384 JOURNAL OF ORGANOMETALLIC CHEMISTRY

CHLOROBORATION AND ALLIED REACTIOXNS
OF UNSATURATED COMPOUXDS

II. HALOBORATION AND PHENYLBORATION OF ACETYLEXNES;
AXD THE PREPARATION OF SOME ALKYNYLBORAXES

M. F. LAPPERT axp B. PROKAI

Derpartment of Cremistry, Facuity of Technology., University of Mancheslzr (Uireal Brifuaisn)

{Received November 12th, 1963}

INTRODUCTION

This series of papers relate to addition reactions of substituted boranes to unsatuarated
substrates.

ZooY = BNINSX® —Z—Y Y. ete. i

NT BXINE

In the present paper, haloboration and erganoboration of acetyvienes are described,
as wzll a3 some other loosely related substitution reactions leadiag to alkynyviboranes.

In Part I (ref. 1}, we described the chloroboration and organoboration of arvliso-
and isothlo-cyanates:

2ArNCO — BNINA = NITB NA-CO-X2:NAr-CO-X3,

where QO = Oor §, and X!, X?, X3 = Clor Ar!; and noted that Ar! > Cl in migratory
aptitude. Earlier literature on other reactions of type (1} was then reviewed. [We wish
to draw attention to an error in that paper: reference 3 should have been to Pactzold,
P.I. and not to Opitz, ¢ af.. Particularly relevant to the present study are results on
olefins>3; with nourbornadiene and dichlorophenviborane the product was the
{dichloroborvi}phenvinortricvelene? (1), thus illustrating that also in this case Ph> Ci
in migratory aptitude.
Pho . _BCL

£
(I}

\Whereas addition reactions of Lewis acids to olefins are still rare (except for the much-
studied hvdroborationst}, such processes for acetvlenes appear to be more common,
although the steric course (where decided) depends apparently arbitrarily on the
nature of the reagent; it seems useful brieflv to review these reactions.
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BORATION OF ACETYLEXNES 385

Disubstituted acetylenes afforded alkenylmercury acetates, by reaction with
mercury(1I) acetates. Trans-addition ensued when acetyvlene was passed through a
solution of mercury(II) chloride®, although the cis-product was obtained by using a
higher temperature and avoiding solvent®. Triethylalane added in a cisoid manner
across the triple bond®. Other examples of chlorometallation of acetylenes are found
in the reactions viith arsenic(1II)®, antimonyv(V)!¥°, sulphur(II)!!, selenium(IV)}2, and
tellurium(IV)!3 chlorides, although in many cases the steric rourse seems still un-
decided.

Dichlorophenylarsine afforded a number of products, which included (8-chlero-

vinvl)chlorophenyvlarsine, bis(8-chlorovinyl)phenylarsine, and (8-chlorovinyl)diphe-
nvlarsine as major constituents, by reaction with acetylene in presence of aluminium
trichloride, thus showing that in this case Cl > Ph in migratory aptitude!.

Heterocvcles have been obtained from diphenvlacetylene in several instances.

“"hus, triphenylalane afforded 1,2,3-triphenvlbenzaluminole?s, selenium(IV) chloride
:rave 3-chloro-z-phenvlbenzoselenophene!®, and germanium(II) iodide, although
ongmaliv believzd to give a 3-membered germanium-containing ring isoelectronic
with the cyvclopropenyl cation'?, is new hknown to give the 6-membered dimer!S, Other
heterocycles have been obtained from diphenvlacetvlene and metal or metalloid
halides in the przsence of alkali metals; these included 5-membered heteroanalogues
of 2,3,1,5-tetraphenylpyrrole (in which the NH group was replaced by A, Hg, B, T,
Zr, C, 54, Sn, P, As, Sb, S, Se, and Te)'?, and 6-membered dihetercanalogues of tetra-
phenvipyran (in which the two uxvgen atoms were replaced by GeX, or SiX,)17.18,22,

A single instance of chloroboration of acetvlene has been described, this was with
trichloroborane, using a vapour-phase high temperature reaction in the presence of
mercuryv(I) chloride on activated charcoai?l.

Only one type of reaction has previousiyv proved useful for the preparation of
acetvlenic derivatives of boron; this is by the action of an organometallic compound
on a boronic ester or 2 boron halide. The following such derivatives of boron have been
reported: (a) acetyvleneboronic acid and dibutoxvpropynvlborane??, (b) bis(dialkyl-
borvljacetvlenes®3, (¢} dibutoxvethyvnvilborane and dibutoxvhexyryviborane®t23, (@)
dibutoxy(vinvlethynvi)borane znd dibutoxypropynvlborane®, fe} (isopropenvi-
ethinv l)dlbu..\ Iborane®, and (f) a number of diarvlalkyvnviborane—pvyridine com-
plexes™. Literatire on 4-co-ordinate alkynvlboron derivatives has been collected in
references 24 and 25

DISCUSSION

Results on reactions of boranes with acetvienes

Data on the h:zloboration or phenyviboration of three substituted acetvlenes and
acetvlene, and on the acetolytic protodeboration or alcoholvsis of the products are
indicated in Figures 1—4. From these it will be clear that comment is required upon (a)
the estubiisiinent of structures of the alkenvlboranes, (b) the elucidation of their
configuration, and (c) the relative migratory aptitudes (Ph s Cl) of groups originally
attached to boron and ultimatelyv to carbon, and the nature and mechanism, more
generally, of the chloro- and organoborzation reactions.

