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Hydroboration of some organometallic systems

C. J. Towers

1) Abstract

This thesis contains a review of the literature concerning the
hydroboration of multiple bonded organic molecules and the synthetic
utility of the organoboranes so formed in these reactions.

Although the reactions of diborane with unsaturated organic
molecules are well known, there is little information referring to
such reactions with organometallic complexes containing unsaturated
ligands. Details are presented herein of complexes which have been
synthesized fto enable investigation of their reactions with diborane
and the results of such subsequent reactions,

Hydroboration of systems which have been studied include those
which contain either sigma or pi-interactions between the organic
moiety and a metal. 2,4-Pentanedione and related compounds undergo
hydroboration and for the former case, reduction of the two carbonyl
groups occurs essentially simultaneously giving after hydrolysis a
dimeric borate ester of a meso-diol, In contrast the ester produced
from the reaction of boric acid and the diol formed from the
reduction of the dione with sodium borohydride is a mixture of
racemic and meso~forms., In metal 2,4-pentanedionates, where the
multiple bonds are delocalised, identifiable products from
hydroboration were not obtained. For other systems having localised
or delocalised groups pi-bonded to a metal, for example (7 ~C.H )éFe
or (PhCECPh)Pt(PhBP)Q, hydroboration could not be obtained. 25

In substituted ferrocene derivatives having multiple bonded
groups attached to the organic ring system, for example
acetylferrocene and vinylferrocene, only hydroboration of the side
chain occurred with the mode of addition being essentially the same
as if the metal had not been present.

Although indene, (CgH ), underwent hydroboration of the
5-membered ring producing Z-indanol on oxidation, when the indene
moiety was pi~bonded to iron, the 6-membered ring underwent
hydroboration.

Jw»



2) Statement of objectives

The objectives of the study presented herein were to investigate
the hydroboration reactions of systems containing unsaturated organic
groups bonded to metal centres to establish whether the presence of
the metal affected the overall course of the reaction, as compared to
the mode of hydroboration occurring where the organic moiety was not
bonded to a metal centre. The types of compound which would be
studied include the following categories;

(i) compounds in which the organic group is sigma-bonded to
the metal with the multiple bond in a localised or delocalised
environment, for example; Schiff's base, pyridylethylene or
acetylacetone complexes and (PhCEC)QHg.

(ii) compounds in which the organic group is pi-bonded to the
metal, for example; (PhC=CPh)Pt(Ph P)2, (7 -c ) Fe and
(or- Coft )(1r-C HS)Fe.

(111) compounds in which the organic group is pi-bonded to the
metal but contains an unsaturated function in a localised environment,
for example; vinylferrocene or acetylferrocene.

I~
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4, Introduction

4.1) Historical

Following Stock's report1 of the reaction of diborane with an
unsaturated hydrocarbon (acetylene), little else in this area was
published until, twenty five years later, the high temperature
formation of trialkylboranes by reaction with olefins was reportedz.

At ambient temperatures these reactions were slow and typically
were carried out by sealing the reactants in heavy walled glass tubes
which were then heated at elevated temperatures for several days,

3

During studies of the Lewis acid properties of diborane” it was
noted that ethylene and propylene oxides were polymerized to some
extent., Similar reactions with styrene, methyl methacrylate and
acrylonitrile resulted in the slow formation of trialkylboranes but
not the polymeric productswhich were then of interest.,

The difficulties of preparation of pure diborane and of handling
the reactive gas, combined with the slowness of reaction, suggested
that such reactions would not be synthetically convenient for the
preparation of trialkylboranes.

The synthesis and important reducing properties of lithium

4

aluminium hydride stimulated Brown' to institute more research into
the properties of sodium borohydride, of which he was co-discovererB.
The work concerning the novel synthesis of sodium borohydride had
also shown that the reduction of aldehydes and ketones under mild
conditions was possible, '

The effects of substituents, solvent and the presence of metal
ions on the reducing properties of sodium borohydride were

d69798.

investigate It was noted that in the presence of aluminium

o



chloride a solution of sodium borohydride reduced an unsaturated
ester, ethyl oleate, to a greater extent than the stoichiometry
expected for conversion of the ester into the alcohol, TIurther
investigation of this observation showed that olefins reactea to
produce a quantitative yield of the corresponding organoborane9’10.

Although aluminium borohydride in diethylether solution is
capable of reducing olefins, the reaction of a(diglymeg(bis (2-
methoxyethylether)) solution of aluminium chloride and sodium
borohydride with olefins (1) was not considered to be due to the
initial formation of aluminium borohydride because no precipitate of
sodium chloride, insoluble in diglyme, was noted until the olefin was
added., The conversion of an olefin into the corresponding
organoborane via this reaction typically gives an 80-90% yield.

An inherent disadvantage in this otherwise useful reaction is
that the reaction products, other than the organoborane, consist of
salt and aluminium hydride, as a result of which only three-quarters
of the "hydride" actually takes part in the reduction of the olefin
(1). The use of an alternative Lewis acid, boron trichloride (2) or
boron trifluoride (3), was found to provide a convenient way to

utilize all the available hydride in reduction of the olefin,

9 RCH=CH, + Alcl3 + BNaBH4-q>3(RCHQCH2)BB + 3WaCl + 3A133 (1)
12 RCH=CH, + 3NaBHi, + 3013--.-4(RCH20H2)33 + 3NaCl (2)
12 RCH=CH, + 3NaBH, + 4BF3-—a—4(RCHZCH2)3B + 3NaBF4 (3)

Diborane may be easily generated by the addition of boron
trifluoride to an ethereal solution of sodium borohydride. Under
conditions similar to those employed in the reactions (1) to (3)
such an ethereal solution was found to reduce olefins affording the

respective organoboranell. Unpublished observations by Brown and Case

1



claim that even small quantities of ether solvents catalysed the
addition of diborane to olefins from very slow to extremely fast

. 12
reactions™ .

The foregoing essentially constitutes the events leading to the

13,14 by which olefinic and acetylenic bonds may be

basic procedures
reduced by the addition of a boron-hydrogen function across an
unsaturated bond to form an organoborane. This reaction, as distinct
from the reductions effected by other hydridic reagents, has become

known as the "hydroboration" reaction.

4.2) Hydroboration

4.2.1) Initial Importance

The hydroboration reaction provides a convenient and usually
efficient synthesis for organoboranes from a wide range of substrates,
particularly from alkenes and alkynes, Initial interest in the
organoboranes so produced was centred upon the oxidation reactions
which produced alcohols, The reactions of organoboranes were
subsequently explored and proved to be of great synthetic use.

If the organoborane generated by hydroboration of an alkene is
subsequently oxidised with a controlled amount of oxygen15’16(4) or
with alkaline hydrogen'peroxidel7 (5) the product is an alcohol .,
The oxidation is essentially quantitative and the alcohol produced
is usually the anti-Markovnikov hydration product. More importantly,
hydroboration followed by alkaline peroxide oxidation was found to
proceed with complete retention of configuration yielding the cis-

alcohol product,

R,B + 13 0, _'1%101_62.. [F0, Ty 5 BBy o _NaOH/H0 _ o (4)

o



R,B + 3,0, + NaOH ——=3ROH + NaB(0H) (5)

4.2.2) The mechanism of hydroboration

The conversion of alkenes to alcohols may also be accomplished
by hydration or via sulphonation., The mechanism of reaction, and the
basis of Markovnikov's rule, is the protonation of the alkene in the
presence of an acid and the formation of a carbonium ion such that the
positive charge is localised on the carbon atom most able to support
the charge. Alkenes other than ethylene form secondary (6) or
tertiary carbonium ions (7) which subsequently react with the

hydroxyl ion to give the desired alcohol.

+ + OH™
RCH=CH, . RCH~CH; ———=- R—flzﬁ-CH5 (6)
OH
?HB = CEB o RCH: EHSH (n
RCH5-C== CH,—— RCH,~C~CH, 5§ ~CHs

OH

Consequently the only primary alcohol which can be produced
directly is ethanol from ethylene, all other alkenes affording only
secondary or tertiary alcohols,

The carbonium ion intermediate produced by the protonation of an
alkene is of stereochemical importance, Certain alkenes exhibit
cis-trans isomerism which results from hindered rotation about the
unsaturated carbon-carbon bond. The configuration of such alkenes is
generally fixed by the properties of the unsaturated bond, but some
alkenes can undergo isomer interconversion when heated or exposed to
ultraviolet light, for example 1,2-diphenylethylene.

The carbonium ion is planar about the positively charged éarbon

atom, Not only can rotation about the carbon-carbon bonds take place



but attack by the nucleophile may take place from either side of the
plane of the ion, Thus a mixture of products is assured and the

original configuration is lost (8).

OH

¢

/ &R
RCHS “Ry3

H /R H\ +’/R .
Ne=( 3 He—C 3 _nucleophile -+ (®)
R/’ N / N OH
! K AT RCHy. 3
OH

In contrast the retention of configuration during the
hydroboration/oxidation of alkenes implies that the reaction does not
proceed via a discrete trigonal intermediate involving either carbon
atom since it is this step which causes the loss of configuration.
The reaction is considered to proceed via a four-centre transition
state. Theoretical calculations show that the rate determining
step in the hydroboration of alkenes is the formation of a loosely
bonded Tr-complex between the reactants, and that the subsequent
rearrangement of the cyclic intermediate to the borane has a very
low activation energy18’19’20. Experimentally the low activation
energy barrier in the formation of both the Tr-complex and
rearrangement to the borane is demonstrated by the high rates of
reaction observed. Rates of reaction are controlled by the change
in free energy required to form the transition state (4&6* ) and

also by the change in free energy between reactants and products

(Zl G). Even when the overall change in AG is favourable the

10
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use in such a procedure would have practical difficulties., For this
reason gaseous diborane is often generated from a reaction solution
in diglyme, which is a better solvent for sodium borohydride, and
conveyed into tetrahydrofuran by a stream of dry nitrogen. In
tetrahydrofuran solution diborane forms a 1l:1 complex, BH3—
tetrahydrofuran, which is an active hydroborating species.,

During the reaction (9) a complex between sodium borohydride
and borane forms, so that diborane is liberated only when an excess
of boron trifluoride etherate is added (10).

TNaBH , + 4BF,.Et,0 —4NaBH

.BH, + 3NaBF g+ 4880 (10)

4 T e 4*°°3
Diborane exists as a bridged molecule which has two two-electron-
three-centre bondszl. With various electron-donor ligands diborane

will undergo cleavage which is mostly, but not exclusively,

symmetrical22. A mechanism for the cleavage has been postulated (11).

H\ ’H\\ /H L: L:
1. /B\ == Hy-BH-E, =—X=> 2H:L (11)
H i H L symmetrical
cleavage
L
+ -
H2BLZBH4
unsymmetrical
cleavage

The symmetrical cleavage of diborane in ethereal solutions
produces complexes which with the exception of tetrahydrofuran revert
easily to diborane23. The hydroborating species present in

tetrahydrofuran solutions of diborane is predominantly the BH3—

tetrahydrofuran adduct ("Borane") and the presence of such an adduct



is often assumed with other ethereal solvents. The BH3-
tetrahydrofuran adduct, in solution, has been postulated to be in
equilibrium with the B 24 which is believed to exist as a

7
singly hydrogen bridged spe01es25 (12).

3BH3.THF —_—

+
H2B(T}IF)2 32H7 + THF (12)

The relative intensities of the infrared absorption bands due
to B-H-B bridge bonds and terminal B-H bonds at 1500—1600cm-l and
approximately 24'{Ocm-1 respectively may be used to measure the ratio
of dimeric to monomeric organoboranes in solution, Both mono and
dialkylboranes tend to dimerise in solution, although not exclusively
s0, and this is generally attributed to a reduction in Lewis acidity
brought about by the steric and polar influences of the alkyl
substituents26. Even when RzBH contain sterically large groups dimers
are usually formed to some extent. One exception is thexylborane,
which exists as a monomer but is formed via dimeric species (13).
Di-t-hexylborane may be obtained'from the hydroboration of 2,3-
dimethylbut-2-ene and the reaction proceeds via a B-H-B bridged
species, determined from infrared studies, until on addition of the
fourth alkene molecule dissociation occurs, The dissociation of the
tetraalkyldiborane is demonstrated by the change from ipf?éréd ‘
absorption characteristic of B-H-B bonds to that characteristic of

terminal B-H bonds following addition of the fourth group.

> BH (13)

H7\B/ | /B>%\ —t
\H/



The relative proportions of monomer:dimer for monoalkylthexyl-
boranes increases with the steric size of the alkyl group27.

It is often assumed that the monoalkyl and dialkylboranes used
as hydroborating agents act as monomers; however the presence of the
dimeric species in solution is important from a mechanistic viewpoint.
In the case of 9-borabicyclo /3.3.1 nonane?® (9-BEN), in carbon
tetrachloride solution, a rate limiting dissociation of the dimer
occurs with subsequent fast addition of the monomer to the substrateza.

29

The trialkylboranes are not solvated and exist as monomers~”.

4.2.4) Orientation of hydroboration

The ether adduct BH3 acts as a Lewis acid (electron acceptor)
and its use as a reagent results in reactions expected of an
electrophilic reagent. In contrast to the previously discussed
mechanism for the hydration of alkenes, and the reactions of
borohydride reagents which involve hydride (H-) transfer, the BH3
adduct will react with alkenes to form the four centred intermediate
having the boron atom aligned to the carbon atom with highest electron
density, and the hydrogen aligned to the adjacent carbon atom, For
example when the double bond is situated at the end of the carbon
chain the addition of the boron hydride takes place with boron on the

terminal carbon (14) since the inductive effect places the highest

charge (-ve) on that carbon atom.

R H
s+  ©- R. g+ & /H \ !
R-CH=CH ’ ;g-.—-f;\H _I'\/c— é\'H (14)
H-- B H H  'BH,

¢ H



The shift of charge density from the alkene 7T -bond to boron
promotes the transfer of hydride onto the partially positively
charged carbon. As previously stated the rearrangement is of low
activation energy and affords an organoborane as product., The
remaining two hydrides attached to boron subsequently react by the
same mechanism to produce a trialkylborane which may be oxidised to
produce, in this simple case, a primary alcohol. For some hindered
alkenes the hydroboration reaction may not proceed beyond the
dialkylborane stage.

Although always cis, the orientation of the electrophilic
addition is controlled both by steric and electronic factors. When
inductive or electronegativity effects of alkene substituents do not
cause a sufficient polarization of the double bond:a mixture of

products (both cis) may be expected following oxidation (15).

(CHZ)ZCHCH = CHCH3—>(CH3)2 CH—(IIH-CHECH3 + (CHB)Z‘ CHCHZ—(I}HCH3 (15)
OH OH
43% 5T%

For the reaction of alkenes with borane-tetrahydrofuran the
structure of the alkene has been shown to have little effect on the
rate of hydroborationao.

In general borane-tetrahydrofuran will add to an alkene by
cis-addition from the least hindered side placing boron predominantly
on the least substituted carbon atom. For monosubstituted terminal
alkenes the terminal borane is produced, usually in high yield.
Disubstituted terminal alkenes tend to give even higher, almost

quantitative, yields of the terminal borane., The general term

regioselectivity is used in the context of the hydroboration reaction




to describe the position at which boron becomes attached during the
reaction,

For internal alkenes hydroboration with borane-tetrahydrofuran
has low regioselectivity, yielding a mixed product, the distribution

31

of which is little affected by cis-trans isomerism of the alkene”".

Et\\ ///Me Et\\\c====c///
H//// \\\\H H?//// \\\\Me

400  50% 44%  46%

C=——¢C

Position at which boron atom is bonded in R3B°

The hydroboration of acyclic dienes can give rise to cyclic boranes
(16), and acetylenes usually proceed past the vinylborane to a

diboroalkyl compound (17).

X
+ H,BTh - B-Th (16)
)
RC= CH —2=22 .. ReE= (|)H -8B RCHZ-(|3H (17)
B B
o )

Although in general the reaction of alkenes with borane-
tetrahydrofuran is taken to proceed to the trialkylborane, this is
not always the case. Some alkenes react only slowly past the mono or
dialkyl borane stage and consequently these boranes are isolable,
These boranes themselves have synthetic utility as hydroborating

reagents with, in many circumstances, superior properties to

16
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borane-~-tetrahydrofuran.,

4.3) Hydroborating reagents

4.3.1) Borane-tetrahydrofuran

As previously stated borane~tetrahydrofuran may be conveniently
prepared by passing diborane (generated from the reaction of a>iewis
acid with a solution of sodium borohydride) into tetrahydrofuran. In
this fashion solutions of concentrations up to approximately 2 molar

in borane may be prepared.

4.3.2) Disiamylborane

The reaction of borane-tetrahydrofuran with 2-metlyl-2-butene
proceeds only very slowly past the dialkyl stage so that the
monofunctional reagent disiamylborane (SiazBH) which has useful

properties can readily be isolated 2 (18).

CH, CH) GH, B
Me,,C=CHMe MepC=CHMe || (18)
—— —_— >~ C
BH.0C iy —= 5 CH—CH }2 P (IJH f 3 B
CH CH
3 3

The use of this reagent in the hydroboration of representative

alkenes shows higher selectivity for the terminal or least hindered

32,33

carbon atom than does similar reaction with borane~tetrahydrofuran

a b a b a b
CHa(Cﬁz) 5~CH=CH, C1CH,,CH=CH, CH=CH,,

a b a b a’ b
BHB.TH.F - - 500 500 200 80%%
SiaQBH - 9% - 98 - 98%

a and b indicate the position of attachment of the boron atom,

17



The rate of reaction of SiazBH with alkenes is sensitive to the

position of the olefinic bond in the substrate, so that where more
than one unsaturated bond is present a degree of selectivity of
hydroboration is apparent. Cis-alkenes react faster than trans-
alkenes with Sia2EH as do terminal alkenes rather than internal
alkenes32, thus (19)

CH=CH CH_-CH_BSia

SiaZEH_- (19)

Due to the monofunctional nature of the reagent the hydroboration
of dienes cannot form cyclic products and allows the formation of

34

diols by oxidation of the borane”’., Also acetylenes may be

35

monohydroborated to give vinylboranes””, usually the trans-isomer.
A related reagent is that formed by hydroboration of cyclohexene
to give dicyclohexylborane which may be broadly used as a substitute

for disiamylborane but has a slightly less hindered structure.

