acids, pro-
viding a non-catalytic means of hydrogenating multiple carbon-carbon
bonds.” Organoboranes also undergo coupling on treatment with alkaline
silver nitrate, and tliis reaction provides a new synthesis for carbon-
carbon bonds.®

HYDROBORATION OF OLEFINS

As a result of the developments outlined above, two convenient pro-
cedures are available for the liydroborationofolc*(in.s under tuil<Iconditions:
(1) treatment of a mixture of tlic unsaturated compound and an alkali
metal borohydride in a suitable solvent with boron trifiuoride etherate
(or other acid), and (2) external generation of diborane followed by its
teactioi; with tiie unsaturated compound in an appropriate solvent. Each
of these procedures possesses advantages that will lead to its selection for
specific reactions. Botii procedures are described in the section on
Experimental Procedures.

* Johnflon and Van J. Am. Chem. Soe., 60, 121 (10.18).

*1(. C. Brown, C. U. S«»y«lor, B. C. Subba Uoo, niui tl. X.wciffl, to I>0 piibliahoi).

" Brown and Murray, J. -4m. Chem. Soc., 81, 4108 (1959).

* Brown, Hubert, and Snyder, J. Am. Chem. Soe., 83, 100l (19*0: Brown and Snyder,
»5td., 83, 1001 (1961); Brown, Vorbrugge, and Snyder, ibid., 83, 1002 (1961).



Scope and Stoichiometry

TJie hydroboration roaction has been api)lied to a large number of
olefins of widely different structures. In ])raetically all cases the reaction
jrocec*<IH Hinijily ami raj»idly. Only th(< nioHt liimlercd oielinH exhibit any
resistance to addition. s iin])lu olctins coniinonly utilize all the hydrogen
atoms of diborane and form the trialkylborane.

CH, CH,
CH, CH,
C + BH, B
H H

However, trisubstituted olefins, such as 2'methyl-2-butene and 1-methyl-
cyelohexene, utilize only two of the three hydrogen atoms of the borane
group forming a dialkylborane.

CH, CH,
I +BH BH
(CH 3jc=CH (CHYXHCH—.
Further reaction to form a trialkylborane is very slow at room temi)eraturo.
Finally, tetrasubstituted olefins, such as tetramethylethylene, react
rapi<lly to utilize only one hydrogen atom of the boranc group and form
the monoalkylbornne.

CH, CH,
(CH31sC=-C f BH3 — (CHjjjCHCBH]
CH, CH,

Up to the present time only two olefins, the steroids 1 and 2 (Refs. 9
and 10, rt'si)ectively), have been reported not to imdergo hydroboration.

« Wechtor, CAem. ct Ind. lI"ndon). 1959, 294.
Nuuim &nd SoDclheimer, Chem. d: Ind. (i/ondon), 1960, 400.



On the other hand, the analogous compounds witli the AjB-tniits junction
do undergo hydroboration.

The stoichiometry of the Ix’droboration reaction for a number of
representative olefins is summarized in Table I.

TABLE |
St OICHIOMETBV of H vDROBOKATIOX of IKEFUKSKNTATIVE Olefins™™

Acyclic Olefins Cyclic Olefins
20~

(a) 3 Olefin + BH3—  Trialkylborano, R3B
2-Moth)I-I-butcne Cyclopcntono
3-Motliyl-l-butcno ('yclobext'lia
I'Hcxoiic Cyoloheptouc
2-Hcxene Xorborneno
3-Hcxone A-Pinonc

4-Mctbyl-2-peiit('nc
3,3-1)iiii«thyi-1-butcnc
2,4,4-Trimcthyl-l-pcntene
Styrene

a-Jlethylstyreno
1-Tetrttdeccno

) L .
ib) 2 Olefin + BH3 Biulkylbomno, UjBH
2-Mot}iyl-2-butene 1-Motliylcyolopcuteno
4.4-Dimethyl-2-penteno 1-Mctbylcyclobexoiio
2.4.4-Trimethyl*2-i)entono a-1’incno
_ -0 _
© 1 Olefin + BHj Monoalkylborane, KBHj
2,3-Dimethyl-2-butene 1,2'DimethylcycloiX‘ntcne
2,2,5,5-Tetramothyi- 1,2-Dimi*tbylcyclobexpne

3-1h'xoiu"™*®

Directive Effects™

The oxidation of an organoboraiie to an alcohol by alkaline hydrogen
peroxide is essentially quantitative and proceeds without rearrangement.
Consequently, the structure of tlie alcohol formed serves to locate the
position of the boron atom in the organoborane.

Terminal olejins, RCil=CIL, give pred<»minantly ad<litiot» of the boron
atom to the terminal carbon atom (93-94%). Thus hydroboration of
i -liexene yields an organoborane which, upon oxidation with alkaline
hydrogen peroxide, isconverted to a mixture composetl of 94®" I-hexanol
and 0% 2-hexanol. Similar re.sults are observed with 1-butene, 1-pentene,

" Brown and Zweifol. .Jm. Chem. Soc.. 83. 2'544 (P)6l).

*» Lopan and Flautt,J. 4Am. Chem. Sor., 82. 344« (IflBD).
«* Brown aiul Zwcifcl, J. .-Im. Chetn. Hoc., 82, 4708 (IUOCO).



HVDIt.VnON VrA 1IYDKOHOIIATION' 7

and i'st«I»lisliing the jjrodmninantly «Hf/-Mnrk«\vnikoir direction
of addition.* Brant'hinjj of the alkyl eliain as in [{-nietliyl-l-bntcne,
3.3-dinu'tliyl-I-I)utcne. and 4,4-dinu‘thyl-l1-pentene makes n(» essential
diJVerence in the direc tion of ad<lition.

1'he j>resi-nee of an jdkyl snhstitncnt in the 2 position increases the
directive effe<t. 'I'lie horon atom adds to the terniinal! positioji of olefins
such as 2-nicthyl-1-)\Jtene to the extent of

TAIILK I

NIHI:CTIVK [10kKKC'TS in THK IIVUKOIJOKATION OF
'I’'KIIMtNAI, O j.KKINS AT 20°'

Olefin Aleohol Distrilmtion,”* %
I-ol 2-ol
1-Hutene 7
1-Pi*ntene 94 @i
2-M<*tliy|.l.bn<c«iu* 1
t-Metbyl-l-butcne 94 0
1-Hexene »4 0
3,3*Diinet]»yl-lI-buti*nn 94 u
4.431)iiiHthyl-1 9{ 7
Styrrne Kl) 20
;>-(.'blorosfy rene >
2,4.4-Triuief.liyl-1-pi‘iiti'ne 99 1
a-.M<*thylsly rt-no 10U I'race
;>-.Mftby]Ktyn-iii' IK
y>-M«‘thcixystyrene 91 9
AUylbenzeno 90 10

®Tlic yiekls by gjis-ligni(! partition cliromatography wcro 90 10%.

‘I'ne addition to styn-iu* is less s<k‘c-t-ive; M()% of tlu! I>oron heeonjes
attached to the terminal jKisition and 20% to the st'condary carbon atom.
Moreover, the direction of addition is strongly niodiliod by snbstitucnt.s in
the Intra position of the aromatic nucleus.

The results are sinnnuirized in Table H.

Tlie data iti Table 11—s|)cciHcally the facts that ethylene, isoj>roj)yl-
ethylene. an<l /-butylethylene {iive IMB). and 94%, res|K»ctively, of
primary alcohol —clc-aily show that an increase in the bulk of the alkyl
group attached to th<* chiuble bond does not inthu'nce tlie direction
of addition. These results argue against stcric control of the direction of
addition. The niarked inlluence of pnra substituents on the direction of
addition to styn'ne suppcu'ts tlu* eont(*ntion that the din'ction of addition
is contn)lled primarily by electr<jnic factors.

Dialki/! eUnflenrs. K (il—CHK"', such an 2-jK‘utene and 2-hexene.
undergo addition to platt* the boron atom in approximat<‘ly e(Jual



amounts on the 2- and 3-carbon atoms. This is tnio even for molecules
such as “ra«s -» -methyl-2 -pcntenc and «ms -4 4 -diinethyl-2 -i)o»tenc, where
the two alkyl groups differ markedly in their steric requirements. Only
in <mHvS-I-phenylpropene, where the phenyl group is opposed to a methyl
group, is a marked dirc'ctivo olVect indicattHi; Ilu> I)Jr<n atom hcconies
attached to the carbon atom holding the plicnyl substituent to the extent
of 85% (Table I1).
TABLE IIl

Directive Effects in the Hyduodokation Or

Internal Olefins at 20"

Olefin Alcohol I>i.stribution,® %
2-ol 3-ol
Ch-2-Pentone 55 45
ira?»5-2-Penteno 51 49
2-Mcthyl-2-butcnc? 9gn 2
ctb-2-Hoxeno 50 50
«rans-2-Hexene 40 54
«ratjs-4-Methyl-2-pentene 57 43
Aran«-4,4-Dimethyl-2-pentene*’ 58 42
*e,4,4-TrimGthyl-2-pontonc” 2 0s*
~ran5-1-Phonylpropeno 85" 15

“The yields by gas-liquid partition chromatography were 90 + 10%.
* The addition yields a dialkylborane.
*The product is 3-mcLhyl-2-biitanol.
The product is 2,2,4-trimcthyl-3-pcntanoi.
*The product is 1-phenyl-1-propanol.
>The product is I-phenyl-2-propanol.