Reactions of alkvlacetvlenes with arvlboranes (see Fig. 1), and subsequent
acetolvsis of the products, are noteworthy for providing a novel route to substituted
styvrenes.

J- Organometal. Chem., 1 (1964) 383—400
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Fig. 3. Reactions of acetylene

The structures of alkenylboranes {IIN-(X1)

These were established by full elemental analvses, molecular weight determination
(for compound V), degradation with glacial acetic acid (see Figs. 1 to 3), alcoholvsis to
afiord a known derivative, (X), and infrared spectra. The acetolysis of organoboranes
is now an established technique of protodeboration®. The nain features of the infrared
spectra of (II)-(3{I) are indicated in Tabie 1, with appropriate assignments, and more
details for compounds (IV), (V), (VIID), and (IX) are provided in Fig. 5.

From the aspect of correlation of structure with spectral data, it is clear that a
BX., group attached to olefinic carbon decreases the C=C stretching frequency. Thus,
for example in o-chlorostyrene the C=C stretching frequency lies at ~ 1618 cm-?,
but is lowered to 1582 cm-! in (IV), PhCIC=CHBCl,.

As to the effec of X (in BX,) upon the C=C stretching frequency, inspection of
Table 1 with regard to (IX), (X}, and (XI) reveals that the BBr, group has a greater
frequency-lowering effect than B(OR), groups. As boron is less electronegative than
carbon, these effects must be due to mesomeric rather than inductive effects.

The steric course of the addition
From Figs. 1-3, it will appear that chloroboration or organoboration proceeds bv cis-
addition for substituted acetvlenes. The cvidence for this is in fact incomplete. It is
based on (i) the establishment of the configuration of the ¢zs-bromostilbene obtained
by acetolysis of (VIII); (i1} the assumption that acetolyvsis, under the mild conditions
employed, involves retention of configuration; (iii) the assumption that failure to
eliminate hydrogen chloride by heating (IV) in presence of aluminium chloride rules
out the frans-product for (IV); (iv) the failure to isomerise (V) by ultraviolet irradiation
and the assumption that there is a large energy difference between it and its stereo-
isomer; and (v) consistencv with the proposed mechanism (see below), especialiy the
interpretation of the reversal of relative migratory aptitude (Ph vs Cl) depending on
the nature of the acetvlene [see (II) and (VI}:.

A direct solution to the problem of establishing the configuraticn of the alkenvi-
boranes (IT)—(VIZI) is in fact difficult. Such matters are often solved by examination

J- Orgarometal. Chem., 1 (1964) 383—100
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Fig. 5. Infrared spectra of alkenvlboranes (see also Table 1).

389

of infrared and 'H nuclear magnetic resonance spectra. Unfortunately, these are
applicable only 1f each of the olefinic carbon atoms bears a hvdrogen substituent, when
the frans-isomer is characterised by a particularly strong CH out-of-plane deformation
mode in the region ggn—g65 cm-1 (ref. 30) and this may be as low as 935 cm-' if an
electronegative substituent (Cl, Br) is attached to carben3'; an absorption characteris-
tic of the cis-isomer 1s less well established. The proton spin—spin coupling constants for
the —-CH,=CHj— svstem are of value in deciding stereochemistry, since for cis-protons
Jan = 6-14 ¢/s, whereas for {rans-protons [.p = 1118 cfs (ref. 33).

This led us to investigate addition reactions of acetvlene itself. Under the
conditions used in our other experiments, namely at atmospheric pressure, acetviene

J. Organonictal. Chem., 1 (1664} 383—300



390 JM. F. LAPPERT, B. PROKAI

failad to react with dichlorophenyviborane. On the other hand, bromoboration was
readily effected and compounds (IX)~(XI) were examined spectroscopically. Results
are shown in Table 2.

TABLE 2

ALKENYLEORANES (IX)-(XI}; SPECTROSCOPIC DATA RELEVANT TO STEREOCHEMISTRY

Absorption in region

Compound 985-935 cm~1 Jtcers
(IX) gs52 15.2 ¢is
(X) 950 14.9 ;5
(Xh) 950 14.7¢/s

Compound (X} is identical to the compound prepared®® by hydrogen bromide
addition to di-n-butoxyethynylborane.

