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Homolytic Substitution at the Metal Atom in Organometallic Compounds

E.B.Milovskaya

Homolytic substitution at the metal atom involves a wide range of organic derivatives of non-transition metals and takes place
in reactions with free radicals where the reaction centre is located at an oxygen, nitrogen, or sulphur atom. The qualitative
and quantitative aspects of these reactions have been examined. The applicability of the relations established both in the
treatment of a series of reactions involving organometallic compounds and for synthetic purposes has been demonstrated.

The bibliography includes 75 references.
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I. INTRODUCTION

Oxidation reactions of organic derivatives of non-transi-
tion metals have been attracting attention for a long time.
These reactions are not only of theoretical but also of
practical interest. In particular, the oxidation of metal
alkyls leads to a convenient method of synthesising oxygen-
containing compounds which are difficult to obtain other-
wise; combinations of the metal alkyl-oxygen type are
sometimes capable of initiating the radical polymerisation
of vinyl monomers at a low temperature, etc.

The oxidation of metal alkyls takes place very rapidly,
in a fraction of a minute, and since the process is hetero-
geneous the use of kinetic criteria to infer its mechanism
proved to be difficult. Moreover, it has been established
that inhibitors of free-radical reactions (hydroquinone,
diphenylamine, etc.) do not affect this process. There-
fore it has been suggested that the oxidation has a polar
and not a homolytic mechanism. However, some authors
admit the possibility of homolytic stages in the oxidation
processt.

In connection with the discovery of powerful inhibitors
of free-radical processes, methods for the synthesis of
pure stereoisomeric forms of metal alkyls, and the
application of ESR spectroscopy, in recent years it was
possible to discover stages in the oxidation process which
had been unknown hitherto. It was shown that the oxidation
of organic derivative of boron, zinc, cadmium, aluminium,
magnesium, antimony, and bismuth constitutes a bimole-
cular homolytic substitution at the metal atom via a mech-
anism of the type which obtains in SH2 reactionsi.

In the case of polyvalent organometallic compounds,
reactions of the SH2 type proceed not only with peroxy-
but also with alkoxy- and acyl radicals and with radicals in
which the reaction centre is located at a nitrogen or
sulphur atom.

This review deals with qualitative and quantitative
aspects of the homolytic substitution reactions. Certain
processes involving organometallic compounds have been

1The oxidation reactions and subsequent reactions of
organometallic peroxides have been considered in
reviews '~

iThe term SH2 reactions was introduced by Pryor * and
was used by Davies in relation to bimolecular reactions of
free radicals with the metal atom in organometallic com-
pounds.

analysed and it has been shown that the relations dis-
covered may be used for preparative purposes in organic
chemistry.

II. HOMOLYTIC SUBSTITUTION AT THE METAL ATOM

1. Oxidation of Organic Derivatives of the Elements

The beginning of a fundamental and systematicrevision
of earlier views concerning the nature of the oxidation of
organic derivatives of the elements must be attributed to
a study of the oxidation of 1-phenylethylboronic acid (1967),
where a complete loss of stereospecificity was observed
in the hydroperoxide obtained as a result of the reaction ’.
It was established that the kinetics of the oxidation of
organic derivatives of boron, zinc, cadmium, aluminium,
antimony, and bismuth are influenced by inhibitors of
free-radical processes: galvinoxyl, nitroxide phenothia-
zine. An induction period, the duration of which depends
on the inhibitor concentration and the nature of the
metallic compound, is observed in their presence; free-
radical sensitising agents (copper salts and hyponitrite)
initiate the process °~°. The existence of a radical stage
in the oxidation of organomagnesium compounds is indi-
cated by the loss of stereospecificity and the formation of a
mixture of the exo- and endo-forms of norbornylmagnesium
halides having a unique composition *°.

On the basis of literature data *®°~*°, Davies and
coworkers formulated the hypothesis that the oxidation of
organometallic compounds, like the oxidation of hydro-
carbons, is a radical chain process the stages of which
are presented below:

sensitisation dow radicals, ( 1 )
" id .
R 0, —2P5 g}, (2
- slow . . . ( 3)
RO, + R,M 7y, RO,MR,,_, + R",chain propagation,
ZRO; W—*' inactive products, chain (4)

termination.