4.3.3,) 9-Borabicyclo 13.3.1 nonane

The hydroboration of 1,5-cyclooctadiene can be controlled to

36937’

yield a bicyclic borane, 9-borabicyclo 13.3.1 nonane commonly

called 9-BBN (20).

H
/
B
BH,THF A = HBQ) (20)

9-BBN



The reagent is thermally and air stable having convenient
handling properties since it is a solid. Although reactions of
9-BBN with other than terminal alkenes are slow at ambient
temperatures the simple expedient of conducting the reaction in
refluxing tetrahydrofuran affords the alkylborane in a short reaction
time and very high regioselectivity38 (98-100%). Even the powerful
directive effects of halogen substituents are less effective with this

reagent (21-23).

9BBN
H,C=COH~CH,, = (Cs-cm,om cro10H,01 (21)
1 C1
Me Me Me
i) 9BBN + C (22)
H)Ft#32
OH OH
95% — 5%
Me Me Me
H H
CH —
+
78% 22%



For non-conjugated dienes where the bonds are well separated
and identical e.g. CH2=CHCHZCHQCH=CH2 the distribution of mono and
dihydroborated products closely approximates a statistical
distribution. However, where the bonds are in closer proximity or a
differentvdegree of substitution exists then a high degree of

selectivity is shown 59 (24-27).

O—C° O-0OF
(24)

8 85%
MeCH=CHCH,,CH- G=CH,, —— MeCH=CHCH,CHs~CH-~CH B (25)
Me Me 9%%
CH2=CHCH20H2?=CH2 ——» a subst 31% (26)

Me b subst 6

a b

& CH20H213<)> (27)
B O 9%

a and b indicate the position of attachment of the boron atom.

For the hydroboration of internal acetylenes good yields of the
monohydroborated product are obtained with 9-BRN whilst terminal
acetylenes often yield the ly1-diboraalkane. Suppression of the

dihydroboration of acetylenes may sometime be possible by the use of a

40

molar excess-of the substrate’ .

The hydroboration of silyl emnl ethers by 9-BEN may be used to
41

effect a reductive 1,2-transposition of ketone'~ groups (28).



0 0OSiMe

. 3
| Me3SiC1 | 9-BEN
Ph~C-CH Me Ph-C=CHMe
2.5 equivalents
0SiMe
3
PhCH=CHMe _"°2%
PhCH20H-B<) <—n PhCH=CilMe _ = PhCH-TH-B:D
Me Me
<|)H
oxidation PhCH__CHMe (28)

2

42 and the

Conversion of 9-BBN into other derivatives is possible
B-bromo-9-BEN has found use as a selective ether cleavage agent43.

4.3.4) Catecholborane

The reaction of borane-tetrahydrofuran with glycols has been
shown to yield dioxaborolanes, which were considered potential

monohydroborating agents but proved to have poor properties in this

44

respect” ', The similar reaction with 1,2-dihydroxybenzene (Catechol)

45

affords 1,3,2-benzodioxaborolane ', more commonly called

"Catecholborane" (29).

OH 0\
+ BHyTHF — /BH (29) .
OH 0

Catecholborane has much better hydroborating properties than those
of reagents formed using other diols but its reactions are slow at

ambient temperatures. Alkenes react readily under reflux in



45

and acetylenes react under milder conditions with

46

tetrahydrofuran
attack by boron preferentially upon the least hindered carbon atom
providing a degree of selectivity compared to "borane"47. The boranes
thus derived are usually of trans configuration and stable to air
allowing the possibility of purification via distillation or
recrystallization, Simple hydrolysis of the boranes affords the alkyl
or alkenyl boronic acid whilst oxidation affords the corresponding

carbonyl compound (30).

Me3C\\\ //Me
e ,C~C=CCH _catecholborane . C=— r\ (30)
H ],3’0
Q
[0/ H,0
%e
MeBC—CH? C-Me Me3CCH=C—B(OH)2

0

4.3.5) Chloroboranes

The chloroboranes C12EH and ClBH2 can be synthesized but
disproportionate to diborane and boron trichloride. If the synthesis
is carried out in an ether solvent then the etherate adducts are

formed and are much more stab1e48 (31,32).

Et,0 + 2Et

B2H6 + 4 BCl3 5 >

0— 6 C1,BH.0Et, (31)

B2H6 + BC1l,.Et,0 + 2Et

3-Et, ,0 — 3 C1BH,,.0Et, (32)



Alternatively the reaction between borane-~tetrahydrofuran and

hydrogen chloride can be utilised49 (33,34).
BH; THF  + 2HC1 ———— C1L,BH.THF + 2H, (33)
Bz THF + HCl ——— ClBH,.THF + K, (34)

When utilised for hydroboration the diethyletherates proved to
be more reactive than the tetrahydrofuranates because of the relative
stabilities of the adducts49’50’51. A simpler synthesis of the
chloroborane etherates based upon the reaction of lithium borohydride
and boron trichloride in diethylether solvent easily affords the

48

required chloroborane diethyletherate’ and a precipitate of lithium

chloride (35, 36).
LiBH

+ 3BCl; + 4Et,0 ——== LiCl + 4 C1,BI.Et,0 (35)

4 3

LiBH, + BCl; + 2Bt,0 ——= LiCl + 2 C1 BH,.Et,0 (36)

The electrophilic nature of monochloroborane diethyletherate
appears to be much greater than either borane-tetrahydrofuran or
9-BBN, In the hydroboration of alkenes a very high yield of the
anti-Markovnikov product is afforded51. The use of dichloroborane-
diethyletherate for hydroborations requires the addition of boron

trichloride to the reaction mixture to displace ether from the complex

and enhance the rate of the reaction52 (37).

Me Me (37)
,BClz
Pentane ’
+ C1,BH.Et,0 + BCl, —————p + BCl,.E%t,0

The dialkenylboron chloride afforded by the reaction of an

acetylene and monochloroborane diethyletherate can be subjected to
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normal hydrolytic or oxidative procedures””, or converted into a

diene’? (38).

RCH=CH

- NaOH
2RC=CH + H_BCl.Et.0 ——» Ng o1 JeOU/ oncH-crom
2 2 // Hp0o
RCH=CH
H,0
RCH=CH RCH=CH
\ MeOH AN NeOH/I, N A
B—OMG -‘_——— B—OH e e /C‘—' C\ y
) c=C
RCH=CH RCH=CH Ny
a borinic acid (38)

4.3.6) Thexylborane

The treatment of borane-tetrahydrofuran with a molar quantity of
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243-dimethyl-2-butene readily affords the monoalkylborane””, commonly

called thexylborane (39).

Mq\\ //Me Me /}He
C=—=¢ + BH_ . THF \CH-C-BH (39)

/N 3 N2

Me Me Me Me

This monoalkylborane has excellent properties as a hydroborating
agent56 especially for dienes, since the cyclic boranes afforded can
be converted to cyclic carbonyl compounds by routes discussed later.

In contrast, borane-~tetrahydrofuran when allowed to react with

57

dienes often leads to the formation of polymeric products”'.

Exceptions are the reactions with 2,4~dimethyl-l,4~-pentadiene and,



notably, 1,5-cyclooctadiene35’36.

The reaction of two equivalents of an alkene with thexylborane
leads, simply, to the dialkylthexylborane and similarly for
acetylenes to the dialkenylthexylboranesss. Except for simple
terminal alkenes the hydroboration procedure when carried out at low
temperature yields the monoalkylthexylborane almost exclusively.
Terminal halealkynes also yield the monoalkenylthexylboranesS9.

The monoalkyl or monoalkenylthexylboranes may subsequently be
treated with alkenes or alkynes to yield the trialkylborane or
trialkenylborane respectively.

Of general importance in the preparation of monoalkylboranes is

the displacement of the thexyl group from an alkylthexylborane by

triethylamine. The reaction is typified by cyclohexylthexylborane (40).

H—B% + NEt3—> <:>—BH2.NE1;3 + >=< (40)

It has also been shown that moderately hindered alkenes will
displace the thexyl group from thexylborane-triethylamine adduct
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yielding the monoalkylborane-adduct (41).

HBHZ.NEt3+ O —_— O—BH2.NE’G3 + >=< (41)

The adduct of thexylborane and N,N-diethylaniline has also been

shown to be a useful hydroborating agentSl.



4.3.7) Optical activity resulting from hydroboration

All the hydroborating reagents discussed thus far have the
property of cis-addition to the substrate. Oxidation of the resultant
organoboranes proceeds with retention of configuration. The products
although of known stereochemistry are usually enantiomeric mixtures
since the initial addition may be from either side of the substrate

molecule (42).

2 A
O . H BR,
14 N\p - + (42)
o ,"'DC
H BR,

The ability to control the stereochemical effects of the
hydroboration reaction is of obvious synthetic value. The previously
discussed reagents go some way towards this goal in that the
regioselectivity of reaction can be tailored to a degree by proper
selection of the hydroborating reagent. Except for circumstances
where the steric requirements of the substrate force a reaction to be
mainly from one side of the molecule, optically active products of
high enantiomeric purity are not usual., The reverse argument is
employed in the utilisation of hindered reagents to obtain optically

active products.



4.3%.8) Diisopinocampheylborane

The hydroboration of o«<-pinene with borane-tetrahydrofuran
readily yields diisopinocampheylborane (IPCzBH) which exists in
solution as a dimer, In the absence of an excess of o-pinene the
dimeric tetraalkyl species is in equilibrium with aﬂtr%glkyldiborane

via elimination of o¢-pinene (43).

4 + B2H6 — JPC

N _BIPC,, === IPCZBHZBH(IPC)

d’ 2
\‘H”

Y

CH3

(43) +

In tetrahydrofuran solvent an equilibrium value of approximately

10% o<-pinene remains present under stoichiometric reaction conditions,

vhilst in diglyme the tetraalkyldimer is much less soluble17

62,63

resulting
in only 4% o<-pinene present unreacted
o<-Pinene exists naturally as a mixture of optical isomers.,

Diisopinocampheylborane may be synthesized from both of the optical
isomers of o<-pinene (44, 45) and use of the resultant dialkylborane
as a hydroborating reagent results in boranes, oxidation of which yields
products which are of a high optical purity62’ 632

The tetraalkylborane formed from optically impure e<-pinene can
be used as a hydroborating reagent, but following oxidation the
products are found also to be of low optical purity. This is because

the orientation of hydroboration is controlled by the stereochemistry

of the reagent and substrate molecules.



CHy CHy

H
BHTHF
3 BH 4z
FIIPC, BH
2
CHy
H
BHATHF
i (45)
FIPC, BH
>

Diisopinocampheylborane reacts readily with unhindered
cis-alkenes, When the alkene is sterically hindered the displacement
of o-pinene from the reagent may result in a consequently lower
yield of the desired optically active product. Hindered alkenes have
been found to react more predictably with monoisopinocampheylborane,
which may be isolated as the tetramethylethylenediamine (TMED) adduct
which is a stable solid64. Regeneration of the active reagent is
achieved by treatment of the adduct with a stronger Lewis acid (boron
trifluoride diethyletherate).

4.%.9) Borane-amine adducts

Because of the nature of the addition and the ability to control
the orientation of addition by selection of a reagent, the reagents
discussed have undoubted value in the synthesis of organoboranes.

The general disadvantage however is the requirement to prepare



and use the reagents under an inert atmosphere in moisture free
conditions. The availability of many of the reagents commercially

has made the syntheses somewhat simpler. Adducts of borane with

amines have the advantage of being stable solids at ambient temperatures
and, generally, in the presence of dry air.

The borane-—amines are generally less reactive than borane-~
tetrahydrofuran and require more vigorous reaction conditions than
those employed with the latter reagent; for example refluxing in
toluene solution compared with reaction temperatures of ambient, or
more commonly OOC.

The rate of reaction of bérane-amines is believed to be
limited by the dissociation of the adduct, and the addition of
mineral or Lewis acids increases the rate of reaction. The choice of
amine effects the adduct bond strength and faster reactions are
apparent when the adduct is easily dissociated., A disadvantage of the
reagents is the possibility of isomerization of the organoborane

14

produced as a result of the necessary vigorous reaction conditions™ .

65

The adducts of monoalkylboranes and dialkylboranes with
tetramethylethylenediamine (TMED) are generally air stable and contain
one or two moles of the borane., Regeneration of the monoalkylborane
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is readily achieved by addition of boron trifluoride ~ which is a
stronger acceptor than the organoborane. Monoalkylboranes are
generally not easy to synthesize unless a hindered borane, say 9-BEN,

is utilised but complexes of TMED with thexylborane will allow

displacement of tetramethylethylene by a less hindered alkene67 (46).



%-*—BHZ:N——————N:HZB-—+—+ + 2 [:::]
<:::>FBH2:N N:HZB<<:::> + 2 >r==<: (46)

tN-N: = MeZNCHZCHQNMe2

4.%.10) Borane-dimethylsulphide

The adduct of borane and dimethylsulphide has proven to be a
good hydroborating reagent. The complex has a reactivity which
parallels that of borane-tetrahydrofuran., Good solubility of the
adduct in a range of solvents and solutions of a higher molar
concentration limit than those possible for borane-tetrahydrofuran
are combined with a long shelf life68.

The dibromoborane-dimethylsulphide adduct is a useful reagent in

the preparation of boronic acids and es’cers69 (47).

RCH=CH, + HBBr .SM92 —— RCH

5 5 CH,BBr..SMe

227772 2

loH‘ (47)

RCHZGHZB(OH)Z

Similarly the chloroborane-~dimethylsulphide adducts have

70

reactivity paralleling those of the ether adducts' "and they are

commonly synthesized by the reaction of borane-dimethylsulphide and
the appropriate trihaloborane-dimethylsulphide71. The use of

haloborane~dimethylsulphide adducts as hydroborating reagents has been

reported72 as have procedures for the preparation of many of the
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alkylborane hydroborating reagents from borane-dimethylsulphide’”.

4.%.11) Reduction of functional groups

The reducing properties of borane-tetrahydrofuran are not solely
confined to alkenes and alkynes. The reduction of many functional
groups is possible with results as shown in Table 2. In general the
use of borane-dimethylsulphide instead of borane~tetrahydrofuran gives
the same outcome.

Table 2 Hydroboration-oxidation of common functional groups

Substrate Product
)C:C\’ alkene
—-C=C- alkyne
-Cfg aldehyde ‘ alcohol
~C=0 ketone
20 . .
—-C\Cl acid chloride
20
-7
C‘OR ester
-0
<::| lactone diol with ring cleavage
0 .
-C=N nitrile amine
0
—? : .
C\NR2 amide amine
>C=N-OH oxime hydroxylamine
C=-OR alkoxime amine
—-CH=NR imine amine
-QBQ- epoxide ..alcohol
- (|)=O acid
? anhydride alcohol with cleavage
—-C=0



For borane-~tetrahydrofuran the general order of reactivity74 is
- COOH> C=C >> (=0> -Cal> -c(?\c_> —COOR > -COC1.

The hydroboration of allenes with 9-BEN, which has a high
selectivity for the least hindered terminal carbon, does not cleanly
result in monohydroboration and a mixture of products occurs75.

The use of catecholborane with cyclic allenes results in attack
on the centre carbon affording a 2Z2-cycloalkenylboronic ester,

which by protonolysis or oxidation affords an alkene or ketone

resPectively76 (48).

0
CH:C:CH ) catecholborane - B<
( CHQ) 6 (Zj
4
H2O2 (48)
CH4COOH

At this point is is of interest to note that for the reduction
of functional groups a number of other reagents with useful
properties are available.

The amine-boranes of which a reasonable number are commercially
available (Aldrich Chemical Co.) are capable of reducing ketones,
aldehydes and acid chlorides. The ability to use as a reaction
solvent water or an alcohol, which would react with borane
tetrahydrofuran, is of great advantage in some instances. The
reduction of Schiff-bases is possible with these reagents77.

Sodium bis(2-methoxyethoxy) aluminium hydride has a high

reactivity similar to that of lithium aluminium hydride but is much

22



more easily handled because of its higher solubility in hydrocarbon
solvents. The reagent will reduce ketones, aldehydes, acids, acid
chlorides and esters to alcohols, nitriles and oximes to amines and
alkyl/aryl halides to hydrocarbons. A particular advantage of this
reagent is the ability to reduce CK,/Q-unsaturated carbonyl

compounds to alcohols without reduction of the alkene function (49).

0

I
R-C=CH~-C-R

Y

R-CH=CH-CH(OH)R (49)

A related reagent, lithium triethylborohydride has been found
to be a powerful nucleophile for the SNZ displacement of halides,
The SN2 reaction is bimolecular substitution and involves backside
attack of the nucleophile on the substrate giving a complete inversion
of configuration (50). The rate law for such reactions involves the
concentrations of both reactants. The stereochemical implications

are that the

\ ‘\\ /I
N 8-\ / 5- V4 _

Nu Ny C—X —= Nu----C-=-—X ——sNu~C + X~ (50)

\

tetrahedral C planar C tetrahedral C

reaction will result in a change of enantiomeric form of the
substrate. The reagent will not displace aryl halides but is known

78,79 (51).

to give stereoselective ring opening of epoxides

CHy OH

(51)

Y




Lithium and potassium tri-sec-~butylborohydrides are capable of
stereoselective reductions, giving mainly cis-products in high yield
(52) and have found use in the synthesis of prostaglandinsso’al.

Both reagents are air and moisture sensitive.

O OH
. (52)
CHg CHq
LiBH(CH'CHB.CH2CH3)5 80.5% cis
K BH(CH 01{3.(3112c:1'{3)3 88% cis
NaBi, 18% cis

Sodium cyanoborohydride will reduce aldehydes and unhindered
ketones whilst not reducing other functional groups82’85.
Tetrabutylammonium cyanoborohydride is even more selective, allowing
the reduction of aldehydes in the presence of almost all other
functional groupss4. When used in the reduction of the iminium group
( >C=§< ) reaction is faster than with carbonyl groups and effects
reductive ammination in high yield under mild acid conditions.

The organoboranes available by use of the hydroborating reagents
described have come to be recognized as a starting point for further
synthetic procedures rather than an end product. The reactions of
organoboranes allow synthesis of many compounds which would be

available only with difficulty by other synthetic routes.

4.4) Reactions of organoboranes

Organoboranes are easily synthesised using the reagents previously
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described., One of the factors which has stimulated development of
such reagents is the synthetic utility of the organoboranes themselves.
Discussion of the hydroboration reaction in many general texts is
confined to the products obtainable solely by oxidation, This view
does not emphasise the widevrange of reactions possible with
organoboranes which are described briefly below.