Another indirect way that we sought io employv was to make a comparison of
appropriate products with identical ones, or isomeric partners, obtained from
alkinylboranes by addition reactions (this indeed is the reason that in the present
paper we report on such compounds). A suitable example appeared to be (XII), the
isomer of which was presumably accessible by reaction of phenvlacetylene with
bromodiphenvlborane. This example ¢f bromoaboration was in fact not pursued, since
reaction (2) was not realised.

Ph, BPh,
Ph—C==CBPh, 57—  c=c{ (2
B ‘H
(NIID (XIT;

Iateraction of (NIII} and hydrogen bromide led instead to preferential B-C cleavage,
to give Ph.BBr and PhBBr., and =z-bromostyvrene. Protodeboration, involving
Ph~B < fission, by anhydrous hvdrogen bromide, had been demonstrated befors3s.

In a similar manner, we repori the bromodeboration of PhC=CBPh, b\ tri-
bromoborane; the onlv identified product was bromodiphenviborane, Ph.,BBr
(see also ref. 34). The bromoboration of diphenvlacetyvlene had proved such a
facile reaction (see Fig. 3). that there was a possibility of forming a diborvlaikene
Ph(Br,B}C=C(BPh,}Br. No doubt this would have been stericallv difficult.

As to (i), the stereochemistry of z-bromostilbene was established by comparison
with the authentic product which had been prepared previousiv®. The acetolyvsis
reaction for protoderoration is now weil-established®, and it has been demonstrated
in @ number of cases of hydroborated olefins* and acetyvlenes¥, that acetolysis leads
to retention of configuration. Coupling of (i) and (i1} thus provides evidence for the
configuration of (VIII) to be as depicied in Fig. 3.

As to (ii), it was considered probable that the product of ¢rass-addition of tr-
chilcroborane to phenylacetvlene would undergo a Fiiedel-Crafts reaction (see ref. 35)
to afiord (XIV). Failure to eflect such dehydrochlorination may be taken as some
evidence for the configuration of (IV) to be as indicated. However, it mayv be that

J- Organometai. Caem._, 1 (1964} 354—400



BORATION OF ACETYLENES 391

{X1V} could in any case not be formed from the frans-isomer, sin:. e this would probably
require a transition state, (XV), in which the ortho-carbon atom is tetrahedral, a
condition which could not in those circunistances be achieved.

™ S
: . ¥ L H
~F B -Cl “~""B-Cl
Cl-i== Cl— =—= +Cl1-
(XIV) IXV)

Regarding (iv), the iailure to isomerise (V) may be due to an unusually large
difference in energy between it and its stereoisomer. This in turn is reasonable, when
it is noted thai in (V) extended conjugation is possible, but would not be in its
sterecisomer because of the steric difficulty of all the atoms in that molecule being
coplanar.

The smechanism of halo- and organo-boratior of acetvienes

Features, admittedly based on limited data, that require rationalisation are (i) the
Markownikoff direction of addition to acetylenes, (ii) the variable steric course, (iii)
the dependence of reactivity upon the Lewis acid strength of the borane, (iv) the
dependence of reactivity upon the basicity of the acetylene, and (v) the dependence of
relative migratory aptitude (Ph s Ci) upon the nature of the acetvlene. These are all,
except for the frans-addition to ccetvlene itself, reconcilable on the basis of a four-
centre transition state, the driving force for the formation of which is the nucleophilic
attack of the acetyiene (as in acetvlenic addition reactions, generaliv) on the electron-
deficient boron atom, and which approaches more closel In structure to that of the
products than of the reactants.

The Markownikoff addition to n-butvlacetvlene is explicable by the -—7-effect of
the n-butyvi group, and to phenviacetviene by noting the possibility of delocalisation
of the partial positive charge on the 1- but not the 2-carbon atom.

Points (i1} and {v) are conveniently considered together. It is a striking fact that
the relative migratory aptitude, Ph > Cl, for si-butyvlacetviene is reversed for phenyl-
acetvlene. These data fall into place if it be recognized that control is thermodinamic,
in terms of a transition state which closeiv resembles in structure that of the products.
In this event, the stabilisauon of the developing product depends upon maximum
conjugation being eftected. Thus, considering addition of dichlorophenylborane to

{XVI)

n-butvl- and phenylacetyvlenes, phenyl- (XVI) or chloro- (XVII) boration is pessible.
If R = Bu, the more effective conjugation is represented by (XVI), whilst if R = Ph,
it is (NVII}, since in this case the z-type molecular orbital also of course encompasses
the group R.