The mechanism shows that the stage determining the rate
of propagation is the interaction between peroxy-radicals
and the organometallic component [reaction (3)], alkyl
radicals behaving as reaction chain transferring agents.
Chain termination involves bimolecular interaction
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between two peroxy-radicals leading to inactive products.
The sensitisation stage will be considered below§.

Organoboron compounds are very useful for the
investigation of such reactions. The bond between boron
and carbon is purely covalent ‘4, which favours homolytic
processes. In contrast to organic derivatives of alumin-
ium or zinc, there is a wider set of stable boron alkyls
available, which gives rise to a greater scope for the
investigation of the oxidation reaction in this class of
compounds.

A detailed kinetic study of the oxidation of a wide range
of organoboron compounds yielded the quantitative char-
acteristics of the chain propagation stage and made it
possible to establish a relation between this stage and the
structure of the initial boron alkyl'®!®, It has been shown
for oxydiboron derivatives, boroxins, and mono- and
di-alkoxy-derivatives of boron, which are oxidised at a
moderate rate, that the process is described by the rela-
tion

— 20 s R,
where k = kp/(2kt)"/* and Rj is the rate of sensitisation.
The relation follows from Egns. (1)—-(4).

Table 1. Rate constant ratios kp/(2kt)"* in the autoxi-
dation of organoboron compounds '¥'® (iso-octane, 30°C).
k p/(2kt)1/‘, litre” mole™ 5%
Compound
R=n-Bu s-Bu t-Bu | 1-phenylethyl benzyl

(RBO)s 0.2 ) 870 850 64

R,BOR 44 11 _ i =z

R,BOER; 43 56 - - —

R,B? 300° 70© — — 300

3n pyridine—octane mixture.
Pgeq = 2.2 X 102 litre mole 2.
CKeq = 0.16 litre mole ™2,

dKeq = 8.7x 108 litre mole .

In a kinetic study of the oxidation of n-butyl-, s-butyl,
benzyl-, and phenyl-boron derivatives, which react very
rapidly, pyridine (Py), which is a powerful complex-
forming agent, was introduced into the mixture. The rela-
tion established in this case is of the form

/ s
AL o (R

dt 7 [Pyl | 2

where & = kp/ Keq and reflects the following complex
formation reaction:

Keq
BR; - Py === BR, - Py.

§This view has been expressed also in studies by other
investigators ”*"*?, Davies and coworkers previously held
different views on the oxidation mechanism; at present this
school has made the greatest experimental contribution and
has obtained most of the quantitative characteristics of the
mechanism described by Eqns. (1)-(4); see also Davies
and Roberts *.
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This reaction results in a decrease of the initial concen-
tration of the boron alkyl, only the non-complexed form
of the alkyl is involved in the oxidation reaction. The
ratios kp/(2kt)"%, i.e. the quantities corresponding to

the “oxidisability” of the organoboron compounds, and the
propagation rate constants are listed in Tables 1 and 2.

Table 2. Rate constants for chain propagation in the
autoxidation of boron alkyls '*'® (iso-octane), 30°C.
kp’ litre mole'l s'l
Compound
Re=n-Bu s-Bu t-Bu | l-phenylethyl benzyl
(RBO)s 1.10 5.10¢ | 3.10¢ 4100 1.10¢
R,BOR 3.104 1-10% — — ;.
R,BOBR, 3.108 7-10¢ — — —
R;B 2.108 8.104 — — 5.108
2 (ROO) i 4107 | 1.5-100 | 1.103 l 2.5.107 3.108

Evidently the “oxidisability” is determined by the nature
of the substituting groups; groups containing oxygen
retard the oxidation, which has been attributed to an
increase of electron density at boron due to oxygen:
B-OR -~ B=OR. The chain propagation rate constant
does not depend quite so explicitly on the nature of the
R groups.

Table 3. Rate constants for the abstraction of a hgdrogen
atom from organic compounds by peroxy-radicals *°,

Compound k, litre mol{l s1 °C Compound k, litre mole’! s‘1 <
Toluene 0.24 30 Phenol 4.3.108 65
Cumene 0.18 30 2,6-di-t-butyl- 8.10¢ 65

i 4-methoxyphenol
cTelia‘;.: -1,4-diene f‘éw §3 | Diphenylamine 4104 65
yelohexarl : |NN’-Diphenylp-
phenyldiamine 1.9.106 65