4.4.1) Isomerization

Numerous isomerization reactions occurring at ambient

89,90,91 but in general heating is’

temperature have been reported
required, usually to moderate temperatures (70°-200°C).
Terminal carbon-boron bonds are most thermodynamically favourable

and consequently the isomerization of internal alkenes results in

the formation of terminal alkylboranes, for example (53).

1) BH,.THF

3 (Et20HCH20H2)3B (53)
2) heat

Et20=CHMe

Following isomerization)boron—tertiary carbon bonds are not
present and the distribution of reaction products indicates that
primary carbon-boron bonds are more strongly preferred than secondary
carbon-boron bonds29’85.

Experimental observation shows that upon isomerization a
distribution of possible organoboranes is achieved with a

preponderance of the least hindered borane, excepting that

isomerization does not proceed past tertiary carbon atoms (54).

Pré-B 160°C Prg-B + Pr,-B-Pr’ + Pr'-B-Pr, (54)

83% 16% 1%
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Originally the mechanism of reaction was considered to involve a
rapid cis-elimination followed by re-addition which would be consistent
with the reverse mechanism of hydroboration proposed.

However, such a mechanism does not explain the experimental
observations, In the presence of catalytic quantities of a borane-
ether adduct or compounds containing B-H bonds the isomerization
proceeds at an enhanced rate86 and converselythe presence of an excess
of the alkene reduces the reaction rate.

For example, isomerization of the alkylborane produced from
l-hexene carried out in the presence of a slight excess of the
hydroborating reagent affords after oxidation, primary, secondary and

g -alcohols in the ratio 94:4:2. However the corresponding reaction
of the organoborane from 2-hexene affords the alcohols in the ratio
13:64:23 when the alkene is in excess86.

The production of secondary and &-alcohols in the first case
indicates the existence of an equilibrium between the possible
products. The second example indicates that the isomerization from
one of the possible organoboranes (in the first example) is prevented
from occurring by an excess of the alkene even though the predominant
organoborane present is not that most favoured under isomerization
conditions, In particular this observation cannot be explained by
the mechanism initially suggested.

The presence of an excess of the ﬁydroborating reagent or
compounds containing B-H bonds implies that the reaction to form
trialkylboranes will not go to completion and that tetraalkyldiboranes
may be present in solution,

The mechanism postulated to explain the experimental observations



involves the formation of a transition state which contains a
tetraalkyldiborane coordinated to the alkene molecule which is
undergoing isomerization. Subsequent equilibria exist between the
possible alkenes and tetraalkyldiboranes via the suggested transition
state., The formation of the ftrialkylboranes from the transition
state probably involves the coordination of the solvent with a
dialkylborane moeity and loss of this adduct. Coordination of the
alkene to form the transition state is aligned so as to produce the

thermodynamically most favoured borane (55, 56).

]
] i
R'B + L:BHR! b 4L+ RUBLBR!
2 - R : 1 g : 27272
H--BZ 0,
WR
(55)
ete R(?H'—-? ?HCH3 _"\——___——' RCH2--(3HCH3 —_— RC'HEHH(?HCH3
. ! | | :
H------BR! ER! H------BR?
P2 2 iic
) ' th 1t
R'ﬁ ----- H + Ls + R, BH:L RQB H
2 2 j
L:
so that the equilibria correspond to:-
[P e M.
R--CHCHch3 RCHZCHCH3 _— RCHZCH20H2
| (56)
1 ' t
BR2 BR2 BR2

The isomerization of cyclic alkenes is also possible and of
special value in the synthesis of 9-BEN, The hydroboration of

1,5-cyclooctadiene yields a mixture of 1,5 and 1,6-addition products
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which on heating are isomerized exclusively to the 1,5 product which

is 9-borabicyclo /3.3.1/ nonane (9-BEN) (57).

BH BH BH
ffﬁﬁ' Cﬁ m , (57)

When the cyclic alkene contains alkyl sidechains, migration of the
boron atom takes place towards the terminal position. The exact

products depend upon the sidechain length and its na.ture87 (58).

CHoCHg CHXCH,OH  CHOHICHy

Y

1_ {58)

&% 28%

Cyclic organoboranes resulting from the hydroboration of dienes
undergo isomerization giving products, the nature of which are
controlled by the thermodynamic stability of the ring system
irmolving the boron atom. In general six-membered rings are most
favoured29’88. As a consequence of the proposed reaction mechanism,
isomerization of optically active organoboranes which have an
asymmetric carbon atom as a result of hydroboration involves the

92

possibility of racemization” .

4.4.2) Displacement

The mechanism of reaction by which isomerization is considered to

28



occur, as previously discussed, is considered to involve the
formation of a tetraalkyldiborane. The deliberate introduction of an
alkene of higher reactivity than the original hydroborated alkene
into the reaction causes a competitive reaction resulting in the
cis-displacement of the alkyl groups originally attached to boron13’93.
The higher the thermodynamic stability of the liberated alkene, the
higher the rate of displacement., From this the choice of less stable
alkenes and displacement agents follows., In addition the displacing
alkene should be of lower volatility than that being displaced,
allowing the recovery by distillation of the more volatile alkene

from the reaction mixture. PFollowing from the law of mess action, an
excess of displacing agent is used in the displacement reaction and,

94

generally, no isomerization of the alkylborane occurs implying a

very low rate of reverse addition to the original alkene (59).

RR 'C=CHR
RCH2—TH2:=:——*- RCH=CH, e RR'CH-THR + RCH=CH,, (59)

~
By carrying out the isomerization and displacement reactions

consecutively, a carbon-carbon double bond may be moved to the

terminal position even from within a cyclic alkene to a side chain

(60, 61).

(CH,CH,,),,C=CHCH hydroboration o S
37027 3 - (CHB H2)2 o HCHB
B
N
Heat (60)
l-decene
CH = ~
( 3CH, ) ,CHOH=CH,, = (CH30H2)20HCH20H2_EK\



CHBCHCH3 CH,CH~CH,_,~BZ CH._C=CH

3 2 3 2
1) hydroboration reflux
2) heat , —_—

> l-decene

(61)

Since terminal alkenes are thermodynamically less stable than
internal alkenes, which are stabilized by inductive effects, this
reaction sequence is known as contrathermodynamic isomerization94’95.

B-alkyl-9-BBN derivatives undergo exchange reactions of the alkyl

group with olefins, without the occurrence of isomeriza*t:ion96 (62).

<(>B-THCHMe2 — (Cnastecu=ore,
Me

RCH=CH (62)

2
((>B-CH LCHR

The cis-~elimination of alkenes from organoboranes may also be

effected by 2-methyl-2-nitrosopropane but does not readily proceed

past the elimination of one alkyl group97 (63).

/ N
\C/\ oty AFK
<~ I
/CI H — 1{2}3\()/'1{T~,C(CHB)3 R2B0NC(CH3)3 (63)
R— C(CH,)
R/B NI



4.4.3) Cyclization

The mechanism of isomerization of organoboranes, as discussed
previously, involves the formation of B-H bonds and a resultant
dialkylborane. When the alkyl groups have carbon chain lengths of
four or more, the possibility of elimination of hydrogen and the
formation of a cyclic organoborane (a boracyclane) occurs., The
efficiency of this reaction is poor since it involves discarding at
least one-third of the original alkene during formation of the
dialkylborane even though overall conversion of trialkylborane to
boracyclane is usually high. The formation of six-membered rings is
most favoured thermodynamically and results, where the carbon-chain
length is greater than five, in rings having side chains.
Subsequently where the side chain is of sufficient length a further
elimination and cyclization may occur yielding a bicyclic compound.
Such reactions can only achieve a maximum of 33% efficiency if
conducted from a uniform trialkylboranezs. Furthermore in the case
of branched alkyl substituents the ease of cyclization is generally
decreased as the degree of substitution of the S-position carbon
increases. Although the six-membered rings are most thermodynamically

favoured an equilibrium is found to exist with less favoured products

(64).



'

300°C .

CHo
nd
9o
CHg

(64)

&b 12%

The cyclic products can arise either as a result of ring formation
or via isomerization under the conditions of reaction.

The availability of dialkylboranes via thexylborane allows the
more efficient synthesis of boracyclanes. The thexyl group is of too
short a carbon chain length to take part in cyclization and all of the
original alkene is available for cyclization, none having been lost in
formation of a dialkylborane (i.e. from R3B)'

An alternative route to boracyclanes via hydroboration of dienes
or trienes offers some advantages over the high temperature route
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discussed above’ , for example (65, 66),



N 4 e _l__l OBH (65)

7 N N s HE o (66)

Although the formation of six-membered rings is most favoured,

it may be thermodynamically more favourable to form rings of other

sizes where bonding to substituted carbon-atoms is involved28’88 (67,
68).
I
CEQBH‘ Oléoo'(jw: O + [\ 67
Et
~ ; BT M g i
Et Et Et Et
80% 13% 4o
X
HEtBH Z_){ + + (68)
illecC B
e 5 B B
t Et Et
66% 23% %




The use of borane-ether adducts in the formation of boracyclanes

can lead to complex products depending upon the stoichiometric

99:22:209 (g9,70).

CH,,=CH-CH=CH 1) Bify.THF/08 ‘%éHQ\‘ (69)
2772 2) aistil (‘\~H,f’>

1) BH THF/O c
3CH,,=CH-CH=CH, -(CH, ) + CH;CH,,CH,CH~ |
2) distil

2

conditions

(70)

4.4.4) Protonolysis

Treatment of organoboranes with propanoic acid under reflux
conditions affords the alkane in good yielleI. The ease of
protonolysis of the organic group follows the order primary >
secondary > tertiary.

Loss of the first group in RBB is much faster than for subsequent
groups and is attributed to a reduction in Lewis acid character of
boron resulting from the boron-oxygen bond formed., The slow
protonolysis of tertiary organoboranes is considered to result from
steric hindrance of the rate limiting transition state proton transfer

103,104 (413

required by the proposed mechanism



R——\B/ R
\, R
Q ~B---
\ /’B Q

Y

CEt o= § SR — RBOLELRA (7
/ N 2
HO Heen

Although the reaction was considered to proceed with retention

of configuration

105,106 this was not definitively shown to be so

until recentlylo7 (72,73). Vinylboranes with acid sensitive

substituenfs may be protonated using silver ammonium nitrate to avoid

102

decomposition .

D
D | /
B z . THF \
5 "
But/ by, 2) CH5CO0H Bt \Ph
% %
B 0 1) m,.mar P A
c_—_—c\ 3 H-—}J——C——H (73)
D/ o 2) CH ,COOH 5 -



The protonolysis reaction effectively allows stereospecific
cis-hydrogenation via hydroboration without the use of noble metal
catalysts, which are often difficult to tailor to specific
applications., By means of deuterioacids the stereospecific
deuteration of unsaturated compounds may be achievedlo5’27.

Control of the stoichiometry of the hydroboration of diynes leads

to alkenylboranes which on protonolysis afford cis-enynes or cis,

cis—dienes108 or cis, cis-deuterated alkenes109. The availability of
symmetrical diynes via oxidative coupling of terminal alkynesllo (74)
and
0,/CuCl
2RC=CH 2 » RC=C-C=CR (74)
Pyridine/acetone
unsymmetrical diynes via lithiated alkynes (Li—CEC—R)ln’112 allows
the synthesis of many derivatives (75).
2LiC=CR' = 1y 7
R,Bx 2LiC= LiX + R,B-(C=C-R") Li
o
X=C1,Br I1,/-78°C
R,.B I
2
RlC-C C=C Rl R,.BI \\\C C/// LiT
=020 e =
+ R, L 1 + Li
R™C=C R
11
C=CR
1 e ll -~ +
LiC=CR =cgl LiC=CR i
R,BX R,B~C=CR Rl Li
C=CR
rlczc-c=c-r'l 1,/-18°C
M [+

(75)



4.4.5) Halogenolysis

The direct reaction of organoboranes with halogens is possible

113

only under very vigorous conditions but in the presence of alkali a

rapid reaction occurs 4 (76) .,

(RCH2CH2)3B + 2I,_ + 2NaOH— 2RCH,_CH I+RCH20H2B(OH)2 + 2Nal (76)

2 22
but this has the disadvantage of low efficiency. For terminal alkenes
a high efficiency may be attained by use of the hydroborating agent

disiamylborane (77).

C .
RCH H2381a2 + 1

» + NaOH —=RCH,CH,T + Sia,BOH + NaI (77)

2
This reaction can be applied widely to synthesize alkyl halides from
alkenes, When bromine is used water must be avoided as, in the
presence of alkali, hypobromite is produced and converts the
organoboranes to alcohols. To avoid this problem sodium methoxide in
methanol is used as base115.

For primary alkylboranes all the organic groups bonded to boron

are converted to primary halides (78).

RSB + 3Br, + 4 NaOH ————3RBr + 3NaBr + NaB(OH)4 (78)

Synthesis of secondary halides may be achieved via hydroboration

with 9-BEN and subsequent reaction with bromine 10 (79).

Br,/CH,.C1
2/ oo

84%

The stereospecific synthesis of halo alkenes is possible by

reaction of iodine or bromine in the presence of a base with an

alkenyldialkylborane. The hydroboration of terminal alkynes with
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catecholborane and subsequent hydrolysis yields the alkylboronic acid

which when treated with halogen and base yields the haloalkene117’118

(80).

/H )ﬁ
_ — H~O _

CsCH -<die =C —2 C=C
Ooon e pme_ | oe om
@)

(80)
L/
2 NaOH
Bry/
/H /Br NaOH
/C=C\ /C=C\ -
H 1 H H
trans— LisS—

Treatment of an alkenyldialkylborane, as opposed to the boronic
acid, with iodine and base affords exclusively the product of cis-alkyl

119

transfer™ 7, rather than the haloalkene. This reaction has found use
in the synthesis of prostaglandin analogu%%o. Conversly treatment
with cyanogen bromide affords the product of trans-alkyl transferl .
Whilst not strictly halogenolysis these latter related reactions
illustrate the importance of the initial choice of hydroborating
reagent to the product afforded by the reactions.

4.4.6) Ammination

Organoboranes will react with chloramine affording primary

amines in moderate yieléllz2 (81).

RyB + 3C1NH,, ——————=3RNH,, + BCl3 (81)
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By use of fresh hydroxylamine-o-sulphonic acid123 the yield of
amine is much improved122. The aminations proceed with retention of
the configuration of hydroboration,

Reaction of the chloroorganoboranes and trialkylorganoboranes
124,125 Litn

with organic azides afford mixed secondary amines

retention of configuration (82).

heat \\\ /// NaOH AN

R, BC ' — NH
,BCL + R'Ny R'/N s S
(82)
R\
1) heat
RBC1, + R'N _)_ff_, DN
5 11) NaOH R?

The use of the dichloroalkylborane is less wasteful in the
conversion of alkyl to amine,

Azides formed from alkenes by addition of IN3 retain their
configuration and, upon subsequent reaction with dichlorophenylborane
form aziridines, again with retention of configuration126. It is
therefore possible to predict the stereochemistry of aziridines
synthesized by this route.

The haloorganoboranes used in this synthesis are available in
moderate to good yield from organoborane3127’128’129 (83).
Alternative routes via tetraalkyltin or boron trichloride are

130,131 (g4,85).
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4.4,7) Metallation

Primary organoboranes react quickly and in high yield with

132,133

mercury (II) acetate at ambient temperature affording alkyl-

134

mercury (II) acetates which may be converted to dialkylmercurials

(86).

R,B (ci5000) g ~—  RHEOOCCH, Zn R He (86)
B(OOCCH3)3 :
The mercuration of vinyl derivatives proceeds stereospecifically
and a wide range of vinyl substrates are available from the
hydroboration of alkynesla5.

Trialkylboranes will react in solution with a suspension of some

metal oxides to yield the metal alkyllsz, for example (87).

2R,B + 2PHO OH/H,0 R,Pb + Pb + 2RB(OH).,, (87)

The coupling of alkyl groups by the reaction of alkaline silver
nitrate with trialkylboranes is considered %o involve metallation by
silver and a subsequent alkyl transfer with deposition of metallic
silver, When mixed alkylboranes are used, the ratio of products
follovws a.statistical distribution136’l37.

4.4.8) Oxidation

Hydroboration reactions are usually performed under an inert

atmosphere because the organoboranes produced react readily with

oxygen,affording after hydrolysis,mixtures of hydroperoxides and

P
alcohols,
By careful introduction of a known amount of oxygen the

oxidation may be controlled to yield predominantly RB(OOR)2 which

on alkaline hydrolysis affords the aleoholl® (88).
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20 3H,0/Na0H ROH + ROOH + NaB(OH
R,B 292, RB(0OR), 2 2ROH + + NaB(OH) ,

(88)

1.50 NaOH/H»0
2 RLSB(OOR)L5 2 3ROH

The reaction proceeds via a free radical mechanism and, as
expected, with a loss of stereospecificitleB. The configuration of
the major products is a result largely of thermodynamic constraints.

Studies have shown that although the reaction is initially very
fast the three carbon-boron bonds are oxidised with increasing
difficultyl6’139.

Although hydroquinone, a radical scavenger, failed to slow the

oxidation reactionl4o
141,142

a better scavenger, galvinoxyl (89), showed a

large effect and on this basis a homolytic mechanism was

143,144 (90).

proposed

M23C

CMQ3 ‘
‘@’CHQO " Galvinoxyl” (89)
C CM

O
Me3
R3B + 02———— R,

Re + 0, — R02°

2
RO.e + R,LB— RO,-BR, + R°
2 3 2 72
(90)

2RO, s —

2
ROZ‘ + Re —> inactive products

2Re ———»



As a means of obtaining alcohols this oxidation is inferior to
alkaline hydrogen peroxide. By reaction of the intermediate RB(OOR)2
with peroxide in the absence of base a mixture of alcohol and
hydroperoxide is obtained. The hydroboration and oxidation are
carried out in the normal ethereal solvents, and, following the
addition of hexane, the potassium salt of the hydroperoxide can be
extracted into strong agueous alka1i145. The reaction can only

achieve a theoretical maximum yield of 66% based upon the initial

alkene hydroborated (91).