The evidence that reactivity is related to the acceptor strength of the borane is
ba.ed upon the following observations: (a) whereas mixing of phenyvlacetylene and

J. Organometal. Chem., 1 (1964) 3S3—300
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boron trichioride at —;8° was kighly exothermal, heating was necessary in order to
efiect chloroboration with dichlorophenylborane, and even this proved of no avail
when the reagent was chlorodiphenylborane; (b) whereas trichloroborane did not react
with diphenylacetylene at room temperature, bromoboration with tribromoborane
was readily achieved; and (c) tribromoborane was more reactive thar: dichlorophenyl-
borane with respect to acetylene. It is established, with respect to tertiarv amines or
ethyi acetate as ligands, that relative acceptor strengths decrease in the series (a)
BCl,; > PhBCl, > Ph.BCI (ref. 39), and (b) BBr, > BCl, {(ref. 40).

The infiuence of the basicity of the acetylene is shown by the greater reactivity’
of n-butylacetylene than of acetyvlene. Ionisation potential data on these hvdrocarbons.
support the interpretation and are relevant since the energy of remo--al of an electron
1s related to electron-avaiiability. The first jonisation potential for acetvlene is
IT1.41 - 091 ev, whilst for monoalkylacetvienes® this is decreased to ~ 10.3 ev.
Our results also show reactivities decreasing in the order BuC=CH > PhC=CH >
PhC:=CPh. Thus, under stated conditions (sce Table 4), chlorodiphenvlborane added
to n-butyvlacetyiene but not to phenviacetvlene and trichloroborane added to phenyl-
acetyvlene but not to diphenvlacetvlene. This order is more difficult to rationalise;
ionisation potentials are not helpful, because aromatic r-electrons are preferentially
removed.

In the apove terms. the result on the bromoboration of acetvlene appears
anomalous. There are two possible explenations. Either the mechanism for addition
to acetvlene is different (and clearly cannot involve a j4-centre transition state) from
that of substituted acetvlenes. Alternatively, a unifving feature is that in everv case
preducis appear to be these that are thermodynamically favoured. This would imply
that. unlike for hyvdroboration where control is kinetic, haloberation and organobora-
tion reactions are thermedynamically controlled processes, which follow upon initial
cis- or frans-addition. A consequence of this hvpothesis is that reactions be reversible.
In support for this, we observe {a} that addition of pyvridine to (IX) effects elimination
of py-BBr, and regeneration of acetvlene, and (b) that compound (VIII) upon heating
under reflux in a partial vacuum reversiblv dissociates.

Al&ynyviboranes
Two new alkynvlboranes, (NXVIII) and (XIX). were prepared as shown below.

Pa.BC! PaBCl.

PhC=CBPh. -— PhC==CLi- {PhCz=C;,BPh
(NVII iNIXD

TABLE 3

ALRKYNYLBORANES (XVIII} ane {NIX): PRINCIPAL ABSORPTION MaANIMA {cm™ !} AND ASSIGNMENTS

Comgpound .
(XVILD v INING Assignment
2163 2160 {1; C==C stretch
1590 1592 {2) C-C ring swretch {A\,)
1201 1256 {3} B-C stretch
757 735 (3) C-H out-of-planc deformation (B.}
T15 sh

Numbers in parentheses refer to locatioa in Fig. 6.

J. Orgarometal. Cies:., 1 (1964) 3S3-3y00



BORATION OF ACETYLENES 393

These were characterised by analysis and by their infrared spectra (see Table 3
and Fig. 6).
Frequency (cm™)

oo 2000 2000 600 00 1000 900 800 750 700
~ 8o
¢ 60;
(XIX) §
2 ot
2
o -
& 2 )
3 5 B o] B %

Waelencth (p1)

Fig. 6. Infrared spectra of alkynyviborane (XIX) (see also Table 3).

Reactions of (XVIII} with hvdrogen bromide and tribromoborane have already
been commented upon.

EXPERIMENTAL
General procedures

Hiy-drocarbon solvents were dried over sodium wire. Chlorine and bromine were
estimated by Volhard's method, after hyvdrolysis with ethanolic sodium hyvdroxide at
reflux temperature (30-10 min). Boron was estimated by aqueous hyvdrolysis and
subsequent titration {(NaOH) in the presence of mannitol. Microanalyvses {C and H)
were carried out by us and some also by the microanalytical laboratory of this depart-
ment, and we offer our thanks to Mr. B. MaxoHIx and his staff. Infrared spectra were
recorded on a Perkin-Elmer 21 spectrophotometer, with sodium chloride optics, and
1H nuclear magnetic resonance speztra on the Variar V42008 instrument at 4o Mc/s.
Substituted boranes wezre prepared by standard methodsi®. The lithium reagents were
prepared by known routes2. 1-Hexyne was prepared by addition of z#-butyl bromide
to monosodium acetylide in liquid ammonia®t. Authentic samples of z-chlorostyrene®
and =z-bromostilbene®® were preparcd for purposes of comparison with reaction
products.

Boration of acetylenes

The general procedures for the preparation of alkenviboranes may be illustrated by
the examples cited below, and other details are fonnd in Table 4. All operations for
the preparation of alkenvlboranes were carried out under nitrogen atmosphere.