While the ratio kp/(2kt)* decreases in the series
n-butylboron < s-butylboron < t-butylboron, this type of
relation is not observed for the chain propagation rate
constant. Hence it follows that the differences between the
oxidisabilities of the compounds are related mainly to
changes in the chain termination rate constantf. The
relation between kp and the nature of R is fairly com~
plicated and reflects a number of effects which frequently
act in opposition (the stability of the radical removed, the
steric accessibility of the boron atom, the reactivity of
the attacking radical, etc.). Table 2 shows that the rate
constant for homolytic substitution at the boron atom is
extremely high, particularly when compared with the
abstraction of a hydrogen atom by a peroxy-radical
(Table 3). Thus dealkylation of the polyvalent boron atom

The kinetic relations show that the chain termination is
in all cases a consequence of the interaction between
peroxy-radicals.
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by peroxy-radicals is one of the most rapid organic reac-
tions of the SH2 type. The sensitisation stage is parti-
cularly complicated in self-sensitised reactions. Davies
and coworkers suggest that there are three processes respon-
sible for the formation of radicals, namelydirect oxidation,
which is important at the very beginning of the process,
monomolecular decomposition of the peroxide formed,

and finally bimolecular interaction between the oxidised
and non-oxidised forms of the boron alkyl [Eqns. (5) to (7)].

(5)

RsB +0; % R;BO, +R,
liberation from cage
[
- (6)
reaction in cage [R (RO) BO' + R -

R(RO),B, *
liberation from cage

RsB 4+ O; — [R:BOOR] — [R:BO" - ‘'OR] —|

recombination
e

()

R’ ++ ReBO' -+ R,BOR
|recombination in cage 2R,BOR.

R,BOOR [Rgso .
- 1
R:B R....BR,

The numerical values of the rate constants for the
primary sensitisation steps (ks) and for the monomolecular
decomposition of certain peroxyboron compounds (ke are
listed in Table 4.

Table 4. Rate constants for the primary sensitisation
(ks) and monomolecular decomposition of the peroxide
(ke).

Compound 103 5, litre mote”! 571 (benzene, 25°C)

(Ref.17)
R3B R = iso-Bu, s-Bu, cyclohexyl
0.9 9 23
RyBOOR 10%g, 51 (octane, 30°C) (Ref.15)
R = n-Bu. s-Bu,
0.1

Apart from Davies, investigators who studied the pola-
risation of methyl methacrylate (MMA) under the influence
of systems based on BRs + O: also pointed to reaction (7)
as a source of free radicals®!®'®, This view is confirmed
by kinetic results obtained under model conditions 212,
At the same time, it has been noted '° that the experimental
data at present available concerning the pathways involved
in the formation of free radicals are still inadequate for
final conclusions.

2. Reaction of RO’ Radicals with the Metal Atom in
Organometallic Compounds

The interaction of alkoxy-radicals with the central metal
atom is an example of a non-~chain radical substitution
process. The existence of such reactions was demon-
strated for the first time and then investigated by Krusic
and Kochi ** and by Davies and coworkers®® ™ uging a
low-temperature ESR technique (from -100°C onwards).
The experiments were performed directly in the spectro-
meter tube containing the organometallic compound; the
free alkoxy-radicals were obtained by the photolysis (P) or
thermolysis (T) of t-butyl peroxide or di-t-butyl hypo-
nitrile.
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Although one might have expected under these condi-
tions signals corresponding to the formation of products
resulting from the abstraction of a hydrogen atom by RO
radicals from the solvent or from the alkyl group of the
organometallic compound, analysis of the spectra showed
that radicals of only one type are generated, mainly those
which were incorporated previously in the metal alkyl
molecule (Table 5). The results indicate the occurrence
of a quite unique reaction of the RO’ radical with the
C~metal bond [Eqn. (8)], which had not been observed
hitherto:

RO 4RM — (ROMR,)' - ROMR,_, +R'.

Table 5. The nature of thezg'%dicals formed in the inter-
N . 4
action between RO" and MR "%,
Method of decomposi- Radical detected
MR tion of peroxide Solvent by ESR
ZnEty P Tetrahydrofuran Et
CdMe, T Iso-octane Me
B-n-Buy P,T hid n-Bu
B-s-Bu. 3 P t-Butyl peroxide s-Bu
AlMey P Iso-octane Me
AlEty P » Et
Et,AlOBu P Et
SbEty P Et
BiEty T t-Butyl peroxide Et

It is not clear whether reaction (8) is a stepwise or
synchronous SH2 process, i.e. whether (ROMRx)® is a
true intermediate complex or a transition stage®*. The
postulate that the reaction pathway (8) is preferable to the
abstraction of hydrogen atoms is based on the greater
energy gain. This follows from a comparison of the
stabilities of the corresponding dissociated and formed
bonds; some of the available literature data arepresented
in Table 6.