TriauhstituUd olefins, R2C=CHR, such as 2-mothyl-2-biitene and 2,4,4-
trimethyl-2 -pentene, add. the boron atom predominantly at the less
substituted ethylenic carbon atom.

The data are summarized in Table I11

Diborane undergoes cis addition to cyclic olefins and to acetylenes,
which will be discussed later. Consequently, the addition very likely
involves a four-center transition state.

H H H H
I \ [ KCHJCHj
R—C=C—H + B—H K— C—H ¥
/ I i B -
Hoo. B— 1

The boron-hvdrogen bond is presumably polarized, the hydrogen having
some hydridic character. The addition of the boron atom to the terminal
position is then readily understood on the basis of the electronic siiifts



pencrnlly nssumcd in order to account for the normal io>iic addition to

proRvleno. H
k ~ I
————————— » HjC—CH Cng
i i/
H.... li
6~

A similar rationalization explains the addition of tiic boron atom to the

terminal position of styrene.
\

It is generally recognized that a phenyl group can supply electrons to an
cicctron-defieient center or serve as an electron sink. This provides a
simple explanation for the increased substitution in the a position observed
in styrene. A

It—Ii 6- d«

li H
yi+ 0-
JSJectron-w'itJidrawing substituents, such as p-chloro, should stabilize arid
electron-sujjplying substituents, such as p-methoxy, should destabilize
such a transition state. This conclusion is in accord with tiie influence of
the />-chloro and the ~j-methoxyl group on the hydroboration of substi-
tuted styrenes (Table 1J).

Little jjuantitative information is availabh* concerning the influence of
other substituents on the direction of the addition reaction. It is evident
that major effects will be eiicounttTed. Trimethj’lvinylsilane undengoes
hydroboration to place 37 % ofthe boron atoms at the secondary position‘d
as comj)ared to s % for !{.3-dimethyl-I-butene.*®

Bis-(3-methyl-2-butyl)borane as a Selective
Hydroborating Agent*®

It was Min<'d out earlier that highly substituted olefins, such as
2 -methyl-2 -butene, undergo hydroboration rapidly to the dialkylborane

** Snyferth, J. Inorg. Nvrl. Chrm., 7, 152 (1958).
** Brown am) ZwpifH, J. Am. Chem. Hoe., 83, 1241 (1001).



() OKCAN'K? UKACTIONS
stage, further reaction to tlie trialkylborano stage being relatively slow.

CH,
JI - > BH

CH,

2(C'H3aC-=(H

[ 1 s | 731
_(CH%H - zBH I (CH3)2C=CH ” JCHgjaCHCH—. ®

Tlie slowness of the last stage, in contrast to the high 8i>ectl with which
other olefins form the trialkylborancs, is presumably a result of the large
steric roquiroment of the intermediate <lialkylhorane. It therefore

TABLE 1V

Dibectjvk E ffkcts in thk Hyprohohation of Unsvmmktrical
OlI.KFINS WITH DIHOKANK AND WITH lilS.(S-MKTIIY1--2-mfTVI1.)n‘>I»ASE

AU-iihol
Hytlroboralhig Temp., Tiini'", Distribution, %
Olefin Agent 'nC. hr. l.ol 2-ol 3-cl
1-Hexeno Diborane 2> 1 54 <
R,UH» 0 1 «y |
cw-4-Mothyl- 2) 12 97
:r«n5-4-Mothyl- Diborano 25 1 57 43
-pcntene 25 12 95 5
Rtyreno Diborane 25 | HO 2%
K5HHO 25 2
jj-ilethoxystyrone Diborane 2 | 91 9
RjBRO 25 2 98 2
- CH, 1]
Rjm is BH.
_(CH3),CHCH—_

appeared that this dialkylborane might exhibit an enhanced sensitivity to
the steric requirement of the substituents on double bonds of other
oleilnsand thereby exert a steric inJluenceonthedirectionof hydroboration.

The reagent, bis-(3-metliyl-2-butyl)borane, react<;d rapidly with I*
hexene, and oxidation of the product yielded 1-hexanol in an isomeric
Durity ofat least 99 %, in contrast to the 94 % isomeric purity realized with
diborane itself, Similarly, styrene yielded less than 2 % of the secondary
alcohol, in contrast to 20% formed in the corresponding reaction with
diborane. Finally, cis-4-metliyl-2*pentene gave 97 % of the less hindered
isomer, 4-methyl-2-pentanol.

Tlie exjierimental data are summarl7ed in Table I\’.

In these studies tlie ease with which different olefins reacted with bis-
(3-methyl-2-butyl)borane was found to vary enormously. Thus the reac-
tion with 1-hexene was com])lete in a matter of minutes at 0® whereas



int<friial olcfin.s rcnctod inuoli more slowly, cyi'lopoiitfnc reacting faster
than ¢.v-2-hextne and the latter reacting considerahly laster than
cycloh(*xene. r/.«-2-Hexene also nMicted considiTahly fiiMtcr than the
triin.'i isomer. "*'risnI>slitut<’d olefins, such as 2-niethyl-12hut<ne an<l
l-nn-lhyleyelohexene. reaeli-d very sl«)vvly.

The results may be expressed in the following serie.s of relative rates of
reaction: 1-hexene ” S-niethjl-I-butene > 2-jnethyl-l-butcne > 3,3-
diinethyl-I-bntene > crs-2-hexene ~ cycloi>entene > irans-2-hexene >
fr«H™.4.nu*thyl-2-])entene > cyclobexene ~ I-niethylcj’cloi>entene > 2-
nuthyl.2-I>utene » 1-methylcyclohexenc S: 2,3-dimethyl-2-butene.

1'he diHeren<<s in reactivities are (jnite large and can be utilized for the
selective hyjirolforalion of a more reactive olefin in the presence of a less
reactive one. Thus treatment of a mixture of 1-pentenc and 2-j)entcne
witli a ecmtrollefl <pmntity of bis-(3-methyl-2-I)ufyl)borano yielded pure
2-]H-Jitene. Similar treatment of a mixture' of 1-hexene and eyeloliexene
alibrdetl essentially pure cyclobexene, while an equimolar mixture of
eyelopentone and cyclobexene gave a product containing only minor
amomits of the more reactive cyclo[>entene. A commercial mixture of
m«e and /me><2-peiitfne ci.s and H2 % trnns) with fb(! reag«*nt gave a
J»roduet tliat contained more' than i~7% of the trtiiis isonuT.

In contrast to the results aobieve<l with acyclic olefins, no significant
directive efTect was noted in the hydroboratiou of 3-metbylcyclopentene,
3-metbylcyelohex(*ne. or 3,3-dimethylcy< lohexejje.*’

In a rigid cyclic system, selective reacti(m \\as observed. ‘'J'reatnient
of I-cholest<*ne with bis-(3-nietbyl-2-butyl)borane re.sulted in the pre-
dominant formation of cholestan-2a-ol, in contrast to the nearlj’ 1:1
mixture of cbolestan-la-ol and cholestan-2a-ol obtained with diborane.*

CHa

BH
(CH.,)2CHCH—

Asymmetric Synthesis

The remarkable selectivity of a dialkylborane in hydroboration is
further illustrated by the eonversitin of olefins to optically active alcohols.*’
Hydroboration of a-pinene (|a]/,  47°) gives dii.sopii)ocami)heylboran(*."
I'nis reagent was utili/.eil lor the hydrol)orati«)n of ri>i.2-butene. ci>-3-
hexene. and norbornene. Oxi<lation of the residting organoborane with

*e Soriilhi'inicT mid NuRflim../. Orff. Chem., 28, (1001).
** Hrowii aiul Zwoifi-I, J. .Iw. Chrm. Soc., 83, 4SW (lUO]).



+ BH3

alkaline hydrogen peroxide produced the correaponding alcohols in optical
purities of 70-90%. It is noteworthy that the alcohols obtained from the
hydroboration of acyclic cw-olefins with the diisoplnocamphoylboranes
derived from (+) or (—) a-pinene liave the Ji and S configurations,
respectively. /mns-Olcfins and hiiulcrod olefiiiH ronct only slowly with
diisopinocampheylborane.