RB(OOR),, + H,0, + 2H,0 ————— ROH + 2ROH + B(0H), (91)

118
Oxidation of alkyldichloroboranes raisesthe practical yield

(92).
BC1,.Et,0 Vo 0H (92)
2) H,0,

9%

The use of equimolar amounts of hydrogen peroxide in the
oxidation of organoboranes in neutral solution results in the
production of a mixture of hydrocarbons and a small amount of the
alcohol, The oxidation, as previously, has been considered to follow

a free radical mechanisml46 (93).

RQBO2H + R,B——» RZBO' + R* + R, BOH

3 2

RzBOf + HO-OH<<:::::~R2BOH + HO2°

O0H *OH
HpBOOH + (95)

RBB + ‘02H _— R22802H + Re

R* + «OH— ROH



The oxidation of trialkylorganoboranes to alcohols is most
commonly achieved with alkaline hydrogen peroxide147 in situ
affording the anti-Markovnikov hydration product of the alkene

hydroboratedl7 (94,95).

Ph Fh
JOH
1) hydroboration (94)
2) oxidation -
RCH, CH=CH _———RCH_CH,CH,_0H (95)

2 2 2 272

Vinylic organoboranes derived from acetylenes also are oxidised

27,46

to the corresponding ketone , as are the boronic acids produced
by hydrolysis of the catechol-vinyl borane.
The oxidation of the alkylboronic acids is considered to proceed

via an SE2 mechamism which is base catalysedl48 (96).

H2O2 + OH————————-HO2 + HZO

2 R -
ROH + R,BOH : R>B—-OR + OH

The remaining two boron-carbon bonds are oxidised consecutively
by the same mechamism,

The direct production of ketones by treatment of organoboranes
with chromic acid provides a route from alkenes via hydroborationl49’

150. In generai the use of diethylether as solvent favours the
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formation of the ketone. The oxidation of alkylboronic acids at
higher pH has been found to lead to alcohol formationlsl.
Amine-N~-oxides readily oxidise organoboranes containing primary

or secondary alkyl, aryl, alkenyl or cycloalkenyl-boron bonds, but

not alkynyl-boron bond5152 (97,98).

R,B + 3 Me

3 3No-——- (RO)BB + 3 MeSN (97)

(RO)BB + 3MeOH———= 3ROH + (Meo)3B (98)

The reaction is essentially quantitative and forms the basis of an
analytical procedurelsB. The reaction is considered somewhat milder
than alkaline hydrogen peroxide oxidation and proceeds with successively
slower oxidation of the three boron-carbon bondslBB.

The use of sodium hypochlorite as an oxidant at ambient

temperature leads to the corresponding alcohols in good yie1d154.

4.4.9) Carbonylation

Trialkylboranes undergo nucleophilic attack by carbon monoxide
and subsequent rearrangement of the intermediate. The initial
studies were carried out using very high pressures (ca 700 bar) and
moderately high temperatures, up to 15000155. Later work showed
that an almost quantitative reaction occurs in diglyme solvent at
100—12500 and atmospheric pressure156.

The nature of the products is controlled by the extent to which

the migration of alkyl groups is permittedl56 (99).



R

X
R.B + CO —= R>—B—C=0

5 2 5 @
. NaOH o RCHO + 2ROH
R\B c/R H o R é R 2%
_ O
N &L
HO RCH,,0H
NaOH
borakftone (99)
. ' . gagﬁ ROH + R,C=0
R
H.0 2%
R-B—CZ 20 4  Sp—cZ-g
‘o R H~  om
HO o R,CHOH + RB(OH),

I NaOH

boraepoxide

R
NaOH

0=B-C—R e . R,C-OH
R H,0,

boronic anhydride

The carbonylation reaction carried out in the presence of a
hydridic reagent, such as Li(MeO)BAlH, results in nucleophilic attack
on the carbonyl carbon of the boraketone which when followed by
oxidation affords a mixture of the aldehyde and alcohol. Alkaline
hydrolysis affords the alcohol which has a one carbon atom chain

157

extension . The use of B-alkyl-9-BBN in the reaction improves the

yield of aldehyde or homologated alcohol, based on the alkyl group158.
The use of a milder reducing agent such as Li(ButO)BAlH which does

not reduce cyano or ester groups allows their presence in thealkyl
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group which undergoes transfer affording substituted aldehydes or
alcohols which have undergone a one-carbon atom extension159.

In the absence of reducing agents a further alkyl transfer
occurs from boron together with epoxide formation affording the
boraepoxide which in the presence of water cleaves to form a
boraglycol., Oxidation of the boraglycol affords a ketone whilst
alkaline hydrolysis results in secondary alcohol formation (99). The
use of B-alkyl-9-BBN derivatives is precluded because they cannot
form the epoxide. However, the reluctance of the thexyl group to
migrate from boron to carbon is of great advantage since it allows
the synthesis of either mixed or homogeneous products in respect of
alkyl groups from the hydroboration products of thexylborane.

The ability of thexylborane to readily form cyclic boranes from

160

dienes has made possible the direct synthesis of cyclic ketones

(100).

A problem with this type of ring synthesis is that the thexyl
derivatives require more vigorous conditions (ca 70 bar) for
carbonylation which leads to unwanted products. This objection can

be overcome via the cyanidation reaction discussed later.

Under dry reaction conditions the boraepoxide suffers a third
alkyl transfer to form a boronic anhydride which on oxidation affords
the tertiary alcohol (99). The boronic anhydrides can polymerise
under the conditions of the reaction and oxidation of the polymeric
products (RBCBO) is difficult. The presence of ethylene glycol in
the reaction results in the formation of a cyclic alkoxyborane which
prevents polymerization and is more easily oxidised to yield the

161,162

alcohol (101).
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(CB—H —RLL—-(CB<: Li Mesos” ((:B R0 . @

Me
o~ B:He, C}j CO/HS Oy
X s
OH
BH CO/HO ©OH _

(102)

4.4.10) Cyanidation

The cyanide ion is isoelectronic with carbon monoxide and reacts
simply with trialkylboranes to form trialkylcyanoborates163 (103).
ether solvent

R,B + NaCN e [R,5-ci] Na (103)
5 reflux 3

Subsequent treatment of the cyanoborate with either methyl
sulphonic acid or trifluoroacetic anhydride followed by alkaline
peroxide oxidation affords the ketone164 (104). 1In the case of chiral
alkyl groups the configuration is retained upon migration although the

165

ease of migration decreases with degree of substitution .
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dialkylthexylborane two different alkyl substituents are introduced
(RR'BTh) then the product of reaction will be a mixed ketone (RCOR'),
Tertiary alcohols are available by treatment of the reaction
intermediate with more trifluoroacetic anhydride in the presence of a
baseppyridine)prior to oxidation., A further alkyl transfer and ring

opening occurs affording the tertiary alcohol on oxidation166 (105).

R_ R
N/ CR,
TN deor |
K +3 e —_— CFBCOZ-B-O-?:LICO-CF3
” / pyridine
CF4C0,, o-c\/ reflux cr, (105)
CF
3
1\1::10}{/11202
R,C-0H

4.4,11) oX-reactions

Organoboranes are capable of undergoing reactions with carbon
atoms which are adjacent to boron (o). These reactions are enhanced
particularly by the presence of a halogen substituent on the «~carbon.

In the presence of a strong base, often potassium t-butoxide or
potassium di-2,6-t-butyl phenoxide, X ~haloesters, nitriles and
ketones form carbanions by abstraction of the K -hydrogen by the base

(106). The carbanions thus formed will react as nucleophiles with

167,168 (107).

triorganoboranes

PhC0.CH,Br + ButOK————>-[i>hcoEHBr] K* + ButoH (106)



K+ [:PhCOEHBz;] + CH?©—B<D

C
| -

ARV,

\ /

(107)

The reaction is considered to proceed via rearrangement of the
initial product, by an o -transfer from boron, to give an unsaturated
dialkylboronate which undergoes protonolysis to give the o -substituted

product (108).

B 0 ] Ph
N \C/\j
| K —_— |4\ + KBr
H/T\§® B~ C\BO

Br

i Gy | CH3
(108)
o Ph

7

t £ AN
Ph-C Bu 0B Bu "0 C—0—B
\3}1@ CH; <D ~———— N\ <D

/C
“ 0L
CH

3

The yield with respect to the transferred group can only be a
maximum of 3%% when a trialkylborane is used; however, by the use of
boranes derived from 9-BBN the theoretical yield is raised to 1000

. . 169
of the desired substituent .

The disubstitution of ¢, X~dihalonitriles is also possible by

170

this route and the two substituents need not necessarily be identical,
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Thus the addition of a borane containing the first substituent
desired followed on completion of the reaction by the addition of the
second borane allows the synthesis of disubstituted nitriles,

Hydroboration of halosubstituted alkenes allows the direct
synthesis of either o<or Bwhalo—substituted boranes depending upon
the nature of the alkene substituents. As previously discussed the
orientation of hydroboration is controlled both by steric and
electronic factors, Halogen substituents favour the formation of
o< =boranes by.stabilizing the negative charge on the e<-carbon in the
hydroboration transition state.

A different kind of e<~transfer occurs with e -=halosubstituted
boranes, where an alkyl group attached to boron is exchanged with tie
halosubstituentl71. The o -iransfer process occurs with complete
inversion of configuration at carbon and is catalysed by Lewis acids,
including an excess of the hydroborating agentl72’l73?174’175. In
contrast P-halosubstituted boranes undergo elimination, forming
alkenes by loss of the haloborane. The elimination may be catalysed
both by acids and bases, and occurs in a trans-fashion, but has been
shown to be a cis-process when uncatalysedl76. The transfer of an
alkyl group from boron to the PB-carbon and loss of the haloatom
( B -transfer) has also been postulated177.

The photochemical bromination of triorganoboranes introduces a
bromine atom onto the o~-carbon which is very reactive to bromination
178. In the presence of water the o(-brominated compound immediately
rearranges by X-transfer and loss of bromine, forming a

dialkylborinate. Subsequent bromination takes place in the case of

secondary groups on the o -carbon of the remaining untransferred group.
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If n-alkyl substituents are present then bromination of the o(-~carbon

of the newly formed group occurst’? (109).

OH
Bro/hv HO
) B- CH,CH, B-CHCH
(cH CHQ)BB il (CHBCHZ) B CHCHB —< 5c B 3
Br | CHZCH3

Brz/hu (109)

CHzCH3 [_0-7 HO CHZCH3 OH (|3H2CH 3
HO-C-CH —f——————— B-CCH .4-—-2— CH,CH,B~CCH
HO CH,C
CHZCH3 o H3 Br

In contrast B-alkyl-9-BEN when brominated in the presence of

water, in the dark affords an alkyl”bromoboronatelao (110).
BP HOL_Br

ey e

Hydroboration of alkenes with monochloroborane and subsequent
hydrolysis of the dialkylchloroborane affords the dialkylborinate which

when followed by oxidation provides a route to compounds which are

otherwise difficult to prepare, for eggmplelel (111).

@ HBA Ba_ HO BOH

2 ' 2

Br2/hv
(a
(OH),B Br OH

OO~ O O-2— 0



The alkylation of alkynyltrialkylborates by reactive alkylating

agents such as methyl sulphate, benzyl or allyl bromide results in

182

both alkyl transfer and alkylation' B to boron (112).

The product of the reaction, a dialkylborane, may be subjected

to the other possible reactions of boranes.

Bu
- + _
R,B-C=C-BuLi _ CH,=CH-CH Br R, B-C=C] (112)

3 - 2 _
CHZCH_CH2

The use of electrophiles such as o-bromoketones,

iodoacetonitrile, ethyl bromoacetate or propargylbromide results in a

183

stereospecific rearrangement affording, for example an ,8 —enone
(113).

R CH.,COPh
s 2

- +
R,B-C=C-Bu Li Br-CH,COPh \\C=Q\ (113)
-
RQB Bu

R=n-hexyl,cyclopentyl

In both cases the cleavage of RZB by means of carboxylic acids
(protonolysis) is stereospecific and provides a useful route to
trisubstituted alkeneslB4. Interestingly the protonolysis of the
alkynyltrialkylborate results in ol-transfer to afford a

dialkylalkenylborane184 (114).

R,B-C=C-Bu + gt = R,B~g=CH-Bu (114)
R

When R= phenyl the alkene is cis with respect to the alkyl

substituents.



4.4.12) Conjugate additions

Trialkylboranes undergo rapid 1,4-addition reactions with
3-buten-2-one (methylvinyl ketone) and 2-propenal (acrolein) to give

vinyloxyboranes which on hydrolysis aford ﬂ-substituted ketones
185,186

(115).
R,B + CH_=CHCOR' RCH,CH=C-0BR _2° _ RCH CH c/’ R, BOH
3 2~ e VTR, S TV T 2
R’ R!
R!<H,CH,

(115)

Initially these reactions were thought to proceed via a cyclic
transition state185 but for the reasons below are now considered,
with some exceptions, to be free radical reactions. Substituents
in the of-position had no effect upon the course of reaction whereas
B-substituents prevented reaction, which is inconsistent with the
original mechanism,
Free radical reactions have been shown to be inhibited by terminal

187

methyl groups and reactions of methylvinyl ketone and acrolein
were inhibited in the presence of a free radical scavenger,
galvinoxyllss. Conversely, under conditions enhancing the generation

of free radicals by addition of air or peroxides or by photochemical

means the fB-substituted compounds undergo reactions at the

A —carbon t? (116).



3 2 22V
A s
Re + CH2=CHC/ ——.-RCHQCHC/ ~— RCH,CH=C-0-
\R' \R' é'
R.B (116)
RCH_CH=C-0+ =C— .
5 clJ 3’ o ROH,CH c,: OBR, + R
Rl Rl
H,0
Y
t -
R' = H, CH, RCHQCHZC\R'

If the vinyloxyborane is hydrolysed with deuterium oxide then
the ox-deuteroketone is obtained ?" (116).

In the absence of water the vinyloxyborane is stable, to the
extent that it may be distilled, and can undergo further reactionlgl.
Lithiation followed by treatment with an alkyl halide affords an

oX-substituted compound (117). Alternatively treatment with
N-—bromosuccinimide192 (¥BS) (118) or dimethylammonium methylene
iodide193 (119) affords the o<~bromo or e<-dimethylamino methylene

substituted compounds,

7 (117)
i 1 l
1) Buli 2) R"I - RCH2(|3HC\R' 7
Rll
OBR 0
RCH_CH=C' 2 NBS RrCH,_cHC? ° (118)
27N T ——— 2] \p1
R R
Br
+ //O
Me, N=CH,I _ RCH,_CHC (119)
& < o 2I \R.
MezN—CH2



As a result of the free radical nature of the reactions the
stereochemistry of the products is solely controlled by the relative
thermodynamic stability of the possible products.

The évailable yield of the transferred alkyl or aryl group can
only be a maximum of 33%% with respect to the trialkylboranes. This
disadvantage is not overcome by the use of B-alkyl-9-BBN derivatives,

In the free radical reactions of B-alkyl-9-BBN with conjugated enones
the boron-cyclooctyl bond predominantly migrates affording a very
different product to that expected. The B-alkenyl-9BBN derivatives
will undergo a 1l,4-addition with acyclic enones affording

194

3,6 -~unsaturated ketones™’",

The configuration of the original vinylic borane is retained in
the substituted product. The reaction is considered to proceed via
a cyclic transition state and enones such as 2-cyclohexenone do not

react, presumably due to an inability to form the cyclic moiety,
However, the latter disadvantage is overcome by the employment

of B-alkyl-3,5-dimethylboracyclohexane and B-alkyl-3,4-

dimethylboracycloheptane. Reactions of conjugated enones with the

B-alkylboracyclanes afford the products of alkyl transfer as desired

by free radical reactionsl95’l96.

Suitable B-alkylboracyclanes are available from the hydroboration

of alkenes by the respective agent or via reaction of alkyl lithium

with B-methoxyboracyclanes (120).

BR + CH,=CHCCH 1) THF/Hp0 _ RCH,_CH,COCH, + HO(CH2)50H (120)

u 3) Oxidation 27273

Unsaturated epoxides also react by a similar mechanism affording

as product an unsaturated alcohol with an effective chain lengthening

197

of four carbon atoms .



Addition of triallylborane to enoneshas been shown to occur
only at the carbonyl group198.
- The reaction with the enolic form of ﬁ-diketones results in

products of addition to both the unsaturated bonds in the enol form

and upon oxidation)a mixture ofproducts may be isolatedl99 (121).

CH CH CH cH CH CH

N N N NP
R_B/hp

& J -—3—{-————- R/ ou $

td—

R

[, (121)

CH

3 CH
| CH '3 CH
~C=CH C ~C=CH-
R-C CH2 \0 + R-C=CH C\o
OH
Minor Major
Product : Product

4.5) Related Work

Initial literature searches showed that most efforts had been
directed towards development of hydroborating reagents and the
synthetic chemistry of organoboranes, Interest in the possibility of
hydroboration of organometallic compounds appeared to be minimal.

However the hydroboration of some organosilanes had been noted
and the respective alcohols from oxidation of the organoboranes so
produced were isolated.

The hydroboration of allyltrimethylsilane was described as
giving the tris ( ¥ —organoborane) exclusively, whilst vinyltrimethyl
silane gave the tris ( o -organoborane). The orientation of these

additions was explained in terms of the relative stabilities of the
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carbonium ions for the two compoundszoo. In contrast, the attempted

reduction of vinyltrichlorosilane with sodium borohydride resulted
in the formation of silane201. Vinyl and allyl methylchlorosilanes
resulting from progressive replacement of the chlorine atoms of the
respective alkenyltrichlorosilanes have been hydroborated, and yield

alcohols following oxidation0? (122).

1) BH_.THF
R-CH=CH 3 s R-CHCH, + R-CH_CH, _OH (122)
2 , . 3 22
2) oxidation
OH
R= MenSiCI(B-n) o - product B~- product

The proportions of the alcohols isolated (122) show that the
tendency towards o<-hydroboration decreases as methyl substitution
of the silicon atom increases. The comparable allyl chloromethyl-
silanes show only 8-hydroboration.,

The hydroboration of trimethylsilyl enolethers has been shown
to occur with formation of a ,5-bory1 intermediate, which is stable
for cyclic systems (123) but undergoes elimination with acyclic
systems. Oxidation of cyclic S -=boryl intermediates by alkaline
peroxide leads to cleavage of the carbon-boron bond and production
of an alcoholzoB. The trimethylsilylether group may be conveited

to an alcohol simply by washing the organoborane oxidation product

with aqueous mineral acid.