Table 6. Comparison of the heats of reaction AH between

|
RO’ and MR and between RO’ and —(f—H.

-1
Type of bond in M~R Bond strength, keal mole AH References
M—C M—0
B—C 85 125 20 25,24
70 110 40 2
Al—C 65 138 70 25,27
H—-C 99 H~—-O 111 12 28

The energy gain in this pathway for aluminium alkyls
is so great that there is actually no need for an initial
decomposition of the peroxide into free radicals #f; we
shall consider later the mechanism of this interaction.

. YAfter this fact had been established, Davies employed
in a later study a monoalkoxyaluminium derivative.
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The importance of the energy parameter has been demon-
strated for trialkoxyboron, in this case, the only pathway
is one involving the abstraction of a hydrogen atom from
the alkoxy-group with formation of the (RO).BOCHCH;
radical®. The absolute values of the homolytic substitu-
tion rate constants and the activation energies for this
process have been established for a series of boron
alkyls*. The required parameters were obtained by the
method of competitive reactions in which t-BuO’ radicals
were able to react with BR; and with cyclopentane (CsH,o):

, > R'OBR; + R’ (9)
®0), 5 2RO
C,H. ' :
I Gt | R'OH L GH..
by 9 (10)
(R'=t-Bu)

The concentrations of alkyl and cyclopentyl radicals
were determined by ESR and ko was evaluated from the
expression

o _(CHul[R]
ki [BRy][CsH,]

using the literature value of k0. The relevant data (the
rate constants ks and the activation energies Eq) are
presented in Table 7.

The excited triplet form of a carbonyl compound fre-
quently behaves like a free radical in the hgrdrogen
abstraction reaction®. It has been shown ***° that the
excited form of a carbonyl compound, like an alkoxy-
radical, gives rise to homolytic substitution of the boron
alkyl:

Me,CO L3 Me,CO*,

kg

. (11)
Me;CO* 4 BRy 21— Me,COBR, + R'.

Table 7. Absolute rate constants and activation energies
for the SH2 reaction between (CHs)sCO’ radicals and
boron alkyls®* (iso-octane, 30°C).

kg, litre Eg, keal
Compound mgle‘l 51 leole'l
n-Bu,B 3-107 0

iso-BuyB 1.108 1.1
s-Bu,B 3-108 4.5
(n-BuBO), 6-108 2.2
(is0-BuBO), 1.100 2.3
(+BuBO), 6-105 —
(t-BuBO), 3-10¢ 2.6
CsHy, fyy Eyy
2108 5.2

In conformity with Eqn. (11), two signals were detected
in the ESR spectra®’. The data for the rate of the SH2
reaction of acetone in the triplet state (Table 8) show that
its reactivity in relation to boron alkyls is comparable to
that of t-BuO’ radicals and varies in the same sequence
(cf. Table 7).

3. Interaction of Organometallic Compounds with Acyl
Radicals

The interactions of organic derivatives of tin, lead,
and mercury, with a number of acyl peroxides and per-
benzoates, which have been investigated by Razuvaev and
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coworkers®'™*, are logically closely related to the reac-

tions discussed in the preceding sections. It has been
established that the interaction occurs only at the decom-
position temperature of the peroxide; the products indicate
the simultaneous occurrence of several processes. One of
these is homolytic substitution at the metal atom by free
acyl radicals formed as a result of the decomposition of
the peroxide.

Table 8. Rate constants for the SH2 reaction between
acetone in the triplet state and boron alkyls at 20°C. %°

C ound ki litre
om, n
P mole”! 51

Pr3B 1.4-107
(CoHy3)sB 8-10°
n-Bu,B 7-108
iso-Bu,B 8104
s-Bu,B <104

Organic derivatives of aluminium, thallium, and cadm-
ium constitute a special group®* ™!, ' Their interaction
with acyl peroxides is so vigorous that there is no neces-
sity for a preliminary decomposition of the peroxide into
free acyl radicals for homolytic substitution}.