Negligible raeemization of the asymmetric organoborane was observed
when it was kept for several hours at room temperature.*®

Stereochemistry

The hydroboration of cyclic olefins provides a means of determining the
stcrcocliemistry of the rcactloii.**  Thus the hydroboration of 1-nu’thyl-
cyclopentene and 1-methylcyclohexene, followed by oxidation with
alkaline hydrogen peroxide, results in the formation of almost pure trans-
2 -methylcyclopentanol and irans- -mcthylcyclohcxanol, respectively.
The available evidence indicates that the hj'drogen peroxide oxidation
proceeds with retention of configuration. Consequently, the hydro-
boration must involve a cis addition of the hydrogen-boron bond to the
olefinic linkage.

.OH
BH, [QJ

.OH
BHa to)

The products of these reactions are the thormodytmmlcally more stable
isomers. However, thermodynamic stability of the product cannot be

H. C. Brown, N. R. Ayyangar and G. Zwoifel, to bo published.
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the controlling factor in the reaction because the hytlroboration of 1,2-
(limcthylcyclopentcne and 1,2-dimethylcyclohexene Producca the thermo-
dynamically less stable isomers, jjure 49-1,2-<limethylcyclo|)ontanol and
cw-1.2-(limethylcyc'lohcxan()l, respectively.

BH- [0J

The hydroboration of norbornenc proceeds to give €xo-norborneol
almost exclusively. Similarly the hydroboration-oxidation of isodrin
occurs from the less hindered side’®@®

10)

cl a

/ ,O0H

B H 3,then

cl. ilooa cK

Cl a Clé

The generalization tliat hydroboration proceeds by cis addition from the
less hindered side of the double bond is now.supported by a considerable
number ofobservetlonH. a-Pinene isreadilyconverted to isopinocampheol,
/j-pinrne 10 ri.>n)yr(aioi. and cholesterol to <liol(‘"Mtiib4-li/i.(>a-di6 |.®

Cooknon aix! Cruii(twcll, Chrm. <- Ind. (Loniion), 1959. Bird, Cookaon. and Crund*
well. J. Chtm. Soc.. 1961. 4803.
Brack, ThompBon, and Winstcin, Chem. d: Jnd, (London), 1960, 40r>.



e OH
BH’ n (0)

cnz2 CMUC. ciL-on
-H -H

A

Isomerization of Organoboranes

A simple synthetic route to immary organchoranes involves the iso-
merization oforgauoboraiics derived from internal oJefins. .Secondary an<l
tertiary organoborancs, synthesized by means of tlie Urignard reacti«)ii.
slowly isomerize at 200-215® to yield primary organohoranes.*” Tiie
isomerization is far more rapid under hydroboration conditions. Thus
tri-2-hexylborane is almost completely isomerized to tri-/i-hexylborane in
one hour at IG3®in diglymo solution.'-"*

liilg Dl
CHaCHaCHaCHACHLtHg
CHaCHjCHaCHCH/'Hj

IMaC'H.fHaCHjCHaCHa-IJ

Hennioii. McCusker, Ashby, and Hutkowaki, J. .I»i. (‘hem. i>oc., 79, 5190 (I»S7).
** Brown, and Subba ikao, J. Am. Ckem. 6'oc., 81, 6434 (195U).



Tin* small (juantitu's of oxcosa (lil)orano prodiiml in the hydroboration
stage markedly catalyze the isomerization.®" Typical results are sum-
Jimri?’e(l in Table V.

TAIlII.K V

IsOMKIt«/.ATH)N I»r (IIHIANC»H«»IIANKS AT HiO 27

iioculioii (>rth<< JUiruii"

OHhi Initially at Aftt*r | hr. lit
—~*/0 10 *90
mo-vo-v) 2 t 1 2 3 4
(e-(«=(*-c-c 2 4K ur, 4 1
< f ¢ C ¢ C 45 54 m (¢ 3
c c
1 1
1 1
(" (W -cl—(' 1 vy 97 1 2
1
(.
¢
!
( cre- (-l—(- r.7 43 i 2 2
!
¢
c
. 2 r2 1 Tr 47
f—C=c—t
e = ¢ -1/ \ 1Y) 85 76 10 14

K*f't-)uuul eiul of the ehiiin.

The results iiidieate tliat the boron atom not only moves readily down
a stnii™*ht chain, bnf also encoiititi'rs no diiliciilty in moviiig past a single
alkyl branch.

However. midiT the mild <omlitions generally used, the boron atom tloes
not migrate ]>ast a d<niblc branch.
**prown and Zn0iAl,  ."m f'Imn. Sue., 82, 1154 (I00O); to Ineeptililishi-i.



ORGANIC RKACI'IONS

C C C C C C

c—dc-cte e deb c B o ey

\

C B c
\

In these isomerizations, the borou atom migrates preferentially to the
least hindered position in the molecule.

C C C
c—¢c—<c¥Blcccc+e c—B
/ \
/ {52?0>
B
/
CH, CH. CHoB
B \
ini. Iflo-

28"

It is noteworthy that hydroboration of ~-pinene yields the ci«-organo-
boranc.” However, on lieating, the cj.s-organoboranc is converted to the
more stable tran-s derivative.®*"®

CH2 CHgBC H
-H -XHBY

BH. Heat

25°

Moreover, the trana derivative is obtained from the hydroboration of
a-pinenc followed by isomerization.

BHa 160*

The versatility of the hydroboration reaction when coupled with ther-
mal isomerization is illustrated by the following transformations, all of
w'hich proceed readily in yields of approximately 90%.

* H. C.Brown, M. V. Bhatt, and G. Zweifol. Unpubliahed research.
Braun and Fishur, 2'etrakedron Lettera, No. 21, 9 (1960).



IH 2 CHj CHj

| PHj o e o 7
— A("Jlarilat'HC'IK ila----—-- »LllaaijCIlICiljCJUli
\
v
li
11,0 to) \ (o1
CH3 CH, CH,
|
1il, CIL CH,
|
C-HgCHaCHCHCHs CH,CH,CHCH,CH,
1 = !
@a oil OH

Thermal Cyclization of Orgaiioboranes

Crrlain orj::un»l)ornTicM cy<-lizt* nt. I'n™vntrd tciuiM -m turcs.'Plius
till* in(>in>alkyll»ornni* th-rivrd I'nmi ~rw/j.v-di-MjutyU'tliylfJU! Ic)scfhy<lr()|»f*ti
above 100” to form a cyclic organoborane. Oxidation of this cyclic
jiroduct givcH 2,2.5,5-Ictiainethyl-1,4-hexancdiol.**

¢t c C
1/ 1/
c-C
i i Heat
c=c c—¢
/ / \
oy c--C H
/. /1 7\
c c ¢ H ;
c
C
/
c-¢
o c @ chaccHa)2cH,cHecHy,
C—C/ \ . OH OH
c \ H

*e WinK*h)it* and Carotti, J. .-Im. Chem. mSor.,.82, 2430 (10QO).
** Kost«r and Kotcrmuiid, Angev}. CAem., 72, 138 (IOflU); 72, 563 (1960).
**H. C. Brown, K. J. Murray, and O. Zwvifot. Unpublixhod rcsoarch.



Similarly, at IG0O® in refluxing diglyme, bis-(2,4,4-trlinetliyl-l1-pcntyl)-
bornne undergoes cyclizatioii. Oxidation of tlje product yioUls 2,4,4'tri-
nu‘thyl-1,5-i)C'nlaniMliol ainl 2,4,4-tritn(‘tl»yl- I-jKMilanol.~
W, Inil

m

((“313)3CCH=C(CH3)2 |
L(ai3)3(X'Ji -

(caz).c CliCJla

CH3 CHS3 | |

1 | . lloat CH., ch2 "l
Cluc i v

|

CH,

(CIf3)3C'CH.,(IR'M,

CH3 CH3
(H3)2(VH3(N(N2 f ((’M3)3(’('HjC|1I(‘Hj()U

HUCJI, oil

HYDROBORATION OF DIENES
Hydroboration with Diborane

Diiiydroboration of dienos foHowed by oxidation of the orgaiioboranc
provides a route to diols.-~/® 1,3-Butadieno is transformed into a 4:1
mixture of 1,4- and 1,3-butancdiol. Koster has assigned a cyclic structure
to the orgauoborane derived from 1,3-b\itadiene.*

2iin,
-Cll -("H2-—---
CH, -ClI, CIL CH.
\ 101
_ \
Clfp— @Hp GHy  -CH,

By similar procedures l.i)-hexadiene” and cycloj>entatliene”™‘**are con-
verte<l to 1,()-liexanediol and fraH.'».l,3-cyclo|K'ntanediol, respectively.

nrowii i>nil /Cwfird, ¢/, Am. Chtm. Soc., 81. Zwoift*!, Nakiuh}. «nd Hrowii,
ibid., 84, 183
*®Kostcr. Amjew. Chfm., 71, 520 (inS9).
Sap«fbarth, J. .4m. TAew. Soc., 82. 2081 (1960): J. Org. Chtm., 25, 2212 (1960).
** Urown aii(J Zwcifcl, J. Onj. Vhtm., in print.