OSiMe, SIMe3 SIMQS (123)
— 123
BHTHF OH/ H,0,

‘OH
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The acetyl complexes of several metals were shown to be reduced
to ethyl complexes by means of hydroboration, and this work prompted
investigation of the propertieé of substituted ferrocenes to
ascertain whether alkyl substituents would also result in this case.
Following the work on the hydroboration of vinyl ferrocene a thorough
literature search indicated that the reaction was not nove1211.

During the course of the work described herein with 2,4-
pentanedione, information was published confirming some of the
observations of which further details appear in section 6.1.

Recently the complexation of a 1,3-diene with iron _ tricarbonyl,
thus allowing hydroboration of a separate unsaturated part of the
molecule, has been reported. The diene was recovered after oxidation

of the organoborane by degradation of the complex using iron (III)

chloride’ (127).

(127)

hydroboration site
PhCO5

Fe(COl,

The latter reaction is of interest in context of the work on iron
"tricarbonyl complexes reported herein,

The possibilities of use of the reactions of compounds involving
boron appear to rival those for carbon. Many publications in this
area are due to Brown (and co-workers) and it is of note that the

Nobel Prize was awarded for his contribution214.



5) EXPERIMENTAL

5.1) Instruments

5.1.1) Infrared Spectroscopy

Infrared spectra were recorded using either a Pye-~Unicam SP1200
or SPB00 spectrophotometer. The spectra of liquid samples were
recorded using a thin film between sodium chloride plates. The
spectra of solid samples were recorded from potassium bromide discs
containing 1% - 3% w/w of sample.

5.1.2) Ultraviolet and visible spectroscopy

Ultraviolet and visible wavelength spectroscopy were carried out
using a Pye-Unicam SP500 spectrophotometer. All solvents were of

spectroscopic grade,

5.1.3) Gas chromatography .

Gas chromatography was performed using a Pye 104 with dual
flame-ionisation detector and heated injectors (nitrogen carrier
gas). Chromatograms were recorded on a Honeywell 10" chart recorder.
Preparative scale chromatography was carried out using a Pye 104
preparative gas chromatograph.

5.1-4) Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance spectra were recorded using a J.E.O.L,
100, 60 MHz spectrometer., Proton magnetic shifts were measured
against tetramethylsilane used either as an internal or external
standard. Solvents were usually deuterochloroform or deuteroacetone
depending upon the sample, Labile protons were identified using
deuterated water addition to the sample solution.

5.1.5) Mass spectrometry

Medium resolution mass spectra were measured using an A.E,I. -

MS30 mass spectrometer, The spectra of air-stable compounds were
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obtained usiﬁg the direct sample insertion inlet. Air-sensitive,
volatile, comppunds were presented by means of a heated all glass
inlet system (AGIS), or by use of a gas chromatograph (Pye 104)
linked to the ion-source by a silicone membrane separator.

5.2) Generation of diborane

A magnetically stirred solution of iodine (25.4g, 0.2 mole) in
dry bis (2-methoxyethy1)ether (IOOcmB) under a nitrogen atmosphere
was treated, dropwise, at ambient temperature with a solution of
sodium‘borohydride (7.56g, 0.2 mole) in the same solvent (ISOcmB).

2 NaBH4 + 12——+—J>B2H6 + H2 + Nal
The resulting diborane was carried by a slow stream of nitrogen to
a reaction flask or via a series of cold traps to a vacuum line
214

apparatus .

5.3) Calculation of volumes of gaseous materials

Gaseous compounds were assumed to obey the gas laws,
Temperatures were measured by means of mercury in glass thermometers.
Gaseous compounds were pumped into a glass vessel of known volume and
the pressure in that vessel measured by a mercury manometer. From
the volume, temperature and pressure the volume of the material
under standard conditions could be calculated., The volume under

- standard conditions (273.15K and 760mm Hg pressure) was termed 'N'cmB.
The 'N' volume was then related by the molar volume to the mass of

the compound being measured.

5.4) Procedure for generating diborane for use on vacuum line

Diborane was generated as previously described from sodium
borohydride and iodine under a nitrogen atmosphere., By means of
nitrogen the gaseous reaction products were swept into a series of

four cold traps (fig. 1). The first trap was maintained at
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-60 to -7500 with solid COZ/acetone slush and served to remove
traces of volatilised solvent., The second and third traps were
cooled with liquid nitrogen to condense and solidify the diborane.
The nitrogen and hydrogen were vented to vacuum via a fourth trap
containing acetone maintained at liquid nitrogen temperature. The
last trap ensured that no diborane was vented into the pumping
system. On completion of reaction the two traps containing diborane
were isolated from the reaction flask and evacuated to approximately
0.0lmm Hg pressure (rotary oil pump). By means of a three-way tap
situated between traps three and four the traps containing diborane
were connected to the vacuum line input. By allowing the traps to
warm to ambient temperature the trapped diborane was vaporized and
re-condensed in a liguid nitrogen cooled trap on the vacuum line.
Using a Toepler pump the traps were evacuated onto the vacuum line
to below 0.001lmm Hg pressure. On completion of the transfer the
vacuum line inlet was closed then the traps were reconnected to the
fourth isolated evacuated trap., The fourth trap was warmed to
ambient temperature and acetone vapour was allowed to fill the entire
generation apparatus and react with any remaining diborane, removing
the explosion hazard associated with exposure of diborane to air on
disassembly of the apparatus. The generation apparatus was then
purged with nitrogen several times prior to disassembly. Using the
Toepler pump the diborane was pumped from the connecting pipework

of the vacuum line to a liquid nitrogen cooled storage vessel
leaving a vacuum of better than 0,00lmm Hg pressure. After allowing
the diborane to condense and solidify in the storage vessel any
non-condensable material was pumped away to vacuum. By allowing the

diborane to warm to ambient temperature in the isolated storage

16
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vessel of known volume a measurement of pressure (corrected for
atmospheric pressure) and temperature allowed calculation of the
amount of diborane stored.

5.5) Use of vacuum line apparatus

The apparatus shown in the diagram (fig. 2) was constructed
of borosilicate glass. The taps were either glass cone and socket
or screw type with a teflon sealing ring and viton o-ring shaft
seals, (manufactured by J. Young Limited). Joints within the
apparatus were of the clamped hemispherical type with viton o-ring
seals, allowing a degree of movement to absorb vibration and thermal
expansion, Pressure measurements were made using simple mercury
manometers to which a millimetre scale was affixed and mutually
calibrated. A Macleod gauge was also fitted to enable more accurate
pressure measurements down to 0.00lmm Hg pressure. Vacuum was
obtained by means of a rotary-vane oil pump and in addition when
required a silicone o0il diffusion pump., Provision of a Toepler
pump within the system allowed gaseous materials to be moved easily
within the apparatus and for pressure and volume measurements to be
made, The volume of the traps and vessels were measured by weighing
the relevant part of the apparatus both empty then filled with pure
water; by difference using the density of water the volume of the
vessel was calculated., In the case of the Toepler pump calibration,
mercury was used in order to obtain a higher degree of accuracy in
weighing. Following assembly the apparatus was evacuated and gently
warmed with a flame. After outgassing for seventy two hours a stable
state was reached and maintained and the apparatus was considered

ready for use,
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5.6) Measurement of gas volumes by Toepler pump

Application of a vacuum to bulb D causes the manometric height
of mercury in the side arm to decrease and gas enters bulb C. With
taps Tl and T2 closed partial atmosphere pressure is restored to
bulb D causing the mercury level to rise entrapping a volume of gas
in bulb C. As the level of mercury continues to rise the gas is
forced past the valve and into bulbs A and B, At this point
application of vacuum to bulb D will lower the mercury level again
and the valve prevents the gas from leaving bulbs A and B as the
level falls, By repeated cycling all the gas can be pumped from
the vacuum line into bulbs A and B down to an ultimate pressure
eqqivalent to the vapour pressure of mercury, With the mercury

meniscus positioned on either F., or F2 the height of mercury in the

1
side arm can be measured and hence the pressure of the contained gas.
The pressure of the gas, corrected for ambient barometric pressure,
and measurement of ambient temperature allowed the volume of gas

under standard conditions to be calculated. Fig. 3.

5.7) Drying of solvents

5.7.1) Hydrocarbons

Hydrocarbons were dried over sodium wire extruded from oil free
sodium directly into the storage bottle containing the solvent.
Initially the bottle was fitted with a calcium chloride guard tube
and stoppered only when no effervescence could be noted over a long
period. ©Solvents were always examined to ensure that no gross water
contamination was present prior to adding sodium,

5.7.2) Alcohols
Methanol and ethanol were dried by refluxing with magnesium

215

and subsequent distillation according to published procedure .
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Mg + 2ROH-———~—(RO)2Mg + H,

(RO)ZMg + 2H O——»Mg(OH)2 + 2ROH

2

5.7+3.) Tetrahydrofuran

Tetrahydrofuran (1 litre) under a nitrogen atmosphere was
treated with small portions (0.25g) of lithium aluminium hydride,
Additions were continued until an aliquot of liquor effervesced
vhen dropped into water,demonstrating the presence of an excess of
the hydride. After gently refluxing for thirty minutes,
tetrahydrofuran was distilled off into a dry, nitrogen-purged dark
glass bottle., A residue of 2000m3 was allowed to remain in the
distillation flask to keep wet unreacted hydride, which was later
destroyed by slow addition of an excess of ethyl acetate. Freshly
regenerated molecular sieve 4A l/16" pellets were added to the stored
solvent to maintain dryness.

LiAlH, + 4H20————+—Li(0H) + A1(0H)5 + 4H,

4

LiAlH, + 4CH,CO0C

4 3 Hs + A1(0C

+ 4C_H_OH

—_— LiOCeH Mo

5 Hs)

5.7.4.) Bis(methoxyethyl)ether, "diglyme"

Bis(methoxyethyl)ether was dried by storage over molecular
sieve 5A 1/16" pellets in the volume ratio 10:1 for not less than
one week prior to usage. Alternatively the procedure for
hydrocarbons was used.

5.7.5) Diethylether

As for hydrocarbons,

5.7.6) Acetonitrile

Analar grade acetonitrile was stored over fresh molecular sieve

5A 1/16" pellets with occasional shakiné for one week prior to use.



5.7.7) Dry nitrogen gas

Commercial grade compressed nitrogen was reduced in pressure
for use by a 2-stage reducing head or by a needle valve control.
The gas was passed through a 90cm x 2cm column (glass) of anhydrous
calcium chloride granules of size 5mm~-10mm supported by a glass frit.
A mercury bubbler pressure release was provided in the supply line.

5.7.8) Molecular sieve

Molecular sieve pellets were heated to 55000 in a slow stream
of dry nitrogen for several hours then allowed to cool in a
desiccator., The sieve was then stored in a tightly capped dry
bottle, ready for use,

5.8.1) Reactions with diborane generated in situ

Reactions were carried out in a magnetically stirred 3-necked
flask with a condenser and vented dropping funnel at 0°C under a dry
nitrogen atmosphere maintained by the use of bubbler traps. The
flask was charged with solvent and substrate., Sodium borohydride
was added to the resultant solution and the temperature equilibrated,
A solution of boron trifluoride-diethylethereate was added slowly
during one hour at 0°C. The temperature was maintained at 0-300
during one hour further and then allowed to rise siowly to ambient.
Solvent was removed under vacuum (ca 4000). The products recovered
wvere then identified as detailed elsewhere.

5.8.2) Reactions with diborane generated externally

3NaBH, + 4BF .Et20-—————-2B2H6 + *NaBF, + 4Et20

4 3 4

Diborane, generated by the action of a solution of boron
trifluoride diethyletherate on a stirred solution of sodium
borohydride under a nitrogen atmosphere, was passed into a 3-necked

flask containing a magnetically stirred solution of the substrate
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maintained at 0°C. The reaction flask was fitted with a condenser
and bubbler trap. The diborane delivery tube was arranged to dip
below the surface of the substrate solution, During the course of
the reaction a slow flow of nitrogen was used to sweep diborane into
the reaction flask. When all the boron trifluoride-diethyletherate
solution had been added, the generator flask was warmed gently to
40°C to complete the reaction and drive off all diborane generated,
By manipulation of the nitrogen flow the dip-tube was removed ard
the neck of the reaction flask stoppered. After a period of reaction
the mixture was allowed to warm to ambient temperature and products
were isolated and identified. The reaction of boron trifluoride-
diethyletherate with sodium borohydride is influenced by the mode of
addition, Little diborane is liberated until the ratio of boron
trifluoride to sodium borohydride exceeds 0.57. Up to this ratio a
complex is formed (NaBH4.BH5). Therefore to ensure steady
liberation ofdiborane, sodium borohydride should be added to a
solution of boron trifluoride diethyletherate thus ensuring that the
ratio always exceeds the critical valuezls Fig. 4.

5.9 Synthesis of materials

5.9.1) Iron tris(pentane-2,4-dionate)

A warm stirred solution of ferric chloride hexahydrate (5g,
18.5 mmole) dissolved in hydrochloric acid (0.8M, 500m3) was
neutralised dropwise with aqueous ammonia (1:1) to the first
permanent precipitate, which was just redissolved by the dropwise
addition ofhydrochloric acid (2M) and the solution was then cooled.
Sodium acetate (8g, 9.75 mmole) was dissolved in the solution
followed by slow addition of pentane-2,4-dione (5.9g, 59.0 mmole)

depositing a red precipitate. The precipitate was filtered under
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suction and washed on the filter with water. Recrystallization from
aqueous ethanol gave a red product which was filtered off and then
dried at 100°C for five minutes, yield 3.9g, (60%).

5.9.2) Diphenylacetylene-bis(triphenylphosphine) platinum (0)

The precursor, cis-bis(triphenylphosphine) platinum dichloride,
was prepared by the addition of a hot ethanolic solution (IOcmB) of
triphenylphosphine (1.25g, 4.77 mmole) to a stirred, hot, aqueous
solution (10cm3) of potassium chloroplatinite (1.0g, 2.41 mmole).
After shaking the mixture for one hour the product was filtered off
(no. 4 sinter) and washed successively with hot water (2 x 5cm3),
hot ethanol (50m3), then diethylether (450m3) and hydrazine hydrate
added (2cm3, 100%). The suspension was warmed to 40°C and gently
agitated until effervescence ceased, A solution of diphenylacetylene/
(0.67g, 3.78 mmole) dissolved in absolute ethanol (50m3) was then
added to the yellow reaction mixture., After intermittent shaking
over one hour the reaction mixture was allowed to stand overnight
at ambient temperature during which time the product precipitated.

The product was filtered off and recrystallized from a benzene,
methanol mixture giving white plates.,
Mpt 161-7°C (yield 1.3%2g, 78%)
K PtC1, + 2Ph3P~———(Ph3P)2Pt012 + 2KC1
2(Ph3P)2Pt012 + NH 4t 2PhCECPh————-2(Ph5P)2PtPhCECPh + N, + 4HC1

5.9.3) Bis(phenylethynyl)mercury

2PhC=CH + 2KOH + HgI —-—>(PhC.=_C)2Hg + 2KI + H,0

2 2
A solution of phenylacetylene (1.52g, 15 mmole) in 99 ethanol

(35cm3) was added dropwise into an ice cooled, stirred solution of



mercuric iodide (3.3%8g, 7.5 mmole) and potassium hydroxide (1.96g,
3). The reaction mixture

%)

35 mmole) dissolved in 95)% ethanol (150cm
was allowed to stand for four hours then poured into water (200cm
and extracted with diethylether (3 b 4 1000m3). The combined
diethylether extracts were washed with water (2 x 50cm3) then dried
over anhydrous magnesium sulphate, The dry, filtered diethylether
solution was reduced in volume and the products recovered, On
recrystallization from 99 ethanol the white product was recovered
(yield 2.37g, 80%).

5.9.4) Vanadyl bis(2,4-pentanedionate)

Vanadium pentoxide (5g, 27 mmole) was dissolved in a mixture of
conc. sulphuric acid (1Ocm3), water (100m3) and ethanol (250m3). On
prolonged boiling (1-2 hours) the solution changed colour from
green to blue. The hot solution was filtered and 2,4-pentanedione
(12.7g, 126 mmole) was added to the stirred filtrate. The stirred
reaction mixture was neutralized with agueous sodium carbonate
(2OOcm3, 10% w/v) and the product filtered off then washed on the
filter with water, The air dried product was recrystallized from
chloroform giving blue-green crystals (yield 5.6g, 78%).

5.9.5) Nickel bis(dimethylglyoximate)

A solution of nickel dichloride (1.3g, 10 mmole) in water

3, 2M) and

(2500m3) was made acidic with hydrochloric acid (50cm
heated to boiling then removed from the heat., Dimethylglyoxime
(2.5g, 22 mmole) dissolved in ethanol (350cm3) was added to the hot
nickel solution which was then neutralized carefully with dilute
ammonia to the first permanent precipitate. The reaction solution

was then made alkaline by addition of further dilute ammonia (IOOcmB),

2M). The reaction solution was warmed for fifteen minutes then

87



allowed to cool to ambient temperature. Using a sinter funnel the
red product was filtered off and washed with water until washings
were chloride free (tested by silver nitrate solution). The
precipitate was then dried to constant weight at 100-—12000, yield
2.5g (86%).

5.9.6) 3-Acetyl-3-penten-2-one ((CHBCO)zc = CH-CH

3)
2,4-Pentanedione (40g, 0.4 mole) and acetaldehyde (18g,
0.3 mole) were mixed and allowed to stand for 7 days., The reaction
mixture was distilled under vacuum (10mm Hg). The fraction
collected at 8000/10mm Hg pressure was identified by *H.N.M.R. to
be the required product, 3-acetyl-3-penten-2-one, A small fraction
distilling at 12000/1Omm Hg was considered to be the isomeric
3-acetyl-4-penten-l-one. Analysis of the major fraction by G.L.C.
on 10% Apiezon-L at 150°C, 3' x 4" column showed only trace
impurities, Mass spectroscopy showed a molecular ion at 126 m/e.,
217

corresponding to the expected product .

5.9.7) N-Methylformanilide

Methanoic acid (92g, 1.96 moles) was added with stirring at
ambient temperature to a solution of N-methylaniline (107g, 1 mole)
in toluene (ZOOcmB). Water was removed by azeotropic distillation,
toluene being replaced into the reaction flask, and on completion
toluene was distilled from the mixture. The residue was distilled
under vacuum bpt 136°C/45mm Hg (cf. 1it 114-20°C 0.8mm Hg)
yielding 114.9g (8%% theory) of the required productzls.