Preparation of (2-ciloro-2-phenvivinvi)dichloroborane

Phenyvlacetvlene (5.75 g, T mol.) was added dropwise to trichioroborane (6.6 g, 1 mol.)
at —7S8°. The apparatus comprised a three-necked fiask, fitted with a dropping funnel,
a cold finger (—78°) condenser, and a nitrogen inlet. Diving tubes were employed to
prevent incursion of atmospheric moisture. The reaction was very vigorous and much
heat was evolved during mixing. At the completion of the addition (50 min), a heavy,
dark-coloured liquid was obtained. The reaction mixture was allowed to warm up,

J- Organometal. Chem., 1 (1964) 384—300
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BORATION OF ACETYLEXES 395

and all matter volatile was removed at 20°/12 mm, and was tiapped at —%8°, whilst
the residue upon distillation afforded (2-chloro-2-phenylvinyl)dichloroborane (4.8 g,
38.89), b.p. 92°/0.3 mm, (Found: C, 41.0; H, 2.8; B, 4.9; Cl, 48.2. C;HBClI, calcd.:
C, 13.7; H, 2.7; B, 4.9; Ci. 48.5%), leaving an undistillable residue (6.34 g). The
volatile material, collected at —78°, afforded the benzonitrile-trichloroborane
complex [2.26 g, 18.29; (this figure is caiculated on the quantity of trichloroborane
originally used)?, m.p. 140—42° (Found: B, 4.91; CI, 48.1. C,H;BCL,N calcd.: B, 4.91;
Cl, 48.3%), upon the addition of benzonitrle (x.06 g, ¥ mol.).

Another experiment was carried out, using an identical procedure to the above,
except that chloroforrn was the solvent and the reaction was carried out in the
presence of aluminium trichloride (.6 mol.). There was no evolution of hvdrogen
chloride, and the vield of (z-chloro-2-phenvlvinyi)dichloroborane was considerably
less (30.295).

Preparation of (2-chloro-2-phenvivinyl)(o-phenvienedioxv)borane

Phenylacetylene (2.58 g, 1 mol.) was added to {o-phenylenedioxy)chloroborane (3.9 g,
1 mol.). The reaction mixture was heated for .4 h at 130-150°. Upon distillation, the
reaction mixture afforded (z2-chloro-z-phenylvinyvl)(e-phenvlenedioxy)borane (4.86 g,
73%), b.p. 136%/0.03 mm, m.p. 78° (Found: C, 65.9; H, 4.2; B, 4.2; Cl, 13.7.
C,;H,(BCIO. caled.: C, 65.5; H, 3.9; B, 1.2; Cl, 13.8%;), leaving a solid residue
{0.6 g).

Preparation  of (2-chloro-2-phenvivinyl)(o-phenvienedioxviborane by interaction of
catechol and (2-chloro-2-phenvivinvl)dichloroborane

Catechol (3.16 g, 1 mol.} was added in suspension in methyiene dichloride (~ 8 ml)
to (2-chloro-z-phenvivinvlydichloroborane (2.3 g, 1 mol.) at —x0°. The svstem was
warmed to zo0°, when hvdrogen chloride was evolved, and the residue, after being
freed from solvent at 20°/12 mm, afiorded {(2-chloro-z-phenyvivinyl){o-phenyvlene-
dioxviborane (2.1 g, 78%), b.p. 148°/0.06 mm (Found: B, 41.18; Cl, 13.82;) on
distillation. There was a residue (0.5 g).
(2-Chloro-z-phenylvinyli(o-phenylenedioxy)borane (5.8 g) was subjected to
ultraviolet irradiation in a quartz flask for 3 days. There appeared to be some de-
composition. The material was distilled, and gave the unchanged starting material
(5.1 g, 859%), b.p. 156°/0.x mm, mixed m.p. 76787, (Found: B, 1.2; Cl, 13.7%).
The infrared spectrum of the compound was identical with that of the original sampie.

Preparaiion of (2-bromo-1,2-diphenvivinvl)dibromoborane

Tribromoborane (5.3 g, T mol.) was added slowly to diphenylacetylene (3.76 g, 1 mol.).
The reaction was exothermal and almost at once a dark purple solution was forned.
The reaction mixture was allowed to cool, whereupon (2-bromc-1,2-diphenylvinyl)-
dibromoborane (6.7 g. 7.4.5 %), m.p. 53—54° (Found: C, 39.0; H, 3.6; B, 2.6; Br, 55.8.
CsH,(BBrj caled.: C, 39.3; H, 2.34; B, 2.52; Br, 56.09,), crvstallized out, and was
recrystallized from benzene.