The partial liytlroborafion of dienes (monohytlroborfttioii) followed by
oxidation gives the correspomling alcohols in modest yields.® 1,5-
Hexadiene is translortninl into ri-hcxentvl-ol, and eyelopt'iitailiene” into
3*cyclo|K*nten* 1-ol. liicvflolu‘j)tadiene yields ero-dehydronorborneol
(87% exo and 13% pm/o).-"

mi. lo}

Isomerization

Dihv<Iroboration of acyclic dienes with diborane followed by iso-
merization yields cyclic orj'iinoboranes. TIh"™preferred product npjx‘ars
to be the (}-meniberi‘l hctcnuycle.®* llydn)))oration of I,3-p<’'nladienc
yields what was considered to be a mixture of bis-1,3- and bls-1,4-(I-bora*
2-methylcyclopentyl)pentane, for on oxidation It furnished a 1:1) mixture
of 1.3- and 1l.4-lienldinr<liol. However, the* pnKliiet (>blain<‘d aft<*r
thermal iHomerlzatlon an<l oxidation was essentially pure 1,5-pentaiie-
diol «

3CH,CH=CH—CH=CH, -f 2BH,
ar, C'H,

A e 100%hr.
BCHjCHjCHCHjCH; i UCH,CH,CH,CHCH,

M cH, Al _cH,

llydroboration with Bis-(3>mcthyU2-butyl)boranc

Bi8-(3-methj’l-2-butyl)borane has been applied to the selective hydro-
boration of dienes with excellent results.2-M ethyl-1,."-hexadiene was
converted in goo<l yield to 5.mcthyl-r»-hexen*I-o!. and 1.3-cyclohexa<lieno
furnished a mixture consisting of 90% 2-eyclohexen-l-ol and 10% 3-
cycloliexen-l-ol.  Also’, the more reactive <loublc bonds in vinylcyclo-
hexene, rf-llmonene, and myrcene” are hy<lrate<l without attack on the
less reactive double bond(H).

* Win8t<'in, Allrr«J, bikl Sonnrnljortr,”. /Im.CA«m..Soe.,81» 5833(1959); Allred,Sonnenlix*rg,

and Winsloin, J. Org. Chem., 25, 2< (1i)QO).
** Zwcifcl, NaitaiK', and Drown, J. Am. Chem. Sot., 84, 190 (1002).



ORGANIC REACTIONS

/
CHjCHgB
|1 H
L(nij),('n(u— , [01
1
CH,n im | 1
(CH,),CHCIlI—1] , 0)
/\
CH.B €'H,OH
\
CH, CH, 1 .
UcnjjjCilcH-j,"
(CH3)jC=CHCH2CH2CCH=CH?2 :
CH, CH,

/
(CH3)20=CHCHjCH2CCHjCH28 ©

\
It is noteworthy that hydroboration of caryophyliciic Involves a prefer*
ential attack at the highly reactive trans internal double bond.®*

(CH3)2C=CHCHjCH2CCH2CH,OH

(6521
BH

lh<n H2O2

HYDROBORATION OF ACETYLENES

Hydroboration of disubstitutcd acetylenes witli dibornne proceeds
readily and can be controlled to give pretlominantly the vinylorgano-
borane. Oxidation of the latter witii hydrogen peroxide affords the
ketone.*

un CHjCHgX
CH,CH,CsCCHXH, > 1 | B
,CH,CH,CH=C— '3
CHaCHjCHjCDCHjCH,

The corresponding reaction with I*nlky»M’s yieUls prc'dotniimntly the
dihydrohoration product. However, use of either bis.(3-niethyl-2-butyl)-
borane or trimethylamine-~-butylborane* circumvents this difficulty and

**H. C. Brown and K. P. Singh. Unpublished research.
» Hawthorne, J. Am. Chem. Soe., 83, 2541 (1961).



results in the formation of the monohydroboratcd product. Oxidation of
the vinylorganoborane gives the corresponding aldehyde.
1 -
! i —
’ t'H

L—cHc h {CH3)2J

(oi
UCH=CHB

HYDROBORATION OF OLEFINS CONTAINING OTHER
FUNCTIONAL GROUPS

Up to the present the hydrohoration-oxidation reaction has IM*en applied
Drinmrily to olefins, dienes, and acetylenew. Extension of the reaction to
functional derivatives of such compounds is complicated by the reduction
of many functional groups by <liboranc.® ®& Fortunately, this is not an
insurmountable difliculty. The hydroboration of carbon-carbon double
or triple bonds is so rapid that they can frequently be converted to organo-
boranes in excellent yield in the presence of such functions as acid
chlorides, esters, or nitro grotips. In some cases a group which is reduced
very rapidly, sueh as the carboxyl group, ean Inf tolcTated.

For example, methyl olcate has been converted to  and |O-hydrc”™xy-
stoarie acid via hydroboration.®® Similarly bis-(3*methyl-2-butyl)borane,
which reacts with but does not reduce the carboxyl group under hydro-
borating conditions, has betMi utilizf*l to.convert 10-undecenoic acid to
11-hydroxyundecanoic acid.®*

. . .. r w31
HjC~CHICHjjgCOgH + 2 | HH —
L(CH3)2C*HCH-J2
CH- = 1 IO)
1 HCHgCHalCHgjgCOgB |
(CHB3)jCHCH—. 5 _CHCH(CH3)2. ,

Numerous alcohols have bt'cn hydroborate<l, especially Kteroi<l alcohols.
The presence of one or more free hydroxyl groups re<juires a corresj>onding
excess of the hydroborating agent. The boric esters formed do not inter*
fere with the hydroboration.

3HOH + HH, — (UOjgB + 3Hj

Finally, there are many functional groups that are relatively inert
toward dibornne or other hydroborating agents. Hydroboration of

** Hrowti mill Ktil>lin Kitit, J. Am. ("hrm. Noe., 82, G4 (IlIOO); iiniwii ami Korytiiyk, ihid.,
62,.i18r>U(iue0).

«* Brown and Hijilrv../. Am. Chrm. Sof., 83, 48fi (1061).

s Foro and Bickford. J. Org. Chem., 24, 920 (1959).



unsaturated derivatives containing tlicse substituents appears to offer no
difficulty. The following examples are illustrativ'e.

Vinyltrimethylsilane was readily hydroboratcd and converted to the
corresponding alcohol.Both ?;-chlorostyrenc and p-niethoxj-styrene
wore converted to the corresponding nlcoholH; the /j-sulistituent.” iujtolv
affected tlie ratio of the two i.soHicric alcohoJH pro<Juc<ld*® Ktljyl vin™I
ether,”™ allyl methyl sulfide,” and allyl chloride'™*™ have been hydroborated.
The organoborane derived from allyl chloride yields 3-chloropropanol on
oxidation~™ On treatment with base, however, it cyclizes to cyclo-
propane.”2

OXIDATION OF ORGANOBORANES

Whereas alkylboranes of low molecular weight arc spontaneously
flammable in air, tri-n-butylborane and higher homologs react with oxygen
but do not inflame. Since air oxidation has not proved valuable in
synthesis, it will not be discussed here.

Perbenzoic acid reacts practically quantitatively with tri-n-butylborane
in chloroform solution. All three alkyl groups are cleaved with the for-
mation of n-butyl alcohol and boric acid.®

U3B i- aCgHjCOali —ii(01t)3 + aCglisC.’OjH
B(OK)a + 3H20 —3ROH + H3BO3

Aqueous hydrogen peroxide in the presence of dilute alkali effects a
complete dcalkylation of tri-7i-butylborane.*  ‘I’ho reaction was .suggested
as the basis of a convenient method for the determination of boron in
organoboranes® and was later developed as an analytical procedure.”
However, the vigorous conditions used involved heating the organoborane
with excess hydrogen peroxide and concentrated sodium hydroxide under
reflux.

Early applications of this reaction In the hydroboration-oxidatiou
studies also utilized more vigorous con<litions’ than were subse(piently
found ncce.ssary. Hydrogen pcroxid(‘ concentration, bas< conccntratioti,
and oxidation temperature can be varied widely without affecting the
yield significantly.® The results are summarized in Table VI.