5.9.8) N,N,N',N'-Tetramethyldiaminomethane

Aqueous dimethylamine solution (23%), prepared by the
neutralization of a solution of dimethylammonium chloride (40.7g,

0.5 mole) in water (120cm3) with solid sodium hydroxide at OOC, was
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3

added during one hour at 0°C to stirred aqueous formaldehyde (20.3cm”,
3%, 0.25 mole). The temperature of the water white reaction

mixture was maintained below 7°C whilst stirring for a further

thirty minutes, Potassium hydroxide solid (ca,ng) was added in
portions until the appearance of two layers was noted. Further
quantities were added (ca.Sg) until no further increase in the amount
of the upper layer was noted. The upper layer was then separated

and dried over solid potassium hydroxide for two days. Distillation
of the colourless liquid gave the required product (16.3g, 0.16 mole,
65.4%) identified by boiling point 82°C/760mm and 'E.N.M.R.217,

2(0}13)21\11{ + HCHO —»(0}13)21\10H21\1(0H3)2 + H,0

5.9.9) N,N-Dimethylaminomethylferrocene (I)

Ferrocene (9.3g, 50 mmole) was added to a warm, stirred
mixture of bis(dimethylamino) methane (2.55g, 25 mmole) and
paraformaldehyde (O.75g, 25 mmole) dissolved in glacial acetic acid
(19.8g, 0.33 mole). The mixture was gently refluxed for four hours,
all reactants being fully dissolved within the first hour, then
allowed to cool below 100°C when water (5Ocm3) was added. The
resultant brown slurry was filtered (hot) and the solid washed with
dilute acetic acid followed by water., The clear brown filtrate
and combined washings were chilled in ice and made strongly alkaline
with aqueous sodium hydroxide (50% w/v) then extracted with diethyl-
ether (3 x 80cm3). Water soluble decomposition products were
removed by washing the combined ether extracts with water (BOcmB).
After drying over anhydrous MgSO4 and filtration the ether was
evaporated giving crystals of dark red-brown dimethylaminomethyl

219

ferrocene (I) (5.3g, 21.8 mmole, 43.6%) identified by 'H.N.M.R,

Fig. 5.



G115} paInNIsans

2U220442}|AUIA ¥, G b1
~ tHOsD H 2U220442}|A122D1a|

2U2204.12}

24
HO
—lAnokxoiphiie a5 (S < T 202> 2n02D

Y €, T €
2pAY2p|DX0qIDD > Od'H 0 5d

~ —2U220.J24 OIU@ | /O%002N)

Nocs;
OHDH/_Ow3 o

|ouDY12W[AU20142 IO«IU@

fo1v/ 10002

IOczﬁ
(m) 24

(Im) 24 |
FuddH{ O =g INHILOD

/OHD2ANU P

GV 2 @

. u“_
, H22ANY*HD / OHOH
2u2001124 |APPWOUNDIAYIZWIG-NN  22ANTHO(CSD = L =)




'R =2 ? > >>>>S ! R

35 L #;s}()) )% # S OS (#]

"(+$ #() (, #((&! )! D@2 @34 =2 &&(+!? #) %" (+$ !

$ ( $ )))) ) 5
) S (# %2+ &34$$ ) ")
s( s ‘o s .
$ 8 8) s ) +( #
) () # ( 5% ))? J (P + (
$8 ) ") # ). +. # . *(
) ) ). ( # ) % (
$ $9% ( *( ) ) ) ) )
$ %5@ ) ) ) # ) #
# )& +. 2$$ . 3[&3# +
33 - ) (S S (# $ ())
( .(#.C.CR
"(+$ #() (,// D 2 A3H 2 &&(+!? '#""(+9!" #) %" (+$ !
( & $ ( Y $ $ (# L (
&+ 8) 8 ( 0 + #
# $) ) +) + 8 (o #
) # ) $ % $%
( # )+ ( )# #$ (# .(C# (. 8
)) 7, &3 &&5@ V+\ 23$$ . %[ ) ) #



) #
[F F =
3& H #

#S (#
) ")
) $ (8)

) ) $

8)

) P+ ) ]

) 8 )

$ 8 )

) P
( () Y
) $ 352
“(
$ $ ) P
#$ $ #

#J +

O # O

$#. &

FSFP =

$$ ;0BB., ,

& +. %V2 $$ ( &5 $

(
$ ) (#)
( #9
Y (#)
8 )
) $ (
) #

)

)
Y

"3 )+ O

53&+. % 5 $$
C ¢, (
) &7. %5 $WR
() # ( ((
B. Y

) $(#) 8)

(")

1@H

@1@

$

$$

) #

*(
)) )

6
*(



5.9.13) Hydroxymethyl ferrocene

Aminomethyl ferrocene methiodide (3.29g, 10 mmole) was
refluxed in a 1% excess of aqueous sodium hydroxide (IM) for two
hours, On cooling the solution was extracted with diethylether
which was then water washed until neutral. After drying over
anhydrous magnesium sulphate,evaporation of ether gave a yellow
solid, yield 1.83g (85%) Mpt 81°C, (Lit 81-2°C), identified as the

219

required product by Mpt and infrared spectroscopy .

@CH2NM<23I @CH2OH

Fe NaOH Fe + Nal + Me3N

5.9.14) Active manganese dioxide

A solution of manganese (II) sulphate tetrahydrate (1.04 mole)
in water (3120m3) and agqueous sodium hydroxide (2500m3, 40% w/v,
2.5 moles) were simultaneously added to hot stirred aqueous

3, 1 mole dm-a) during one

potassium permanganate solution (1.25dm
hour at 50 - 6OOC. The hot mixture was stirred for one hour and
then filtered. The precipitated manganese dioxide was washed by
dispersion in water(lde) then filtered off, On drying for
sixteen hours at 115°C and grinding to powder a yield of 170g

(1.95 moles) was recorded.

5.9.15) Ferrocene carboxaldehyde

A solution of ferrocenyl methanol (10.58g, 49 mmole) in

chloroform (50cm5) was cooled in ice (10-1500) and freshly prepared
active manganese dioxide (50g, 0.57 mole) added slowly with

stirring and cooling. The slurry was allowed to stand for twenty hours.
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The mixture was filtered and the solids washed well,firstly with

chloroformjthen diethylether until the washings became colourless.

The combined washings were evaporated to yield (9&% crude) a red

solid, identified as the required product by infrared spectroscopy
220

which was stored under nitrogen atmosphere in the dark .

5.9.16) Ferrocene carboxaldehyde

Phosphorus oxychloride (4.91g, 32 mmole) was added to
N-methylformanilide (4.32g, 32 mmole) and the mixture allowed to
stand for one hour at ambient temperature. Ferrocene (2.97g,

16 mmole) was added to the stirred mixture during thirty minutes and,
on completion,the flask was purged with nitrogen, stoppered, and
stored in the dark for seventy two hours. The dark red reaction
mixture was hydrolysed with water for six hours at ambient
temperature and the product extracted with chloroform. After drying
over anhydrous magnesium sulphate the chloroform was removed and the
residue dissolved in dry benzene. Chromatography of the solution on
deactivated alumina (2cm x 15cm column) eluted with benzene allowed
separation of red-orange ferrocene carboxaldehyde from other
reaction products. On removal of benzene the product remained as
red-orange light sensitive crystals identified by melting point

221

(120°C) cf. 1it 121°C and infrared spectroscopy < .

5.9.17) Acetyl ferrocene

A stirred mixture of ferrocene (93.0g, 0.5 mole), acetic
anhydride (2500m3, 2.26 mole) and phosphoric acid (20cm3, 8%,
0.1 mole) was heated at 100°C for ten minutes. On cooling slightly
(85°C) the mixture was poured onto ice and left overnight. The
black mass was stirred in a 2 litre beaker and neutralized with a

slurry of anhydrous sodium carbonate (170.7g, 1.61 mole) in water
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(BOOCmB) added very slowly (six hours) accompanied by vigorous
foaming. A further amount of sodium carbonate (29.7g, 0.28 mole)

in water (2OOcm3) was added to achieve neutrality. The brown slurry
was filtered and the solid washed with water (2 x 200om3) by
distribution in the water and refiltration. The filtrate was dried
under vacuum at 4500 (710mm Hg). Purification by sublimation
(IOOOC, O,1mm - lmm Hg) gave an orange solid Mpt 74 —78°C.
Alternatively, Soxhlet extraction of the mass with dry diethylether,
until colourléss, gave on evaporation to dryness an orange solid
Mpt 74 - 78°C. Overall yield 98.1g (0.43 mole, 85.%%). The crude
acetyl ferrocene was recrystallized from n - heptane to yield a
product of melting point 84 - 87°C (1it 85 — 86°C)2%2,

5.9.18) 1,1'-Diacetyl ferrocene

Anhydrous aluminium chloride (24.03g, 0.18 mole) was added
under nitrogen atmosphere to dry, stirred, dichloromethane (7000m3)
in a flask equipped with reflux condenser and sidearm dropping
funnel. Acetyl chloride (14.13g, 0.18 mole) was added to the
reaction mixture, dissolving the aluminium chloride., A solution of
ferrocene (19.9g, 0.107 mole) dissolved in dry dichloromethane
(7Ocm3), was added dropwise during two hours with resultant
evolution of hydrogen chloride gas from the purple reaction
mixture, On completion of addition the reaction mixture was stirred
under nitrogen atmosphere at ambient temperature for ninety six
hours. The purple/black reaction mixture was then hydrolysed by
pouring onto ice (100g) giving a red emulsion, Filtration by
suction gave two separate phases (liquid). The organic phase was

separated and water washed until the washings were neutral, then

dried over anhydrous calcium sulphate for six hours, decanted and
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further dried for sixteen hours, Evaporation of the solvent under

a stream of nitrogen gave a solid residue which, once

recrystallized from methanol, had Mpt 123-5°C (Lit 127°C) and was
223

identified by mass spectrometry as 1l,1'-diacetyl ferrocene .

COCH,4
Fe  + 2CHICOCI —e—" Fe + 2HC
COCH3

5.9.19) _o<-Hydroxy ferrocenylethanol

A stirred mixture of acetyl ferrocene (31.9g, 0.14 mole) in
dry diethylether (SOOcmB) under nitrogen atmosphere was treated
dropwise with a solution of lithium aluminium hydride (1.89g,

50 mmole) in dry ether, then refluxed for two hours., Excess
lithium aluminium hydride was destroyed by addition of ethylacetate
and the resultant mixture was treated with a solution of ammonium
chloride (26.75g, 0.5 mole) in water,

4 CHBCOOCZH5 + LiA1H4—--——*-LiOCQH5 + Al(OCzHS)3 + 4 CZHSOH
The mixture was cooled, with stirring, to 0°C then allowed to stand
overnight, After filtration of the whole reaction mixture, the
ether layer was separated, then washed with water (2 x 1OOcm3).

The ether solution was concentrated and allowed to stand (forty-
eight hours). Long red needles, found to have formed, were
filtered and air dried. The dark red needles were recrystallized
from 40 - 60° petroleum to give light red-orange crystals which
were air dried, yield 18.2g (79%) Mpt 73 - 75°C (Lit 73 - 75°C)

identified by 'H.N.M.R. and mass Spectrometry224.
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5.9.20) Dehydration of &X-hydroxy ferrocenylethanol

ox-Hydroxy ferrocenylethanol (2.2g, 9.6 mmole) was ground

together with alumina (Merck neutral grade type T; 10.5g) which had
been activated for several days at 35000. The mixture was charged
into a sublimer and covered with an additional layer of alumina,
The apparatus was slowly evacuated to 1O0mm Hg pressure and held at
this pressure for one hour before slowly heating to 150°C in an oil
bath, During a period of twelve hours at 150°C/lOmm Hg pressure an
orange solid sublimed onto the cold finger condenser and was found
to melt at 47°C. The product was identified by 'H.N.M.R. and mass

spectrometry to be vinyl ferrocene. Yield 1.1llg, 5.26 mmole, (55%).

@;Hc% @CH:CH2
O

Fe Fe

-H,O - I

5.9.21) Bis(o¢ ~hydroxyethyl-cyclopentadienyl) iron

|

A stirred solution of diacetyl ferrocene (1.08g, 4 mmole)
in dry diethylether (2Ocm3) under nitrogen atmosphere was treated
dropwise at room temperature with a solution of lithium aluminium
hydride (0.18g, 4.75 mmole) dissolved in dry diethylether (25cm3).
(Lithium aluminium hydride solution was prepared by refluxing in
dry ether until dissolved-approximately thirty minutes). The
reaction mixture was then refluxed for two hours., Excess lithium
aluminium hydride was destroyed by the cautious addition of ethyl
acetate (lcmB) to the hot solution, The mixture was cooled to 0°C
in an ice bath and treated with a solution of ammonium chloride

(0.214g, 4 mmole) in water (IOcmB). The cold solution was stirred
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for a further thirty minutes then allowed to stand, warming to
ambient temperature overnight. The reaction mixture was filtered
ard the red diethylether layer separated. After washing with water
(2 x 50m3) the ethereal solution was dried over anhydrous magnesium
sulphate, Evaporation of ether gave red crystals of product yield
0.75g (2.7% mmole, 68.%%) identified by 'H.N.M.R and infrared
spectroscopy.

5.9.22) Diphenylacetic acid

225
Red phosphorus was purified by the method previously described.

3, 2.65 mole) was charged into a flask

Glacial acetic acid (167cm
(SOOcms) together with red phosphorus (10g, 0.32 mole) and iodine
(B.Bg, 13 mmole). During approximately one and a half hours the
iodine was consumed, the mixture being heated to about 5500 after
half this time., Water (30m3, 166 mole) and benzilic acid (100g,
0.44 mole) werealded to the reaction mixture which was then
refluxed for fhree hours and the hot solution filtered to remove
excess phosphorus. To remove excess iodine the hot liquor was
poured into a well stirred solution of sodium bisulphite (16g,

77 mmole) in water (66Ocm5) prepared by dissolution of sodium

metabisulphite (14.61g, 77 mmole) thus:-

5 + HZO-———>-2 Na HSO3

Na HSO3 + HI —=Nal + 802 + H20

A white precipitate formed which was filtered, washed with cold water

Na2820

then dried under reduced pressure, The product was recrystallized
from 50% aqueous ethanol yielding white plates melting at 14600 when
dry. The product was identified as diphenylacetic acid by infrared

spectroscopy and 'H.N.M.R. yield 56g 0.26 mole, (59%)225’226.
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Ph20(OH)COOH + I—-———a—PhZC(I)COOH + OH™
PhZC(I)COOH + H+-———a—PhQECOOH + HI
PhQECOOH + H' ——Ph,CHCOOH
5.9.23) Diphenyl ketene

Thionyl chloride (800m3, 1.11 mole) was added during
30 minutes to a stirred solution of diphenylacetic acid (48.8g,
0.23 mole) in dry, thiophen free benzene (150cm3) at reflux. The
solution was then refluxed for a further seven and a half hours.
The yellow solution was distilled under reduced pressure with an
air bleed., With gentle warming azeotropic benzene/thionyl chloride
was removed (214cm3). A further amount of benzene was added (IOOcmB)
and distilled off to remove any remaining thionyl chloride, leaving
a yellow oil., The yellow oil was poured into refluxing dry hexane
(dried by distillation from solid KOH) then treated hot with
charcoal. Following filtration the solution was cooled to OOC in
a stoppered flask and maintained at this temperature during six
hours with occasional scratching until crystals were seen to form.
The flask was maintained at 0°C to allow complete crystallization.
On filtration the crystals were washed with a little chilled dry
hexane and dried in a desiccator overnight yielding 3%2.2g melting
point 49 - 5000. The liquors when reduced in volume yielded a
further 10g having the same melting point., The whole was
recrystallized once more yielding overall 37g, 0.19 mole, (8%%) Mpt
49 - 50°C. Identified as diphenylacetyl chloride by 'H.N.M.R.

A stirred ice cold solution of diphenylacetic acid (37g,
0.19 mole) in dry diethylether (3ooCm3) was treated dropwise with

triethylamine (19.2g, 0.19 mole) during one hour under dry nitrogen



atmosphere., The reaction mixture was maintained at 0°C for sixteen
hours)then the precipitated triethylamine hydrochloride was filtered
off. The filtered solid was washed on the filter with dry ether and
the washings and filtrate combined. The diethylether solution was
reduced in volume under reduced pressure, leaving a reddish oil.
Distillation under reduced pressure of the 0il through a 10cm
Vigreux column gave a light red oil Bpt 13000/2mm Hg pressure, which

was stored at 0°C. The product was identified as. diphenylketene by
224

infrared spectroscopy .

Ph,CHCOOH + SOCIZ————-Ph CHCOC1 + S0, + HC1

2 2 2

Ph,CHCOCL + N(C —= Ph,0=0=0 + (C,H),N HCL

2H5)3 2
5.9.24) *Diglyme molybdenum tricarbonyl

Molybdenum hexacarbonyl (3g, 11.36 mmole) was dissolved in a
mixture of dry benzene (3cm3) and diglyme (9.45g, 70 mmole). The
yellow-green solution was refluxed under nitrogen atmosphere,
gradually darkening in colour, a small amount of black deposit
being formed after three hours, The extent of reaction was followed
by the evolution of carbon monoxide from the reaction. After ten
hours, on cessation of gas evolution, the solution was transferred
under nitrogen to a Schlenk tube and warmed to dissolve all soluble
material then filtered. On cooling to -20°C the product crystallized.
The yellow-green crystals were filtered off then dried under
vacuum228.

*¥Diglyme: bis(methoxethyl)ether.

(CH500H2CH2)20 + Mo(co)6

(CH3OCH2CH2)20Mo(co)3 + 3C0



5.9.25) Cyclooctatetraene platinum diiodide

Dipotassium platinum tetrachloride (0.79g, 2.056 mmole) was
dissolved in warm water (6000) to which potassium iodide (1.5g,
9.036 mmole) was added giving a "black" mixture. The sclution was
filtered and cooled. Cyclooctatetraene (0.5g, 4.8 mmole) was added
and the mixture was shaken vigorously at intervals for two hours
then allowed to stand for twenty four hours during which time a
yellow-brown precipitate formed. The precipitate was filtered and
recrystallized from chloroform yielding yellow-orange crystals (O.64g,

1,15 mmole, 56.3%) identified by infrared spectroscopyzzg.