Interaction of acetic acid and vinyvlboranes

The results are given in (a)-(g), and summarised in Table 5.
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TABLE 5

ACETOLYSIS OF BORANE

Reactants s . 5 ) .
HOOCCH, and vinviborane Derivatice of hydrocarbor formed  Boron compound formed

PRCCl=CHBCL, PhCCl=CH, *(CH,CO0),B..0
(PRCCI=CH).BCl PhCCl=CH., *(CH,COO0).B.,0
(PRCCI=CH),BPh PhCCi=CH,, C,H, ?(CH,CO0).B..0
O~
PECCi=CHB PhCCi=CH. tar
~O N
BuCPh=CHBCIPh BuCPh=CH, PhB(OOCCH,).
BuCPh=CH-BCI-CH=CCIBu BuCPh=CH,, BuCCI=CH, “(CH,C00).B 0
PhCBr=C(BBr.)Ph PhCBr=CHPh *(CH,C00),B:,0

(a) (2-Cliloro-2-phenvivimvl)dickioroborane. Acetic acid (1.3 g, 3.3 mol.) in light
petroleum (D.p. 30—407) {zo ml) was added dropwise with shaking to (z-chloro-z-
phenylvinvljdichloroborane (4.8 g, I mol.) in the same solvent (12 ml) at zo0°. The
reaction was exothermal and hyvdrogen chloride was evolved. The reaction mixture
was allowed to reflux at 30—-107 for 1.5 h z2nd after cooling, it was filtered. The filtrate,
upon fractional distillation, afforded x-chlorostyvrene (2.8 g, 92.5 %), b.p. 6¢°/12 mm
{Found: C, 70.0; H, 5.1; Cl, 25.6. CZL.Cl calcd.: C, 69.5; H, 5.05; Cl, 25.6°;). The
precipitate was identified as tetra-acetyl diborate (2.7 g, go 9%). m.p. 150° (Found:
B, 7.9. CH,.B.0, caled.: B, 7.9°.).

(6) Bis(z-chloro-z-phenvizinvl)chloroborane. A mixture of acetic acid (3.0 g, 3.8
mol.) and bis(2-chloro-2-phenylvinvi)-chloroborane (4.2 g, 1 mol.) in a total volume of
light petreleum (b.p. 30—10%) (20 ml} was treated substantiallv as described above.
The reaction was exothermal and hvdrogen chloride evolution was noted. The filtrate
was fractionally distilled to vield x-chlorostyrene (3.2 g, 87.5 %), b.p. 73%/15 mm,
{Found: Cl, 25.69,). The precipitate was found to be tetra-acetyl diborate (1.6 g,
S39.5°5), m.p. 1345° (Found: B, 7.8 %).

(c) Bis(z-chloro-z-phenyivinyvi) phenyviborane. Acetic acid (2.4 g, 3.84 mol.) in light
petroleum (b.p. 30--407) (8 ml} was slowly- added with shaking to bis(2-chloro-2-phenyl-
vinvljphenvlborane (3.8 g, T mol.} in the same solvent (1o ml )at 20°. The reaction
mixture was refiuxed for 5 h. At the completion of the reaction, the precipitate of
tetra-acetyl diborate, (1.1 g, 75 95), m.p. 147;-148° (Found: B, 7.7 9;) was filtered oft
and was washed with light petroleum (b.p. 30—10°) (xo ml). The filirate was carefully
fractionallyv distilled ; the products, as well as acetic acid and acetic anhvdride, included
benzene (0.6 g, 74 ;) b.p. 80° (also identified by its infrared spectrum) and a-chloro-
stytrene (3.6 g, go %), b.p. 12714 mm, (Found: CI, 254 %,). There was an undistillable
restdue.

{d) (2-Chloro-z-phenvivinyl)(o-phenylcnedioxyv)borane. Acetic acid (z.0z g, 1.7
mol.) in light petroleum (b.p. 30—40%) (5 ml) was added to (2-chloro-z-phenvivinyl)
{o-phenyvienedioxyv)borane (5.1 g, T mol.) suspended in the same solvent (zo ml) at zo”.
The reaction was allowed to proceed at reflux temperature for 1 h. Fractional distilla-
tion of the reaction mixture afforded a-chlorostyrene (2.1 g, 76.5 %), b.p. 80°/2z0 mm,

J- Organometal. Cken:_, 1 {1964) 353—400



BORATION OF ACETYLEXNES 397

(Found: Cl, 25.5 95) (also identified by its infrared spectrum). There was a tarry residue
which was not identified.

(e) (2-Phenyl-z-n-butylvinvi)chiorophenylborane. Acetic acid (.61 g, 2 mol.) in
n-pentane (5 ml) was added dropwise with shaking to (2-phenvi-z-n-butylvinyl)-
chlorophenylborane (3.8 g, 1 mol) in the same solvent (10 ml) at 20°. Considerable
heat was evolved, and hydrogen chloride was formed. At the completion of the
reaction, the precipitate, diacetoxvphenylborane, (2.2 g, 819), m.p. 176-176°
{decomp.) (Found: B, 5.5. C,,H,;,;BO; caled.: B, 5.3 %) was filtered off. The filtrate,
upon fractional distillation, afforded «-butvlstyrene (1.68 g, 789%,), b.p. 94°/14 mm
(Found: C, 8g.x; H, 10.7. C,.H,4 caled.: C, go; H, 109).