Standard conditions for the oxidation were defined as follows: 16.6
mmoles of tri-n-hexylboranc in 40 mi. of diglyme was treated with
15 mmoles of sodium hydroxide (5 ml. of 3N solution), followed by the

Mikhailov and Shchcgoleva, Bull. Acad. Sci. USSH., I)iv. Chem. Set. {EnglUh TranM.),
1959, 618.

H. C. Hrown and K. Koblya. Uiijmblisltpd rononrfh.
Hawthomo and Dupont,J./im ; CAem. 6oc., 80, 5830 (1958): Hawthorne, 82, 1886
(1960).
** Snyder, Kuck, and Johnson, J. .4m. Chem. Soc., 60, JO5 (1938).
** Belcher, Gibbons, and Sykes, Mikrochim. Ada., 40, 76 (1952).



tablp: VI

Effkpt of Hydkckjkm J'fuoxide Concentkation, Bahe
('ONCENTIIATION, ANI> 'I'e MI'KHATUUK IN THK OXIOATION
OK 'I'Itl-TI-UKXVLUOKANK
Hydrofoil 1’<TOxido

ri‘inji., Vi<'I<l, 9% of
of Tlieory NaOH, inniok'S ‘C. 1-hoxanol
72 45 25-35 80
95 45 25-35 97
120 45 25-35 98
150 45 25-35 97
100 45 25-35 97
100 m 25 35 92
100 15 25-35 94
100 0 25-35 57
100 45 0-5 89 o
100 45 25-35 97
100 45 50-55 90
IUO 45 75-80 97

slow addition of 60 mniolcs of hydrogen peroxide, 20 %excess (6.0 ml. of a
30% Hohition). The anionnt. of ]-hexnnol ohfiiinod wn.s determined by
gas-li(liiid jmrtilioM chronmtogrnphy. The oxidiitioii was achieved equally
well in t~trahydrofuran. In diethyl ether, however, reaction was more
sluggish, jiresunmhly because of the inimiscihility of the solvent with
wat<*r. 'I'he addition ofethanol as a cosolvent einnimvent<”<I this difliculty
and tlie yield under these conditions was 98%.®

As indicated in Table VII, wide variations in the structure of the
organoborane do not affect the oxidation greatly.

TABLE VII
Effect of Structubb Upon Oxidation
Yii'ld. %
OrKanohornnc* oF iihtohol
/N /vB
97
[(CH3)3CCH2CH(t'H3}t'H2—JjB 95
CH(CH3)j-
BH 79
L(CH,)3Ct*H-
('H,
BH 98
_(CH3)2CHCH—.

(CeHsCHjCHj—)3B 99



Numerous substanceH, aiicli ns olefins, (Uenes, ncctyloncs, esters, ketonea,
and nitrilca, may be prosunt without inlhieiieing the yielil of alcoliol or
unclergoing any reaction tlu'tnselveH. The roHults with such additives
present are Hutuniari/.('d iu 'I'iible \"I11.

TAIILE Via
EfFKC'T of ADOKI) SuuSTANt'KH (r)0 MMOI.KS) ON THK OXIDA-
TION OF Tui-n-UKXYiaicniANK (UkO mmoi.ks)
Ki'oovory of Ad<led

Substnru-e After Yield, "y of
Substnnco Added (Oxi«l«tion, % H-bexj\nol
1-Hexcno X g
i,3-Cyclohcxa<b'cne 9H 9
1-Hexynce 92 100
Isobutyraldebyde Vi 97
Ktliyl acetuto 92 Qj
n-13utyl bvomido yi 99
Acctonitrile 97 99

Although )io detailed kinetic studies of the oxi(hition reaction of alkyl-
boranea have been reported, Kuivihi aiul co-workers have studied tlie
related reaction of benzcncboronic acid with hydrogen peroxide.w* The
following mechanism was proposed.

s : C'sHs
Co I HOBOC'eHg + OH-
HOB + “OjH HOli---—- OOH 1
| OH
OH OH

Wechter proposed an identical mechanism for tiie oxidation of the alkyl-
boron bond.®

s. \ rv
-OjIf li—o-~o>t

[
R_B—OH R OH
OH

In this mcchanism the group U shifts with its pair of electrons from
boron to oxygen. Tiiia is consistent with the retention of configuration
observed in the hydroboratitui-oxifhition of cyclic olefins.

OrgiiU(jl)oi‘iin(*s can b(; oxi<liy.e«l Ut ketojM’ by ehromic aeid"™* The usti

Kuivila,J. Am. Chtm. Soc., 76, 870 (19S4); 77, 4014 (1055); Kuiviis and \Vite«, ibid.,

77, 4830 (1953); Kuviivila ami Armour, 79, 5650 (1057).
* Pappo, J. Am. Chem. Soc.. 81, 1010 (1959).



of this reagent makes it ])o8siblc to go from a cyclic olefin such as cyclo-
hexenc to tlic corroHpoiullng kotout;, eycloliexanono, in satisfactory yield
without isolating the secondary alcohol. ™"

0

LITIN

EXPERIMENTAL CONDITIONS

The preparntion and handling of orgatioborancs ro(juire teciuufiues and
precautions similar to tliose used for the (jlrignard reaction. Although the
necessity for a nitrogen atmosphere has not been established, hydro-
boration reactions are normally carried out under nitrogen. It is con-
venient to transfer solutions of diborane and dialkylboranes by means of a
hypodermic, syringe.

Earlier rej)orts have stressed the hazardous nature of diborane. How-
ever, during the exploration of the hydroboration reaction no difiiculties
have been encountered in the prei)aration and handling of dilute solutions
of diborane and dlalkylborant's. Kven when solutions of diborane or
dialkylboranes in tetrahydrofuran or diglynie wen”™ expose<| to air, they
did not InHame spontaneously but were slowly oxidized. Nevertheless,
adequate ventilation is recommended.

Hydroboration With Diborane Generated in Situ

In this procedure an acid is added slo«Jy in an inert atmos]>liere to a
mixture of the unsaturated comi>ound and the hydride in an appropriate
solv€nt. Since no <iiborane is liberated, the method possesses many
advantages for large-scale preparations where the presence of the hydride
and the inorganic reaction product, e.g., sodium borofluoride, oifers no
difliculty. ‘'rhercfore It Is most ust'ful when the organoboraiie is desired
simply as an Intermediate for further reaetum.

Sodium borohydrlde is essentially insoluble in common ether solvents,
but readily soluble in diglyme (dimethyl ether of diethylene glycol) and
triglyme (dimethyl ether of triethylene glycol). Consequently, these
solvents are used with sodium borohydride."** However, numerous pro-
cedures have been developed for utilizing metal hydrides and complex
hydrides in the jjreparatlon of diborane and related reactions so as to
avoid the necessity for a particular solvent or reagent*

lirowii «»ii (iartt. 3. .-Im.i'hnn. Soc., 83, U (1UQI).
** Brown, and Subba Hao, J. Am. Chem. Hoc., 77. 02U9 (1065).
Brown, K. J. Murray, L. J, Murray, Snover, and Zweifel, J, Am. Chtm. Soe., 82, 4233
(1960).



Lithium borohydride is readily soluble in diethyl ether and tetrahydro-
fiiran a» well as in other ether solvents, lu iliethyl ether the essentially
guantitative hydroboration of I-octeiie was achieved with boron trifluoride
etherate, hydrogen chloride, anil sulfvnie acid. Litliiuin borohydride

recjuires only sufliciont boron trUhioride to ct)nvert the lithium to lithiiun
fluoride.

121U'U=Cil2 + yLiiIMj 1 Jil-'j - 4(I<CH2("112)3>* |
9]U'H=CfI2 + aLiMii* -f imt’l — :HKC'laC'lI2)3I5 ) t IHg

Sodium borohydride is soluble in di®lyuie and tri®lyiui'. and the hytlro-
boratioji reactions with boron trilhu)ritle etheiiiti*. hydrogen chhiride, or
sulfuric acid proceed rapidly anil (juantitativ<*ly at room temperature.

Although tlie solubility of sodixnn boroiiy<Iride in tetrahyilrofuran is
small, the hydroboration of an olefin'is readily achieved by treating with
boron trilluoride a susjiension of sodium borohydride in tetrahyilrofuran
containing the olefin** & Alternatively, a solution of diborane in tetra-
hydrofuran can be prepared by treating a suspension of sodium boro-
lij'dride in that solvent at 0° with hydrogen chloride. Hydroboration is
tiu*n aeeomplished by adding the iilerin <o this solution.

Fjnally, it is po.ssible to utilize diethyl rthi-r as tin*.solvent by introducing
10 mole % of anhydrous zinc chloride to catalyze the reaction between
sodium borohydriile and boron trifluoride etherate.