KoPtCly + 2KI + CgHg ——= V' \p”Y  + 4KCI

17 1

5.9.26) Copper bis(salicylidenaniline)

Aniline (0.93g, 10 mmole) and salicylaldehyde (1.22g, 10 mmole)
were condensed in absolute ethanol (10cm3). Following a mildly
exothermic reaction a yellow precipitate of the Schiff base formed.
A stoichiometric amount of copper (II) acetate monohydrate (1.0g,

5 mmole) was added to the slurry and the reaction mixture was
refluxed for fifteen minutes then allowed to cool. A brown
crystalline material precipitated from solution and was filtered off,
washed on the filter with 40 - 60° petroleum ether, and dried under

vacuum, The product was found to melt at 20500.



O+ Qo — Qe+
OH L HO

AN |
Cu(MeCOO)2 +2L — N-'C‘ZU«N\ + 2 MeCOOH
@)

5.9.27) Cobalt bis(salicylidenaniline)

Aniline (0.93g, 10 mmole) and salicylaldehyde (1.22g, 10 mmole)
were condensed in absolute ethanol (1Ocm3) giving a yellow product.
Aqueous sodium hydroxide solution (SCmB/ZM = 10 mmole) followed by
cobalt (II) acetate hydrate (0.97g, 5 mmole) were added. The red
reaction mixture was refluxed for fifteen minutes and gave on cooling
a red-brown precipitate. The precipitate was filtered of f then
reprecipitated from chloroform with 40 - 60° petroleum ether., The
red-brown product melted at 186°cC.

) 2NaOH

Co(CHBCOO)Q + 2(PhNCHPh(OH) Co(PhNCHPh(O))2 + 2 CH,COONa

3
+ 20,0

5.9.28) Nickel bis(salicylidenaniline)

Nickel (II) acetate hydrate (0.97g, 5 mmole) was added to a
solution of salicylidenaniline produced by condensation of aniline
(0.93g, 10 mmole) and salicylaldehyde (1.22g, 10 mmole) in absolute
ethanol (lOcmB) which was then made alkaline by the addition of

3

aqueous sodium hydroxide (5cm”, 10 mmole). The mixture was refluxed
for fifteen minutes then allowed to cool, yielding a green tarry

deposit., The supernatant liquor was decanted and the residue
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dissolved in chloroform (15cm3) and precipitated by the addition of
400 - 60° petroleum, filtered and air dried, as a yellow-green
product of melting point 320 - 3220.

5.9.29) Cyclooctatetraene iron tricarbonyl

Triethylamine-N-oxide (S.Qg, 40 mmole) and cyclooctatetraene
(1.04g, 10 mmole) were stirred together in dry tetrahydrofuran under
nitrogen atmospliere at 0°c (ice bath), Iron pentacarbonyl (3.92g,

20 mmole) was added to the reaction mixture from a disposable plastic
syringe via a septum cap during ten minutes. The mixture was stirred
at 0°C for one hour then refluxed for one hour., The dark solution
was filtered and the red liquor evaporated to dryness giving a red
solid residue. Heating the residue to 70-80°C at 0.,1lmm Hg pressure

in sublimer gave the red product, yield 2.15g, 8.8 mmole (44%)230.

CeHg + Fe(co)5 + MeBNo-—--a-(csHs)Fe(co)5 + MeﬁN + 0, + CO

5.9.30) 17 -Cyclopentadienyl—- 77 —indenyl iron

All manipulations were carried out under nitrogen
atmosphere and freshly dried and distilled tetrahydrofuran was used,
Freshly distilled indene (34.9g, 300 mmole) and sodium 6.9g, 300 mmole)
were refluxed in tetrahydrofuran (1500m5) until no sodium remained,
giving a yellow solution of sodium indenide., Similarly a solution
of sodium cyclopentadienide was prepared from cyclopentadiene
(16.3g, 250 mmole) and sodium (5.75g, 250 mmole) in tetrahydrofuran
(1500m3) giving a rose-pink solution.

A suspension of ferrous chloride was prepared by the addition
of iron powder (4.7g, 84 mmole) to ferric chloride (27.1g, 167 mmole)
suspended in tetrahydrofuran which was then stirred and refluxed for

four and a half hours during which time the solution became dark



brown with a grey iron residue. The previously prepared solution of
sodium indenide and sodium cyclopentadienide were added to the
stirred suspension of ferrous chloride simultaneously durirg twenty
minutes)then the black reaction mixture was refluxed for sixteen
hours, Tetrahydrofuran was removed under reduced pressure and the
%)

residue extracted with dry pentane (5 x 100cm”) which was then

filtered. The pentane solution was reduced in volume by evaporation
under a stream of nitrogen to approximately 250m3. The solution was
chromatographed on alumina H (200 mesh) with pentane eluent (20cm x

lcm column) in several portions, The first band (yellow) was found

to contain ferrocene and the second (red-violet) band contained the

expected product together with a small amount of ferrocene, as shown
by mass spectrometry. The pentane solution containing the required

product was reduced in volume to dryness under a stream of nitrogen,
allowing recovery of the red-purple product (4.lg, 7.0% yield)231.

5.9.31) 1,3,5-Cycloheptatriene iron tricarbonyl

Trimethylamine-N-oxide (B.Og, 40 mmole) and cycloheptatriene
(0.92g, 10 mmole) in dry tetrahydrofuran (250m3) were stirred at 0°C
(ice bath) under nitrogen atmosphere. Iron pentacarbonyl (3.9g,

3

2.7cm”, 20 mmole) was added via a septum cap from a disposable
plastic syringe during ten minutes., The reaction mixture became
dark red and was stirred at 0°C for a further one hour then refluxed
for one hour. The dark red solution was filtered hot and the

solution evaporated to dryness leaving a dark red residue identified

by mass spectrometry as the required product.

CH, + Fe(CO)5 + Me

g No——--c7H8Fe(co)3 + Me N + CO, + CO

3 3 2



5.9.32) 1,3-Dioxaspiro/4,6/ undecane

Triethylorthoformate (71.1g, 0.48 mole) was added at room
temperature during five minutes to a sclution of cycloheptanone
(49.4g, 0.44 mole) and p-toluenesulphonic acid (0.19g, 1.1 mmole) in
dry diethylene glycol (34.13g, 0.55 mole). The reaction mixture was
heated on a steam bath and ethanol distilled from the mixture.

After four hours the reaction was complete and the mixture was

3, 2M) added and

cooled and dilute aqueous sodium hydroxide (4cm
stirred for five minutes. The mixture was extracted with
diethylether (2 x 1000m3) and the combined ether layer dried over
anhydrous magnesium sulphate during sixteen hours. The filtered
ether layer was reduced in volume by rotary evaporation and the

residue distilled under vacuum, the required product boiling at

52-5°C/1.3mm Hg pressure, yield 44.4g, 0.28 mole (64.6%).
o) EtO\ /OEt

+ CH(OEt)3 —_— + CHOOEt

EtQ OEt o O

-+ 2EROH

+ HOCH,CH,OH

5.9.33) 3,4-Cycloheptadienone

1,B—Dioxaspirq[Z,§7ﬁndecane (31.24g, 0.2 mole) dissolved in
absolute methanol (5000m3) was treated at 2500 whilst continuously
stirred, with a small portion (100 drops) of bromine, givingAa dark
solution. On disappearance of the colouration the remainder was
added (32.0g, 0.2 mole,in total) at a rate sufficient to maintain
reaction, and leaving a slight excess on completion, The reaction

mixture was heated to 4000 and treated again with bromine
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(%2.0g, 0.2 mole) as previously. On completion of addition the
temperature was maintained for one hour then the reaction mixture
was allowed to cool and stand during sixteen hours, at which time
a small excess of bromine was still present as indicated by the
colour. (An excess of bromine must be present throughout). The
yellow reaction mixture was poured into stirred pentane (5OOcm3)
containing anhydrous sodium carbonate (SOg, 0.47 mole), with
effervescence, and stirred for five minutes. Following the addition
of water (500cm3), with stirring, the pentane layer was separated

and dried over anhydrous magnesium sulphaie)then filtered. The
volume of the pentane layer was reduced by rotary evaporation at
reduced pressure and the temperature raised gradually to 5500
removing all solvent and resulting in a colourless oily pungent
liquid. Freshly prepared sodium methoxide (38g, 1 moie) was added

to a stirred solution of the o0il in dry dimethylsulphoxide (2000m3)
whilst cooling to maintain the temperature below 60°C. After fifteen
minutes the temperature of the reaction mixture was stable and
cooling was removed., The stirred mixture was allowed to stand for
sixteen hours at room temperature. The reaction mixture was poured
into saturated brine (200cm3) and extracted with pentane. The whole
mixture was filtered to remove flocculated sodium bromide which was
washed on the filter with pentane. The combined liquors were
separated and the pentane layer dried over anhydrous magnesium
sulphate for four hours. The filtered pentane solution was reduced
in volume at atmospheric pressure and the oily product was then
distilled under vacuum, boiling at 4200/0.8mm Hg pressure, The
distilled o0il was split into 5g portions each of which was stirred

at ambient temperature with aqueous sulphuric acid (10%) for
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sixteen hours. The mixtureswere extracted with pentane and the
extracts were washed with aqueous sodium bicarbonate solution then
dried over anhydrous magnesium sulphate. Evaporation of the
solvent from the combined extracts followed by vacuum distillation
gave a colourless oil boiling at 60°C/6mm Hg pressure, yield 5g
(2%% based on C7H80)‘ During sixteen hours the product darkened

and resinified232~

O @) (g O @) O
Br . Br, Br
'/2 BI‘2 = |/7-Br2 ~

/ \ OMe

L o)
Br Br
McO/DMSO TS

5.9.34) Cyclohexanonediethylene ketal

]

O

Cyclohexanone (40g, 0.41 mole), triethyl orthoformate (185g,
4 mole) were refluxed together with p-toluene sulphonic acid (0.04g,
0.23 mmole) for ten minutes. The reaction mixture was cooled and
then neutralised with potassium ethoxide.(0.23 mmole). Fractionation
under reduced pressure, removing excess alcohol and ethyl formate,
allowed recovery of cyclohexanone diethylene ketal boiling at
60°C/9mm Hg pressure in high yield 67g, (9%%).

The diethylene ketal (12g, 70 mmole) together with

p-toluene sulphonic acid (0.04g) was heated at ambient pressure



and ethanol distilled from the mixture. On fractionation under
reduced pressure a colourless oil boiling at 47—800/1Omm Hg
pressure was recovered, yield 7.6g (87%), and identified as

l-ethoxycyclohexene by ‘H.N.M.R.

o ' EtO OFEt"
+CHO&5 -+ CHOOEt
EtQ OEt OFEt
+
H - -+ EtOH

5.9.35) 1-Ethoxy-7L]-dichloronorcarane'

Ethyltrichloroacetate (126.4g, 0.66 mole) was added dropwise
to a stirred slurry of sodium ethoxide (44.8g, 0.66M) and
l-ethoxycyclohex-l-ene (80g, 0.63 mole) in sodium dried pentare
(5Ocm3) at 0°C. A vigorous exothermic reaction ensued and after
maintaining the reaction‘at 5°C for one hour after completion of
addition the mixture was allowed to warm to room temperature
during sixteen hou;s. The reaction mixture was poured into water
(200cm3), extracted with pentane (2 x 200cm3) and the combined
extract dried over anhydrous magnesium sulphate. The filtered dry
extract was reduced in volume and the residue distilled under
vacuum (bpt 64°C, lmm Hg) yielding 27.3g, 0.13 mole (21%) of the

required product, identified by 'H.N.M.R233’234.

ClBCOOEt + NaOEt >~ :CCl2 + EtOCOOEt + NaCl



Cl
OEt EtO cl

Y

+ :CCly

5.9.36) 1-Ethoxycyclohepta-l,3,5~triene

1-Ethoxy-T7,7-dichloronorcarane (27g, 0.129 mole) was heated
under nitrogen atmosbhere in dry, redistilled quinoline (1OOcm3) to
160°C for two hours, and then at 180°C for one hour. The viscous
reaction mixture was then distilled giving a low yield of crude
product, redistillation of which yielded lg, 7.3 mmole (5.7%). The

product was identified by infrared spectroscopy and 'H.N.M.R,

Cl
EtO | CI OEt

Quingline - + 2HCI

5.9.37) 3,5=Cycloheptadienone

1-Ethoxycyclohepta-1,3,5-triene (1g, 7.3 mmole) was dissolved
in methanol (10cm3) and water (2cm3) to which 1 drop of concentrated
hydrochloric acid was added. The solution was warmed to reflux for
ten minutes then cooled. The acidic solution was neutralised with
sodium carbonate then extracted with pentane (3 X 1Ocm3). The
pentane extract was dried over anhydrous magnesium sulphate then
filtered. On evaporation to recover the required product,
decomposition was found to have occurred, neither product nor
starting material being recoverable., Previous attempts at room

temperature had resulted in recovery of the starting material.

109



OEt O

HO - + EtOH

5.9.38) Tropolone methyl ether

A solution of diazomethane was prepared and reacted with
tropolone as follows,

A solution of p-tolysulphonyl methyl nitrosamide (4.3g,
0.02 mole) in anhydrous diethylether (6Ocm3) was ice cooled to 0°C
and to this was added a solution of potassium hydroxide (1.44g,
0.02 mole) dissolved in ethanol. After five minutes the ethereal
solution of diazomethane was gently distilled into an icé cooled
receiver containing a small amount of chilled diethylether.

Tropolone (2g, 0.0164 mole) dissolved in anhydrous diethylether
(IOOcmB) was treated with the ethereal diazomethane solution dropwise
until a permanent yellow colour appeared. The reaction mixture was
allowed to stand for one hour then boiled until all remaining yellow
colouration had disappeared. The solution was heated to remove all
diethylether by evaporation, leaving the product, identified by

'H.N.M.R yield 1.94g, 0,014 mole, (85.6%)235.

hﬂe
SO2NNO SO3K
+ KOH + HéD+—CH2N2
Me Me
@) @)

OMe




5.9.39) 2,4-Pentanediol

2,4-Pentanedione (10g, 100 mmole) in methanol (4Ocm3) was slowly
added to sodium borohydride (7.6g, 200 mmole) in aqueous sodium
hydroxide (20cm3; 0,001M) with stirring at 0°C. After two hours the
reaction mixture was allowed to warm to room temperature and stand
for twenty-four hours. Hydrolysis was carried out by addition of
aqueous sodium hydroxide (100m3, 2M) followed by water (1Ocm3),
stirring for one hour. Sodium chloride was édded and the saturated
solution extracted with diethylether (3 x 300m3). After drying the
combined extracts over anhydrous magnesium sulphate and filtration,
diethylether was removed under reduced pressure yielding a colourless
0il. Distillation of the oil at reduced pressure yielded an impure
fraction, bpt SOOC/IOmm Hg pressure, which when redistilled gave a
colourless liquid, yield l.lg (10.5 mmole) bpt 198°C/760 mm Hg
pressure, being identified as 2,4-pentanediol by infrared, 'H.N.M.R
and mass spectroscopy.

The required product was found to be readily adsorbed by
magnesium sulphate used for drying and 2ll of it could not be
recovered.

5.9.40) 1-Phenylbutan-1,3-diol

1-Phenylbutan-1,3-dione (6.3g, 38.8 mmole)'dissolved in
methanol (7Ocm3) was added dropwise to sodium borohydride (3.03g,
80.1 mmole) stirred in aqueous sodium hydroxide (10ml, 10-3M) at 0°C
under a nitrogen atmosphere during thirty minutes, Stirring under
nitrogen was continued during twenty-four hours, the temperature
being allowed to rise to ambient during this period. Water (300m3)
was added to the reaction mixture which was stirred for one hour.

Sodium chloride was added and the saturated solution was extracted
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with diethylether (3 x 300m3). The combined extract was dried over
anhydrous magnesium sulphate and filtered. Evaporation of ether
yielded a colourless viscous o0il which was distilled under reduced
pressure with a nitrogen bleed giving as major product,
l-phenylbutan-1,3-diol bpt 162°C/3mm Hg pressure, yield 4.33g (67%)

5.9.41) 1,3-Diphenylpropan-1,3-diol

A solution of 1,3%-diphenylpropan-1,3-dione (7.02g, 31.3 mmole)
dissolved in methanol (180cm3) was added dropwise to sodium
borohydride (2.4g, 63.4 mmole) slurried in agueous sodium hydroxide
(lOcmB, 1O~3M) under nitrogen atmosphere at 0°C whilst stirring.

On completion of the additionbthe stirred reaction mixture was

allowed to warm to ambient temperature and stand for twenty four
hours, Water (250m3) was added to hydrolyse the reaction products.
Sodium chloride was added and the saturated solution extracted with
diethylether (3 x 300m3). The combined extracts were dried over
anhydrous magnesium sulphate. The filtered dry ethereal solution

was reduced in volume and the product, isolated by vacuum distillation,
found to be a colourless viscous oil, yield 5.2g (73%).

5.9.42) 2,4-Pentanediol borate ester

2,4-Pentanediol (0.5g, 4.8 mmole) was added to a solution of
boric acid (0.297g, 4.8 mmole) in water (lOcm3) and the reaction
mixture was warmed then allowed to stand for ten minutes. Sodium
chloride was added and the saturated solution extracted with
diethylether (3 x lOcmB). The combined ether extract was dried
(anhydrous magnesium sulphate) and filtered. Evaporation of the
solution to dryness gave an impure white solid which recrystallized

poorly from 400/60o petroleum ether: diethylether. Sublimation of



the impure product gave white crystals mpt 72—400 yield 0.48g

(3.7 mmole: TT).