(f) (2-n-Butyl-2-phenvivinyl)(2-n-butyl-2-chlorovinyl)chloroborane. Acetic acid
(2.7 g, 3 mol) and (2-n-butyl-z-phenylvinyl)(z-2z-butyl-2-chlorovinyljchloroborane
{4.9 g, 1 mol.) in a total volume of #-pentane (20 ml) were reacted together as described
in (¢). Hydrogen chloride evolution and heat of reaction were noted. The precipitate,
tetra-acetvl diborate, (1.7 g, 82 9;), m.p. 144-147° (Found: B, 7.8 2;), which formed
during the course of reaction, was filtered off. The filtrate was subjected to fractional
distillation, which afforded 2-chloro-i-hexene (1.49 g., $2.89;}, b.p. 118° (Found:
Cl, 29.0. CgH,,Cl caled.: Cl, 29.59), acetic anhydride (0.6 g, 77.59), b.p. 1387
(identified by its infrared spectrum), and «-butylstyrene (2.1 g, 86.5 %) b.p. go°/12
mm, (Found: C, Sg.0; H, 10.6°,).

() (z-Bromo-1,2-diphenyleinyl)dibromoborane. Acetic acid (4.06 g, 3.2 mol) in
n-pentane (xo ml) was added to (2-bromo-1,2-diphenylivinyl)dibromoborane (9.05 g.,
I mol.) in the same solvent (20 ml) at 20°. There was a considerable heat of reaction
and hydrogen bromide was evolved. The reaction was allowed to proceed for I h,
whereafter the precipitate of tetra-acetvl diborate (2.2 g, 78°9%), m.p. 147-148°
(Found: B, 7.8292;) was filtered off. The filtrate afforded z-bromostilbene (1.65 g,
859%), b.p. 138%/0.4 mm, m.p. 1g—=20° (Found: C, 65.3; H, 4.7; Br, 31.0. C,,H,,Br
caled.: C, 65.0; H, 1.25; Br, 30.9°%,).

Alcololr .is of vinviborancs

a. Preparation of (2-bromovinvl)dibutoxvberane. 1-Butanol (3.46 g, 2 mol.) was
added slowly to (2-bromovinyl)dibromoborane (6.47 g, 1 mol.) at 0°. The reaction was
highlv exothermal and hyvdrogen bromide was evolved. The svstem was warmed to 20°
and freed from hydrogen bromide at 20°/40 mm. The residue upon distillation afforded
(2-bromovinyi)dibutoxvborane (4.9 g, S0%;), b.p. 60-61°/0.1 mm, (Found: 4.1; Br,
30.0. C, H.,,BBrO, calcd.: B, 4.1; Br, 30.4%)-

b. Preparation of (2-bromovinvl)di{octvioxvyborane. 1-Octanol (4.25 g, 2 mol.} was
treated, substantially as described above, with (2-bromovinyl)dibromoborane (.45 g,
1 mol.). The residue upon distillation afforded (2-bromovinyljdi{octvloxy}borane (4.7 g,
789,), b.p. 1g0-195°/0.05 mm (Found: C, 58.0; H, 9.3; B, 2.g; Br, 21.4. C,;H;,BBrO,
caled.: C, 57.5; H, 9.6; B, 3.0; Br, 21.4%,).

Preparation of bis(phenvlethynyl)phenylborane

Dichlorophenvlborane (7.9 g, I mol.) was added to lithium phenylacetylide (2 mol.)
{prepared from a light petroleum (b.p. 30-40°%) solution of z#-butvilithium (116 ml) and
phenylacetylene (10.2 g, ¥ mol.)! with vigorous stirring, at such a rate as to maintain

J. Organometal. Chen:., 1 (1664) 384—400



369 3. F. LAPPERT, B. PROKAI

a steady reflux of the solvent. The reaction was exothermal and mixing was continued
for 50 min. After completion of the addition, the reaction mixture was stirred for an
additional 3 h, whereafter ether was added in order to dissolve the organic material.
The insoluble precipitate was filtered off and identified as lithium chloride (4.25 g,
1c0%;). The filtrate was freed from solvent at 20°/12 mm, and the residue afforded
bis(phenvlethynyl)phenylborane (154 g, 78°5), m.p. 84-85° (Found: C, 91.1; H, 5.4;
B. 3.7. C..H,sB caled.: C, g1.4; H, 5.18; B, 3.749%), which was recrystallised from
benzene.