12UCH=CH2 + 3NtilJH4 + 4liFa 4(IU-1I3fH2)3H +

Pota-'isium borohydride, although only slightly soluble in triglyme aiid in
tetrahydrofuran, can be utilized as a suspension in these solvents. A
potassium borohydride suspension in triglynu™ will react <lireetly with
boron trifiuoride etherate, while a 8Usj>ension in tetrahydrofuran will
react with lithium chloride to form the soluble lithium borohydride.**
The latter can be utilized for the hydroboration.**®

KBH4 (susp.) + LiCl - LiBHN + KCIl
12RCH=CH2 + aLIHH"™ + lib\ —4{Ut'H2('"H2)3IJ + :iLiF

Lithium aluminum hydride with boron trifluoriile etherate appears to be
a convenient reagent for hydroboration in diethyl cther.*--»

12JU'U=CH2 | indAlli* ] 4iU-3 - 4 (i« ‘H2(ila)31* 4 -(MAIK]

I’aul ami Josoph, Hull. Soc. Chim. Francc, 1952, RIO.
** \Wolfe, Kussim, Mazur, ami Son<nw/i«mT, ¢/. Ortj. Cktm., 24, 1034 (1J3jV).
* Soiidheimer and Wolfe, Can. J. Chem., 37, 1870 (19S9).



HYDHATION VIA HYDKOBOHATIOX

TABLK IX
t'ONVKNIKNT 1I'lIOrKDI'lIBH FOK }IVDItOHOKATION WITH
N'a KIOUS [1iVDiilDR IiIKACIKNYS'**

1-Octeiie, %

Hychid< Moliir Kiitio rea«t(‘cl in

Solvfiit Sdui‘ee Ai’iil Hy<lri(l<' : Aci<l : Olelin 1 hr. at 23*
DiMlynii-  NiiliHj \un\ a 4 12 99
itci. A 4 12 B
AICI3 i 1 U no
HCI 2 2 0 94
Hjso™ 2 1 9 01
(M 2 2 S w>
THK* NalMlj i3 A 4 12 99
Di«-thyl  XuHH4/Zn(’l2  JiFa i 4 12 94

ot})pr
THF KHHA/LICI JIF3 3 1 12 83
Difllyine  LIHHj UF3 t 4 12 98
) HCI3 ( 1 12 92
THF LiHH, HF3 3 1 12 99
JKI 2 2 i 95
e T1.,50. 2 1 ¢ 99
Di."tijyl LIMHN ItF, i 1 12 87
HCI 2 2 c 95
2 I a 92
1JAIH4 3 4 12 80*
MCI3 3 4 12 95
liijrlvmo  NnH lih\ G 8 u 99
THF XuH HF, U H [ 99
Diylynie LiH HF3 [ H 6 95
THF LiH HF3 0 8 0 95
JJii'lliyl  LiH BF, U 8 u 93
ether

Benzene CsH,N:BH3 1 1 3 90

«THF |Ktctralivclrofuran.
~(‘yelolioxi'iK® WHMIh<* olefin in tluM oxporimcnt.”
' This exix'riniont was run for 1(>hours at TJ)".

Table IX. It is to be noted that litljium borohydridc in tetruhydrofuraii
or in dietliyl ether rei®uires less boron trifluoride than does Hodiuin boro-
hydride or lithium ahnninum hydride.

llydroburution With Diborane Generated Externally

Hydroboration with diborane product's the organoborane in essentially
guantitative yield and free of inorganic salt or other by.jiroducts. In this



procedure, diborane, prepared by the addition of sodium boroliydride in
diglyme to boron trifluoride etherate, is passed into a solution of tlie olefin
in an ether solvent. Tetrahydrofuran has two distinct advantages as a
reaction medium: it is an excellent solvent for diborane, and it is readily
distilled from the rcnclion products.

Sodium borohydride in diglyme absorbs a half-molnr equivalent of
diborane, forming sodium diborohydride (NaBH4BH3 or NaBgH-).®"
Because of the formation of this species, the addition of boron trifluoride
etherate to a diglyme solution of sodium borohydride does not liberate
diborane until nearly half of the acid has been added. Consequently,
to generate diborane smoothly it is preferable to add the solution ofsodium
boroliydride to an excess of boron trifluoride in diglyme.

SNaBHj + 4BF3 ™ SBgHg + 3XaBF4
12RCH=CH2 + 2B2Hb- 4{RCH2CH2)3B

Alternatively, a \M solution of diborane in tetrahydrofuran may be
prepared and then utilized for the hydroboration. Such solutions can be

kept at 0-5° for several weeks without significant change in the diborane
concentration.

Solvents

In order to avoid losses of active hydride in the hydroboration stage, it
is important that the solvents be free of water and peroxides.

Dij73me (dimethyl ether of diethylene glycol, b.p. 1G2“) (Ansul Chemical
Co.) is purified in the following way: 11-ofdiglyme is stored over 10 g. of
small pieces of calcium hydride for 12 hours. Thediglyme isthen decanted
into a distilling flask and sufficient lithium aluminum hydride is added
to ensure an excess of active hydride. The solvent is distilled at
62-63715 mm.

"Triglyme (dimethyl ether of triethylene glycol, b.p. 212®) is purified as
described for diglyme. The solvent is distilled at 107-108~/15 mm.

Tetrahydrofuran (pure grade) is treated with lithium aluminum h\dride
as just described, then distilled at atmospheric pres.sure; b.p. 60-67®.

Diethyl ether (anhydrous reagent grade) is utilized witiiout purification.

In order to inhibit peroxidation during storage of these solvents, it is
advantageous to add 0.01 % of sodium boroliydride.

Boron Trifluoride Etherate

Boron trifluoride diethyl etherate. 51)0 ml., is treated with 10 ml. of
anhydrous diethyl ether (to ensure an excess of this com[K)nent) and
** Brown and Tierney, ¢/. .4»n. Chem. Soc., 80, 1352 (1958).



distilled in an all glass apparatus at 46®/10inin. from 2g. of granular
calcium hydride. The hydride removes small quantities of volatile acids
and greatly reduces bumping during the distillation. The density of the
I>roduct at 25®is 1.125.

Metal Hydrides

Sodium borohydride (98%) from Metal Hydrides, Inc., may be used
without i)urification. Commercial lithium borohydride and potassium
borohydride were used without purification after analysis for active
hydrogen.

EXPERIMENTAL PROCEDURES
Procedures in Which Diborane Is Generated in Situ

The ai)j)aratus consists of a three-necked flask equipped with a con-
denser fitted with a calcium chloride tube, a pressure-equalizing dropping
funnel, a thermometer, and a stirrer (a magnetic stirrer may be utilized
for small-scale exi>eriments). The apparatus is dried in an oven and
assembled under dry nitrogen. Alternatively, it can be flamed dry in a
stream of dry nitrogen.

To the flask are added the olefin and the hydride in an a|)propriate
solvent. A 10-20% excess of the hydride is generally use<l. A (juantity
of acid, ecpiivalent to the hydride use<l and generally iu a .solvent, is a<lded
dropwise in a nitrogen atmosphere. After completion of the addition, the
excess hydride is carefully decomposed by water or ethylene glycol. The
organoborane obtained can be oxidized in situ with alkaline hydrogen
j>eroxidc.

Isopinocampheol from a-Pinene (Use of Sodium Borohydride
and Boron Trifluoride Etherate in Diglyme).*!”™ In a 300-ml. flask
are placed 82.5 ml. of a IM solution of sodium borohj-dride in diglyme

(10% excess) and 27.2 g. of a-pinene (0.20 mole; 1.4G4S. falj™ +4(1.8°)
in 20 ml. of <liglynn*. 1’he flask is immersed in a water hath (*~20°).
P'rom the dropping funnel 14 ml. of boron trifhmride etherate (15.(5249.,
0.11 mole) is added dropwi.se to the stirred reaction mixture over a iKriod

**H. C. Hrowi), K. P. Sinf>h, aix) G. Zwrifol. Uiipuhlisliod rrm’Hreh.



of 30 mimitos, whilo tho tcinpcrnturo is maintained at 20-2;")®. T)io flask
i« lu'pt for | hour at. tins totnju'mturc. Kxcoss liy(Iri«li* is tlirn drcom-
posc'd by tlu* carciul dropwisc addition «)f20 rnl. of wutiT.

Tho organoboram* (H..HH) is oxidi/.cd at liy the innnc<liat«*
a(idition of 22 nd. of sctdiinn hyiiroxidc, Inll*»«rd hV Ihr dnipwiso
addition of 22 ml. of 30% hychogcn peroxide. The reuetlon mixture is
left for 1 honr at room temperature and is then extracted witli 150 lid. of
ether. The ethereal extract is washed five times with ecpial amoiints of
ice water to remove diglyme, and dried over anhydroius magnesium sidfate.
The product obtained after rejiioval of the solvent is crystallized from
a small amount of p<'troleum <'ther (3.1-37”). Mhere is obtained 24.3 g.
(79%) of isopinocampheol: ni.p. 55-57®, |a|f,* —32.S” (r, 1 in benzene).