OH (1\
+ H3BO3 > )&OH-F2H20
OH O

5.9.43) 2,4-Pentanediol from borate ester

2,4~Pentanediol borate ester (0l6g, 4.62 mmole), derived from
reaction of 2,4-pentanedione and diborane, was dissolved in aqueous

3

sodium hydroxide (Scm”, 2M) and after ten minutes the solution was
extracted with chloroform (3 x 4cm3), the extracts being combined.
The alkaline layer was acidified (2M sulphuric acid) and extracted
with chloroform (2 b'd 4cm3) which was separated and treated with
agqueous sodium hydroxide (5cm3, 2M). The chloroform was then

3

combined with a further 2 x 4cm” chloroform and the acidification/
extraction repeated. The combined chloroform extracts were dried
over anhydrous magnesium sulphate., Excess chloroform was removed by
rotary evaporation then so far as possible all chloroform was removed.
A small quantity of a slightly coloured oil was recovered,
insufficient for distillation. The material was identified as the

meso~diol as detailed elsewhere,

5.9.44) 1-Phenylbutan-1,3-diol borate ester

Boric acid (0.372g, 6.02 mmole) dissolved in hot water (100m3)
and acetone (5cm5) was added to l-phenylbutan-1,3-diol (lg, 6.02
mmole) and the mixture was agitated thoroughly. After two hours the

solution was saturated with sodium chloride and extracted with



diethylether (3 x lOcmB). The combined ether extracts were dried
over anhydrous magnesium sulphate then filtered. The dry solution
was heated to evaporate diethylether and a colourless viscous oil
was recovered and identified by 'H.N.M.R as the required product,

yield 0.75g, (64.8%).

OH o\
+ H3BO5 - /BOH + 2H0
OH )

©

510 Reaction of diborane generated in situ

5.10.1) With indene

A stirred solution of indene (Sg, 43 mmole) and sodium
borohydride (1.22g, 32 mmole) dissolved in dry tetrahydrofuran
(BOcmB) under nitrogen atmosphere was treated dropwise at 0°C with
boron trifluoride diethyletherate (6.11g, 43 mmole) in dry
tetrahydrofuran (lOcmB) during thirty minutes, The reaction mixture
was stirred for a further one and a half hours then allowed to
slowly warm to room temperature, Aqueous sodium hydroxide (80m3, 2M)
was added dropwise to the stirred reaction mixture followed by
hydrogen peroxide (6cm3, 30%). The reaction mixture was stirred for
twenty minutes then separated. The aqueous layer was extracted with
diethylether (4 x 30cm3) which was combined with the tgtrahydrofuran
layer, The combined extracts were dried over anhydrous magnesium
sulphate then filtered. The diethylether solution was evaporated

to dryness and the resulting white mass was recrystallized from
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40—60O petroleum ether giving white needles which were air dried.
Yield 5g, 37 mmole, (87%). The product melted at 66°C and was
identified by infrared spectroscopy and *H.N.M.R, detailed

elsewhere, as the required alcohol.

i)BH;THF
- O
Q i/NaOH/H,05 i

5.10.2) With ferrocene

A stirred solution of ferrocéne (O.37g, 2 mmole) and sodium
borohydride (1.36g, 18 mmole) in tetrahydrofuran (25cm3) under inert
atmosphere at 0°C was treated dropwise with a solution of boron
trifluoride diethyletherate (0.505g, 6 mmole) in tetrahydrofuran
(1Ocm3). On completion of the addition the reaction mixture was
stirred at 0°C for a further five hours, then allowed to warm to room
temperature. The solvent was removed under reduced pressure at 35°C.
The starting material, ferrocene was quantitatively recovered
together with sodium fluoroborate, identified by infrared

spectroscopy and melting point. ,

5.10.3) With Iron tris(2,4-pentanedionate);--Fe(AcAc)'3

a) ratio B2H6/Fe(AcAc)3 = 4:1

Iron tris(2,4~-pentanedionate) 0.5g, 1.42 mmole) and sodium
borohydride (0.32g, 8.46 mmole) were stirred together in dry
tetrahydrofuran (30cm3) under inert atmosphere with cooling to 0.
A solution of boron trifluoride diethyletherate (1.6g, 11.27 mmole)

in dry tetrahydrofuran (10cm3) was added dropwise and the reaction



mixture stirred at 0°C for a further five hours then slowly allowed
to warm to ambient temperature. Removal of solvent allowed
isolation of a brovn solid which was identified by infrared
spectroscopy and melting point as the starting material, iron
tris(2,4-pentanedionate).

b) Repetition of above experiment with B2H6: Fe(AcAc)3 of 8:1
gave a slow colour change of the reaction mixture from red to
yellow/green and a subsequent decolourisation., No identifiable
product was recovered from the solution other than sodium
fluoroborate and solvent. A small amount of black residue on the
flask was identified as iron.

5.10.4) With Vanadyl bis(2,4-pentanedionate):— VG{AcAc) 5

Vanadyl bis(2,4-pentanedionate) (0.5g, 1.89 mmole) and sodium
borohydride (0.16g, 4.22’mmole) were stirred together, under dry
inert atmosphere, in dry tetrahydrofuran (BOcms). A solution of
boron trifluoride diethyletherate (0.8g, 5.63 mmole) in dry
tetrahydrofuran (IOcmS) was added to the reaction mixture, dropwise
during ten minutes at a temperature of OOC. On completion of
addition the dark blue-green reaction mixture was stirred at 0°C
for a further two hours, at which point precipitation was noticed.
The reaction mixture was allowed to warm to room temperature then
filtered under nitrogen into a nitrogen purged vessel, The solvent
was evaporated under reduced pressure and the products identified
as vanadylacetylacetonate and sodium fluoroborate by infrared
spectroscopy and melting point. The precipitated material was found

by the same methods to be vanadyl bis(2,4-pentanedionate).

=
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5.11 Reactions of diborane externally generated with complexes

Reactions were carried out using the apparatus shown in Fig. 4
or by means of vacuum line apparatus shown in Fig.2.

5.11.1) With diphenylacetylene — bis(triphenylphosphine)

platinum (0)

Diborane (20 mmoles) was passed into a stirred solution of the

complex (0.1lg, 13.4 mmoles) dissolved in dry tetrahydrofuran (4Ocm3)
maintained at 0°C under inert atmosphere., During three hours at 0°¢c
no colour change in the reaction solution was noted and the reaction
mixture was allowed to warm to room temperature. The reaction flask
was isolated, then solvent was removed from the reaction mixture
under reduced pressure., A tarry solid was isolated and found to
contain no identifiable products,

5.11.2) With bis(phenylethynyl) mercury

Diborane (4 mmoles) was passed into a stirred solution of the
mercurial (0.5g, 1.2 mmole) dissolved in dry tetrahydrofuran (4Ocm5)
and maintained at 0°C under inert atmosphere, During five hours at
0°C no colour change in the reaction solution was noted and the
reaction mixture was allowed to warm to room temperature. The
reaction flask was isolated, then solvent was removed from the
reaction mixture under reduced pressure, The recovered product was
identified as staﬁting material by infrared spectroscopy.

5.11.3) With Iron tris(2,4-pentanedionate)

Diborane (4 mmole) was passed into a stirred solution of iron
tris(2,4<pentanedionate) (0.5g, 1.28 mmoles) dissolved in dry
tetrahydrofuran (4Ocm3) under inert atmosphere at OOC. On completion
of addition the stirred reaction mixture was maintained at 0°C for a

further five hours then allowed to warm to room temperature,



The reaction flask was isolated, then solvent was removed under
reduced pressure, The recovered product was identified by infrared
spectroscopy and melting point to correspond with the starting
material,

On repetition, a colour change of the reaction solution from
red/brown to yellow was noted on addition of diborane., On warming
the solution to room temperature the colour reverted to red/browm.
Removal of solvent under reduced pressure allowed recovery of the
starting material,

On repetition using a ratio of diborane, complex of 10:1 the
reaction solution turned green during two hours then decolourised
during thirty minutes to give a precipitate, Removal of solvent
under reduced pressure allowed recovery of a black insoluble residue
which did not melt or change appearance up to BOOOC. On repetition
using a diborane : complex ratio of 18:1 (large excess) the reaction
solution became dark red and on allowing to warm to 10°¢C promptly
decolourised, precipitating a gummy deposit which turned black on
removal of solvent. Both infrared spectra and melting point were
found to be the same as the previously obtained black residue. The
residue was subsequently subjected to elemental analysis. Attempts
to obtain samples under inert atmosphere of the reaction mixture for
study by N.M.R or M.S, resulted in vigorous effervescence accompanied
by the production of boric acid and a black precipitate, the analysis
of which is detailed elsewvhere.

5.11.4) With vanadyl bis(2,4-pentanedionate)

Diborane (8.6 mmoles) was passed into a stirred solution of the
complex (0,5g, 1.73 mmoles) dissolved in dry tetrahydrofuran (4Ocm3)

and maintained at 0°C under inert atmosphere, During two hours at 0°¢c
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no colour change was observed and the reaction mixture was allowed to
warm to room temperature., The reaction flask was isolated, then
solvent was removed under reduced pressure, The recovered solid was
identified as starting material by means of infrared spectroscopy
and melting point,

On repetition with diborane : complex ratio of 18:1 the
recovered product appeared to be a mixture of starting material and
a black solid resembling that produced with ferric acetylacetonate
(by infrared spectroscopy).

5.11.5) With nickel bis(dimethylglyoximate)

Nickel bis(dimethylglyoximate) (0.5g, 1.73 mmole) and sodium
borohydride (0.29g, T.78 mmole) were stirred together under inert
atmosphere in dry tetrahydrofuran (30cm3) at 0°C. A solution of
boron trifluoride diethyletherate (1.47g, 10,38 mmole) dissolved in
tetrahydrofuran (1Ocm3) was added dropwise to the reaction mixture
during thirty minutes, On completion of addition the stirred reaction
mixture was maintained at 0°C for a further five hours then allowed
to warm to ambient temperature. Following removal of solvent under
vacuum at 40°C the solid residue was identified as nickel
bis(dimethylglyoximate) together with sodium fluoroborate by means of
infrared spectroscopy and melting point.

5.11.6) With Copper complexes — general formula Cu CHECOO L

a) L = 1,2-di(4-pyridyl) ethylene

The complex (0.2g, 0.37 mmole) was stirred in dry tetrahydrofuran
(40cm5) at 0°C together with sodium borohydride (0.012g, 0.32 mmole)
under inert atmosphere. A solution ofboron trifluoride diethyletherate
(0.061g, 0.43 mmole) in tetrahydrofuran (1Ocm3)'was added dropwise

during fifteen minutes., On completion of addition the reaction

(
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mixture was stirred at 0°C for a further five hours at 0°C then
allowed to warm to ambient temperature., Evaporation of solvent under
reduced pressure left a solid residue which was identified by infrared
spectroscopy and melting point as the starting material together with
sodium fluoroborate.

b) Complexes where L = 1(2-pyridyl),2(4-pyridyl) ethylene and
1(2-pyridyl), 2(3-pyridyl) ethylene were reacted under the same
conditions as above., In both cases the starting material was isolated
after reaction and identified as previously236’237.

5.12 Reactions of Diborane with ;e-dicarbonyl compounds
{

5.12.1) With 2,4-pentanedione

Diborane (50 mmole) generated from iodine (12.69g, 50 mmole) and
sodium borohydride (3.78g, 100 mmole) was passed into 2,4-pentanedione
(4g, 39 mmole) under inert atmosphere at room temperature during one
and a half hours. The exothermic reaction gave rise to a yellow'
colouration and a temperature of 60°C. After a further one and a
half hours the yellow reaction mixture was cautiously hydrolysed by
the addition of distilled water (200m5). Sodium chloride was added to
saturate the aqueous solution which was then extracted with diethylether
(3 x 200m3) and the combined extracts dried over anhydrous magnesium
sulphate. The filtered diethylether solution was reduced to a
minimum volume under reduced pressure. The resulting colourless oil
when left overnight precipitated colourless crystals which were
filtered off, washed with dry 40:60 petroleum ether then air dried.,
The crystals were found to have Mpt 85°C. Microanalysis showed
QA6.4%;@§.42% calculated G46.2%; HB8.5% based on molecular formula

CSH1103B. The product was analysed by mass spectroscopy and 'H.N.M.R.
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5.12,2) With 1,3-diphenyl-1,3-propanedione

Diborane (3.8 mmole), generated from iodine (0.96g, 3.8 mmole)
and sodium borohydride (0.28g, 7.6 mmole), was passed into a
solution ofl,3-diphenyl-1,3-propanedione (0.85g, 3.8 mmole) in dry
tetrahydrofuran (4Ocm3) during thirty minutes at a temperature of
40°C under nitrogen atmosphere., The reaction solution immediately
became yellow and the reaction was allowed to continue during two
hours, The reaction mixture was hydrolysed by the cautious addition
of distilled water (2Scm3). The agqueous solution was saturated with
sodium chloride then extracted with diethylether (3 x 1OOcm3) and
the combined extracts dried over anhydrous magnesium sulphate. The
dried ether extract was reduced to a small volume and allowed to
stand, whereon a yellow precipitate was obtained which was filtered
off, washed with a little hexane and air dried (0.21g, Mpt 25000 dec.).
Microanalysis showed QBS.E%; %5.52% calculated C57.0%; %5.74% based

on molecular formula Cl5H1806B2'

Ph Ph

BKDFH2 BK)FD2

5.12.3) With l-phenyl-l,3-butanedione

1-Phenyl-l,3-butanedione was purified by recrystallization from

methanol; water (10-15%: to give material melting at 59°C (Lit 59OCj23€
Diborane (38 mmole) was passed into a solution of l-phenyl-l,3-

butanedione (0.5g, 3.33 mmole) in tetrahydrofuran (5cm3) under inert

atmosphere at a temperature of 45°C during forty minutes, An

exothermic reaction occurred accompanied by the reaction mixture



turning pale yellow. The reaction mixture was hydrolysed with water
(50cm5) then extracted with diethylether (3 x 30cm3). The diethylether
extract was dried over anhydrous magnesium sulphate then filtered and
reduced to a small volume under reduced pressure, resulting in a
colourless oil which was identified by mass spectrometry and 'H.N.M.R
as the borate ester of 1—pheny1-l,B-butanediolzja.
5.12.4) With 1,3-Trifluoromethylpropane-1,3-dione

Diborane (9.6 mmole) was passed into a solution of-
1, 3-trifluoromethyl-propane-1,3dione (0.65g, 3.1 mmole) at 0°C
during thirty minutes under inert atmosphere. After one hour at 0°c
the colourless reaction mixture was cautiously treated with distilled
water (7Ocm3) then extracted with diethylether (6 x 30cm3). The
ether layer was dried over anhydrous magnesium sulphate and shown to
contain only starting material by means of mass spectrometry.

5.13 Reactions of diborane with iron complexes

5.13,1) With vinyl ferrocene

Diborane (3.4 mmole) generated from iodine (0.86g, 3.4 mmole)
and sodium borohydride (0.3g, 7.9 mmole) in diglyme was passed into
a stirred solution of vinyl ferrocene (0.44g, 2.1 mmole) dissolved
in dry tetrahydrofuran (2Ocm3) at 0°C and under nitrogen atmosphere
during twenty minutes, The reaction mixture was allowed to stand for
one hour and was then cautiously hydrolysed with water (100m3)
followed by sodium hydroxide (50m3, 2M) and hydrogen peroxide (2cm3;
30%). The red-orange product was isolated by extraction into
diethylether (20cm3). The diethylether/tetrahydrofuran layer was
separated and dried over anhydrous magnesium sulphate. The dried

solution was filtered then evaporated to dryness leaving a dark

orange residue which when recrystallized from 40-60o petroleum ether



gave red orange needles which were air dried, yield 0.39g, 1.7 mmole
(81%) Mpt 74% (it 73-5°C)%%.
5.13.2) With ferrocene carboxaldehyde

Diborane (10 mmole), generated from iodine (2.54g, 10 mmole)
and sodium borohydride (0.8g, 21 mmole) in diglyme solution, was
passed into a solution of formylferrocene (2g, 9 mmole) dissolved .in
dry tetrahydrofuran (40cm3) under nitrogen atmosphere at 0°c during
thirty minutes. The red solution diminished in colour, becoming
orange, during one and a half hours at OOC. The reaction mixture was
allowed to warm to room temperature and was hydrolysed by the dropwise
addition of aqueous sodium hydroxide (lOcm3,2M, 20 mmole) followed
by hydrogen peroxide (4cm3, 30, 40 mmole) giving a yellow solution.
The organic/aqueous layers were separated and the aqueous layer was
extracted with diethylether (3 b'd 25cm3). The combined tetrahydrofuran
and diethylether extracts were dried over anhydrous magnesium
sulphate then filtered. Evaporation to dryness of the ethereal
solution yielded a yellow product which proved difficult to
recrystallize. Air dried yield 1.8g, 8 mmole (89%%) Mpt 78°C. The
product was identified by infrared spectroscopy and mass spectrometry

as ferrocenylmethanol,

CHO CHéDH
i)BFEﬂWiF

Fe

@ i) NaOH/ H,0,

5.13.3) Reaction of acetylferrocene with diborane

Diborane (10 mmole), generated from iodine (2.54g, 10 mmole) and

sodium borohydride (o.8g, 21 mmole) in diglyme solution, was passed
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into a solution of acetylferrocene (lg, 4.4 mmole) dissolved in dry
tetrahydrofuran (4Ocm3) under nitrogen atmosphere at 0°C during
thirty minutes. During the course of the addition and a further two
hours at 0°C the reaction mixture changed colour from dark red to
yellow—orange, The reaction mixture was allowed to warm to room
temperature then oxidised by the dropwise addition of aqueous sodium
hydroxide (10cm3, 2M) and hydrogen peroxide (80m3, 30%) to the
stirred reaction mixture, After one hour, diethylether (100m3) was
added and the reaction mixture was separated. The aqueous layer was
extracted with diethylether (2 x 10cm3) and the extracts combined
with the previously separated ethereal solution, the whole then being
dried over anhydrous magnesium sulphate then filtered, Evaporation
of the solvent allowed recovery of the product which was recrystallized
from 40-60° petroleum ether and then air dried, yield 0.47g, mmole,
(46%) melting point 74°C. The product was identified by infrared

spectroscopy as o ~hydroxy ferrocenylethanol,

OH

@COCH3 | @c‘:u—acw3
BH_THF

FQ 3 > F@

5.13.4) With 1,1'diacetylferrocene

Diborane (4 mmole), generated from iodine (1.0lg, 4 mmole) and
sodium borohydride (0.34g, 9 mmole) in diglyme solution, was passed
into a solution of 1,1'diacetylferrocene (lg, 3.7 mmole) dissolved
in dry tetrahydrofuran (6Ocm3) stirred at 0°C under nitrogen

atmosphere during thirty minutes, After stirring at Ooc for a
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