Preparatior: of (phenylethvuvi)diphenviborane

Chlorodiphenvlborane (3.39 g, ¥ mol.) was added to lithium phenyvlacetvlide (r mol.),
in light petroleum (b.p. 30—40°) (30 ml) with vigorous stirring. The reaction was
exothermai and mixing took 30 min. After the completion of the addition, the reaction
mixture was stirred for an additional 3 h. Ether (100 mi) was added to the reaction
mixture, which was stirred for a further 30 min. The insoluble material was filtered
ofi and identified as lithium chloride (0.7 g, 100%;). The solvent was removed from the
filtrate at 20°/13 mm and the residue afforded (phenvlethyl)diphenviborane (3.35 g,
74-5%), m.p. 108-110° (Found: C, go.g9; H, 5.72; B, y.01. C,;H ;B caled.: C, g0.5;
H. 5.65; B, 4.079%,), after recrystallisation from benzene.

Iricraction of hvdrogen bromide and diphenvi{phenvicilivnxl)borane
Diphenyl(phenyvlethynyl)borane (10.2 g) was suspended in #n-pentane (40 ml) and
cooled to —78°. Hydrogen bromide was slowly passed into the reaction vessel. There
was an exothermal reaction. The reaction was continued for 3 h, whereafter the
temperature was allowed to rise and upon reaching o° there was vigorous hydrogen
bromide evolution. At the completion of the reaction, all matter volatile at 20°/20 mm
wus removed, and the residue was subjected to careful fractional distillation, which
afiorded x-bromostyrene (1.4 g, 18.5°,), b.p. 76°/10 mm, n§ 1.53881 (Found: Br, 43.1.
C,H.Br caled.: Br, 43.6%); dibromophenylborane (2.5 g, 26.5%), b.p. 8510 mm,
{Found: B, 1.3; Br, 61.2. CH.BBr, caled.: B, 1.37; Br, 64.7°;). and bromodiphenyl-
berane (3.5 g, 37-2%), b.p. 165-170°/10 mm {Found: B, 4.5; Br, 32.3. C;.H;(;BBr
caled.: B, 4.4: Br, 32.6°;). There was a residue (2.1 g).

Iscizraction of tribromoborane and diphenvi(phenvietinvavi)borane

Tribromoborane (6.1 g, I mol.} was added to diphenyvl(phenylethynyl)borane (6.4 g,
1 mol.). There was an exothermal reaction .t the completion of the reaction (4 h)
the mixture was fractionally distilled. Tie only product identified was bromodiphenyl-
borane (3.3 g, 58.5%), b.p. 105-110°/0.4 mm, (Found: B, 4.3; Br, 32.2%). There was
a residue (6.5 g).

Interaction of pyridive and (2-bromovinvi)dibromohorare

Pvyridine (0.65 g, £ mol) in z-pentane (8 ml) was added to (2-bromovinyl)dibromo-
borane (2.28 g, 1 mol.) in the same solvent (10 ml) at 20°. The reaction was exothermal,
ard was allowed to proceed at the reflux temperature of the solvent for 3 h, whereafter
the precipitate, of tribromoborane-pyridine complex (2.2 g, 81.3%), m.p. 128-130°
(Found: B, 3.3. C,H;BBr,N calcd.: B, 3.239%) was filtered off. It was also identified
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by its infrared spectrum (taken in chloroform solution), which showed characteristic
_bands at 1629, 1609 sh., 1490, 1462, 1357, 1161, 1094, and 1025 rm-L

Dissoctation of (2-bromo-1,2-diphenyilvinyi)dibromoborane

(2-Bromo-1,2-diphenyIvinvl)dibromoborane (6.2 g) was slowly heated under partial
vacuum (2 mmy} for 6 h. All matter volatile was trapped at —78°. The volatile material
so collected, afforded the tribromoborane-pyridine complex (3.8 g, 79.89%), m.p. 129°
(Found: B, 3.2 9,), upon the addition of pyridine. The complex was also identified
by its infrared spectrum. The residual matter appeared to be polvmeric.
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SUMMARY

Selected haloboranes, BNX'N2X3 (X! = Cl or Br, and X2 and X3 are either = X! or
Ph), generally reacted with acetyvlenes (HC=CH, BuC=CH, PhC=CH, or PhC=CPh)
toafford (2-halo- or 2-phenylalkenyl)boranes, depending on the nature of the acetylene.
The products were characterised by acetolyvtic protodeboration, alcoholysis, and by
their infrared spectra. For unsvmmetrical acetyvlenes, Markownikoffi addition was
demonstrated ; the steric course of reactions is irans for acetvlene but is believed to be
cis for at least some of the substituted acetyvlenes. Reactivity increases with high
acceptor strength of borane and high nuecleophilicity of the acetvlene. Chloro- and
organcboration of acetvienes is evidently a thermodynamically-controlled process, in
contrast to hvdroboration.

Some of the reactions are of potential application for synthesis of x-substituted
styrenes and their derivatives.

Two alkyvnyviboranes have been obtained from haloboranes and lithioacetylenes.
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