4-Methyl-lI-pentanol from 4-Methyl-l-pentene (Use of Sodium
Borohydrideand Boron Trifluoride Etherate inTetrahydrofuran).n”
To a well-stirred suspension of 3.4 g. (1)0 mmoles) «f pulverized scxlium
borohydride in 150 nil. of tetrahydrofuran containing 25.2 g. of 4-niethyl-
1-pentene (0.30 mole; uf? 1.3830) is added 15.1 ml. of boron trifluoride
etherate (17.0 g., 0.120 mole) in 20 ml. of tetrahydrofuran over a j»eriod of
1 hour, while the temperature is maintained at 25®. The flask is kept an
additional hour at 25° before the excess hy<lride is d<tomp«»se<| with water.

The organoborane is oxidized at 30-40'~ (water bath) by the a(hlitit)n of
32 ml. of a 3iV solution of sodium hydroxide. foHowed by the dropwi.'io
addition of 32 ml. of 30% hydrogen peroxide. The reaction mixture is
saturated with so<lium chloride. The tetrahydrofuran layer formed is
separated, and then washed with saturated aqueous sodium chloride. The
extract is dried over aidjydrous magnesium sulfate.

Distillation furnished, after n'uioval (»f tlu* tetiahydrofuran. 24.5 g.
(80%) of 4-mcthyl-I-]ientanol, b.p. 151-153"/735 mm; »j'' 1.4140.

2.4,4-Trimethyl-l-pentanol from 2,4.4-Trimethyl-lI-pentene
(Use of Lithium Borohydride and Sulfuric Acid in Tetrahydro-
furan)”® In a 500-ml. llask are placcd 2.02 g. of lithium borohydri<le
(0.12 mote), 33.Gg. of 2,4,4-trimcthyl-l-pentene (0.30 mole, nf,” 1,45<17),
and 170 ml. of tetrahydrofuran. Concentrated sulfuric acid (5.88 g..
00mmoles) in 42 ml. of diethyl ether is a«hle<l over a period of I hour to
the lithium borohydride-olefinsolution. llw temperature U-ing maintained
at 25®. The reaction is jK'rmitted to procecd foran additional hourat room
temperature, and then the excess hydritle is dccompo.sed with water.

The organoborane is oxidized at 20-40® (water bath) by the addition of
32 nd. of a 3A’ .solution of sodiinn hy<Irt>xi(h'. followejl by the dropwi.>*e
addition of 32 ml. of 30% hytlrogen peroxiile. ‘lhe tctrahydrofuran-ethor
hiyer is separated, washed with water, and <Incd over anhydrous magnesium
sulfate.



I’lio product ohtaiiicd nftcr roinovnl of tlio solvent furnishos on (listllin-
tion (SI'V) of 2,4,4-Irinu*t.liyl-i-iH*ntnnol. h.p, I(iri-I(i(r/74S niin.,
iy 1.4274.

Cyclohexanol from Cyclohexeiie (Use of Lithium Aluminum
Hydride :md Horoti ‘rrilliioride IClhcriito in Diethyl IC(lier)~™ In
Il llask iin- jilacfil U4 ji. of I»oroii Irilhioridc ct hcTati* (24 nnnolc.s), 4 g. of
cyclohoxciH* (49 inmolcs), nnd KK)nil. of dictliyl ether. A .solution of
0.7 g. (18 inniole.s) of lithiniii aluminum hydride in 70 ml. of ether is ndde<I
to the ()I<*fin-boron trifluoride mixture during 20 minutes. 'J'he mixture Is
stirred nt room temperature for 2 hours, and then the exeess' hytlride in
dc'eompo.seil hy slowly adding 20 ml. of aeetone. A saturatecl solution of
sodilim sidfate is a»lded. followed hy solid sodium sulfate. ‘'I’hne mixture is
filtered, an<l the clear flltrat<‘ evaj)orated.

The re.sidue is dissolved in 30 ml. of 00%, ethanol containing (K8g. of
sodium hydroxi<le, and 10.2 ud. of 20%, hydrogen jH-roxifle is athled with
stirring during >minutes. The temperature of the reacticm mixture rises
to about 70°. It is maintained at this t<*miH*raturc for 5 minutes longer
by external heating, atui the flask is then cooled. Water nnd ether are
ad(h*d. nnd the (‘thc-r extraet is washe<l witli water, dried, and evaporat<*d.
On distillation then* is obtained 4.0 g. (S2",) of eyelohcxanol; b.p.
101-1()2". HI{ 14(5r).

Procedures in Which Diborane Is
Generated Externally (Fig. 1)

‘e*o-Norborneol from Norbornene.” “ A dry filOO ml. three-neeked
flask is e(juil)]>ed with a tuMinometer. a eondetiser eonru‘cted to a mercury
)>id)hler containing aeetotu* ('l'-tidie dipping in mercury), and a sintere<I|
glass dis|KTsi(m ttibe. A tube from the eondenst>r outlet dips behiw the
surface of some mercury in a side-arm test tube. Above the m<*rctirv is a
layer of acetone which serves to destroy escaping diborane by reacting
M'ith it to form diisopropoxybornne, I(Cil..,)./-H()|2HH.

A solution of 2S.2 g. (0.:{0 mole) of norborm-ne. m.p. 4%® In 1(H) ml. of
tetrahydrofuran is jilaced in the flask. The tlispersion tube (completelv
immersed in the tetraliydrofuran-olefin solution) is connect<*d with 'Fygon
tubing til a tw(»-{or Ihn‘e.)n<‘cke<l flask serving as the diboratu*
generator.

The generator is etjuipjK’d uith a pressur(*-e<jualizing dropping funnt’l
(serving alternatively as an iidet for nitrogen) containing 00 nd. of a 1.1/
solution of sodium boniliy<Iridj' in diglyrne (li.l g.. 20", sx<-»'ss). In ihe
generator is placed 2!li ml. of bf)ron tri(luorld(‘ el herate (2% g.. 0.18 n>ol<*.
»0®' excess) in 20 ml. of <liglyme.

* H.  Hroui), S. Xixliiilii, iiml (5. zZwfiri-1. Fiipiil>liKlii-il rf>waii-h.



Dlboranc is generated by tl\e clropwise addition of the sodium boro-
liy<Iridc solution to the stirred boron trilluoriile etlieratc-diglynie solution.
Tlic gas is passed into the olofin-tctrabydrofuran solution (maintained at
20®) by applying a slight flow of dry nitrogen througli the generator.

After completion of the sodium borohydride addition (1 hour), the gener-
ator is heated for 1liour at 70-80®, the nitrogen flow being maintained
to ensure the complete transfer of the diborane to the hydroboratlon
flask. The generator is allowed to cool to room tem|>erature and is then
disconnected from the hydroboration flask.

The excess hydride in the hydroboration flask is decomposed by the
careful addition of 20 ml. of water. The organoborane is oxidized at
30-50® (water bath) by the addition of 32 ml. of "iN so<lium hydroxide,
followed by dropwise addition of 32 nil. of 30% hydrogen j>eroxide.
During the oxidation, etlicient stirring Is maintained. The reaction
mixture is stirred for an additional hour, theii 100 ml. of diethyl ether is
added. The organic phase is separated, the aqueous j)hase is saturated
with sodium chloride and then extracted twice with 50-ml. portions of
ether. The combined extracts are washed twice with 50-ml. |>ortions of
saturated sodium chloride solution atul dried over anhydrous magnesium
sulfate.

The product obtained after removal of the solvent is crystallized from a
small amount of petroleum ether to furnish 24.4 g. (74%)ofexo-norborneol,
m.p. 120-127® after sublimation.

2,3-Dimethyl-1,4-butanediol from 2,3-Diniethylbutadlene (Prep-
aration and Use of a Solution of Diborane in Tetrahydrofuran).”
A. Preparation of.a Solution of Diborane in Tetrahydrofuran. The



cx}x*rjinental conditions and tlie apparntns utilized are described on
p. ;j2.

In a 1-1, fiank with a side arm capjjctl I>y a rubber Keptinn to |>crinit tlic
removal of matoria’l is placed 5M) ml. of tetrabydrofuran. The fhink In
iinniersed in an lee bath. Diljoriine, generated by the addition of O) ml.
of a 137 solution of sodium borohydride in diglyme to 1.90 moles of boron
trifiuoride ethcratc (50% excess), is pa.sscd through a solution of sodium
borohydride (to renn>ve traces <f boron trifluoride) into the t(“trahydro-
furan.

Determination of the boron by titration and hydride by hydrolysis
shows that the solution is in diborane. The concentration of the
diborane does not change significantly over a j)eriod of several weeks
Mhen the solution is kept under nitrogen at OR

B. llydroboratioii-Oxidation. In a 3UO-ml. flask is placed 8.2g.
(O.10mole) of 2.3-dlmethyl-1,3-butadienc in KM ml. of tetrahydrofuran.
'I'ne Hask is immersed in an ice bath. Fifty milliliters of a \M solution of
diborane in tetrahydrofuran is added slowly to the diene-tctrahydrofuran
solution. After the addition the flask is kept for 30 minutes at room
temik Tature, and the excess hydride is dccomjK)se<| by the careful addition
of water.

The organoborane is oxidized at 30-50° (water bath) by the addition of
24 ml. of 3iV soditnn hydroxide, followed by the dropwise addition of
24 ml. of 30% hydrogen peroxide. After 1hour at room tcm|K>rature,
75 g. of |K)tassium carbonate is added with moderate stirring. The tetra-
Irydrofuran layer is sei)arated, and the agueous pliase extracted twice with
30-ml. portions of tetrahydrofuran. The extracts are combined and dried
over anhydrous magnesium sulfate.

The solvent is removed and the ]>roduct is distilled. The yield of
2.3-dimethyl-I,4-butanediol (b.p. 105-106°/2 mm., np’ 1.45(i3) is 7.8g.
'(tio%o)-

rt-Octanal from 1-Octyne [Preparation and Use of Bis-(3-
methyl-2-butyl)boranedJ.”™ A. Jn a three-necked flask are placed
33.6 g. of 2*methyl-2-butene (0.48 mole) and 180 ml. of a IM solution
of sodium borohydride in diglyme. The flask is immersed in an ice bath.
Jioron trifluoride e(herat<-. 0.24 mole, is added dropwiso to the reaction
mixture, eflicient stirring being maintained. The flask is permitted to
remain for 2 liours at 0® and is then placed in an ice-salt bath.

B. To the reagent (0.24 mole) prepared in A, 22.0g. (0.20 mole) of
l-octyne in 20 ml. »)f <liglyme is a<lded as raf»ldly as possible while the
tomj)eraturo is maintained at 0-10®, The reaction mixture is [)ermittcd to
warm to room t«m|>erature to complete the hydroboration.

The organoborane is oxidized at O® by the arldition of LW ml. of a Ifl%

T



solution of hydrogen peroxide, while tl\e pH of tlie reaction mixtvire is
maintained at 7-8 by the controlled addition of 3iV sodium hytlroxide.
The reaction mixture is then neutralized and steam distilled. The
distillate is extracted with ether atul the extract dried «<*r anhydrous
magnesium sulfate. Dislilhition yields 1S.0g. (7()“,) of «-(x‘tanal. h.p.
$3-8573:3 mm., Ji'f 1.4217.

(+)-2-Butajiol from ciV-2-Butcne (Preparation of Diisopino-
campheylborane and Use in Asymmetric Synthesis)..4. In
a 500-ml. flask fitted with a condenser, a pressure-equalizing dropping
funnel, and a thermometer are placed 75 ml. of 13/ sodium borohytlride
(2.85g.) in diglyme and 27.2 g. (0.2 mole) of (—)-a-pinene. lajf” —47.8")
in 100 ml. of diglyme. The llask is iminerse<l in an ice hatli an<l 12.0 ml.
(14.2 g., 0.10 mole) of boron trifluoride etlierate is added dropwise to the
well-stirred reaction mixture. Stirring is continued for 4 hours at 0-5®.
The diisopinocampheylborane separates as a thiek white ]>veci}>itate.

B. ci«-2'Butene (8.5 nd.. (>1g., 0.11 mole) is condensed at —78" and
then introduced to the well-stirred diisopinocampheylborane. The reac-
tion flask is equipped with a cold trap in order to minimize the loss of
ci5-2-butene. The reaction mixture is stirre<l for 2 hours at 0-5*. then
allowed to warm to room temperature (2 horns). The excess hydride is
decomposed by the addition of 10 ml. of water.

The organobovane is oxidized at 30-50° (svater I>ath) by the a<Ulitioi\of
32 ml. of sodium hydroxide and Ji2 nd. of :J0% hydrogen jKToxide.
The temperature is maintained at 45° for an additional hour.

The reaction mixture is extracted with three 100-nd. portions of ether.
The combined extracts are wajjhed with saturated aqueous sotlium chloride
and dried over anhydrous magnesium sulfate. The ether i« removed and
the product distilled. There is obtained (5.159g. (83®0) of 2-butanol;
b.p. 95"/725 mm., mS* 1.3970

Tlie isopinocampheol formed in this reaction is obtained in 02% vyield
by distillation.

3-Ethyl-l-pentanol from 3-Elhyl-2-pentcnc (Preparation and

Isomerization of an Alkylborane).” A. To 50 ml. of diglyme
CH,
[(C2H5)2CHCH2CH2—laBH (CaHgjaCHCHaCHjOH

cooled in an ice bati) is adde<l 25 ml. of boron trifluoride otherate. The
elhet is lemoved by a})plying a vacwvnn of 5-10 jum. for 20 minvitcs while
the flask is kei)t at 20-25®. The resulting boron trifluoride diglymatc is

H. C. Brown, N. K. Ayyangar, and G. Zwecifol. Unpublished rejwnrch.
**H. C. Brown and G. Zweifel. Unpublished roscarch.



ap])roxunati‘ly 3.05~/. Sincc the niaterinl (iarkcns relatively rapidly, it is
prepared in small (juantities and used soon after preparation.

B. In a MW»nil. flask an* pliverd 45 nil. of a 1J/ Holution of sodium
borohydritle in tliglyrile and 14.7 (O.ir)tnole) of ;i.ctliyl-:;j.p<-n(eni?
(»jj* 1.414S).  'I'l* jlask Is ininicrst'd in a water bath, lioron Irillnoride
diglyniale (1(5.2 ml. of ii solution) is added droj)\vise to the uell-
stirred reaction mixtun* over a period of 30 niiinitcs. The apj)aratu.s is
ke])t under a static pressure of nitrogen.

C. The organohorane obtained in ISjn heated for 2 hours at 1G0°. Tiio
solution is cooled, and water is added to deeonijKjse residual hydride.
After addition of I(> nil. of a JA" Kolut.lon of s«)diuin hydroxide, (he organo-
borane is oxidized at 30—40" by the droi»wise addition of IU ml. of 30%
hydrogen i)eroxide.

The reaction mixture is extracted with diethyl ether, and the extract
is washed five times with etjual volumes of ice water to remove diglyme.
The ether extract is dried over aiihydrous magnesium sulfate. The
residue left after removal of the solvent is distilled- The yield of 3-ethyl-
I-entanol is 15.4 g. (88%); b.p. 1(59-1707740 mm., 1.42DG.

2-Methylcyclohexanonc from I-Methylcyclohexene (Preparation
and Oxidation of an Organohorane).”’ To 4.Hg. (50 mmoles) of
1-methylcyclohexene and 22.5 mmoles of lithium borohydride in 30 ml. of
diethyl ether in a 2IK>-nil. fia”¥k iitte<l with a stirrer, condenser, addition
funnel, and thermometer are added 0.{)5 nd. (7.5 nnnoles) of boron tri-
fluoride etherate in 4 ml. of diethyl ether over a j)eriod of 15 minutes at
25-35®. After 2 liours. excess hydride is destroyed with 5 ml. of water.
A chromic acid solution, prepared from 11.0 g. (30.9 mmoles) of sodium
dichromate dihydrate and 8.25 ml. (147.4 mmoles) of 96% sulfuric acid
and diluted with water to 45 ml., is added to the stirred solution over a
jhi'riod of 15 minutes, the temperature being maintained at 25-30'*.
After heating under reflux for 2 hours, the UJ|)per layc*r is .separated and
the aipieous jilia.se rxtracled witli diclliyl ether. ‘I'he etlier is n-m<»ved
and the product distilled. 'I'here is obtained 4.3(>g. (78%) of 2-methyl-
cyclohexanone; b.p. G3-(>4®/24 mm., [j'f" 1.4487.

TABULAR SURVEY

In Tables X-XVII are listed examples of the hydration of olefms,
dienes, and acetylenes by the hydroboration.reaction rejwrted in the
literature up to Mureh 19(52.

The following abbreviations are used: Digl3/ e for the dimethyl ether
of diethylene glycol; Triglyme for the dimethyl ether of triethylene
glycol; THF for t<*trahydrofuran.
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