The interaction of AIR; (R = ethyl or isobutyl) with
benzoyl _gerox:ide (BP), which has been investigated in
detail>>=" both in the absence and presence of a free-
radical acceptor, established a number of characteristic
features of the process. The reaction is of the donor-—
acceptor type and is almost instantaneous down to —-70°C;
the stoichiometric ratio is AL:BP = 2:1. The final
products are compounds corresponding to the reactions of
free alkyl radicals and dialkylaluminium benzoate; only
one Al-C is involved in the reaction and the yield of free
radicals is about 10%. For the associated and non-
associated forms of the aluminium alkyl, the reaction
proceeds identically and is not accompanied by the forma-
tion of free benzoate radicals:

Ryl AlR,
o o
(12)

2AIR, + (PhCOO), — PhC 22 0—0 == CPh -

~ 2R,AIOCOPh + 2R'— RH, R_,;, R—R.

The AlEt;—-BP interaction takes place virtually with zero
activation energy and the rate constant % for the decom-
position of the peroxide exceeds by many powers of 10
the rate constant for its thermal decomposition (k£ = 102
at 0°C) *»*%,

A kinetic study of the interaction between AlEt; and BP
in the presence of an electron donor —ethyl acetate (EA)—
showed that the rate of formation of free radicals follows
the relation

k.
V:k[«Al—][BP]"'E‘, where k= -0
{EA] eq

{Strictly speaking, these are trimolecular and not
bimolecular reactions.
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where & = kin/Keq, which corresponds to the reactions
formulated below:

Keq
AIEt, -+ EA === AIEt, - EA,

Ay

2AIEt, + BP < (13)

[(AlEtg); - BP] ;ke 2 (Et;AIOCOPhy  —

*in. . "
k> 2ELAIOCOPh + 2Bt ky = &y (kake)™®,

Thus the results show that only the non-complexed form
of the metal alkyl takes part in the reaction with benzoyl
peroxide and the role of the electron donor reduces to the
decrease of its initial concentration. As shown above,
similar relations have been established also for the
interaction of peroxy-radicals with RsB in the presence of
an electron donor *'%,

The results obtained for triethylthallium and
diethylcadmium * suggest that mechanism (12) is general
for this group of organometallic compounds. The driving
force of the interaction is due to the enormous energy
gain resulting from a number of causes: the formation of
the complex leads to a weakening of the pre-existing
bonds, which facilitates their dissociation, while, on the
other hand, the final result of the reaction is related to
the conversion of the covalent M—C bond into the ionic
M-O-C-R linkage. Using AlEt;—BP as an example, one
may attempt to calculate the thermal balance for this
interaction. By analogy with the heat of formation of a
complex of AlEt; with an ester ¥*~* in the formation of
the complex via the two carbonyl groups of the peroxide
approximately 20 kcal mole™" is presumably evolved. The
decomposition of the peroxide is known to require 30 kcal
mole”", i.e. in the complex this process takes place almost
without the consumption of heat. The stability of the
AIOCOR linkage has been calculated from the formula
E = ¢*/R. I one assumes that the charge e = 4.8 x 107"
e.s.u. and the distance between the charges R = 2 A,*"*?
then E ~ 160 kcal mole™'f. The dissociation energy of the
Al-C bond (65 kcal mole ') ° yields an overall energy
gain of about 100 kcal mole™.

As already mentioned, when t-butyl peroxide interacts
with AlEts, an extremely vigorous reaction also takes
place®. The mechanism of this process is analogous to
that discussed for benzoyl peroxide [Eqn. (12)]. In this
case, the final product is an alkoxy-derivative of alumin-
jum ",

Thus homolytic substitution at the metal atom is deter-
mined by the energy gain in the conversion of M ~-C into
M-0O or M-OCOR bonds, the Lewis acidity of the metal
alkyl, and the ease of dissociation of the peroxide bond.
The first condition is to some extent correlated with the
position of the metal in the electronegativity series, being
reflected in the amount of ionic character of the bond
formed. For example, boron alkyls, which contain the
least “metallic” of the elements of the series considered,
altogether fail to react with benzoyl peroxide *°.

38,41

§The conclusion that only the non-complexed form of
AlEts is involved in the reaction with benzoyl peroxide
follows from the data obtained in a study of the kinetics of
the polymerisation of vinyl chloride under the influence of
the AlEt;—BP system in the presence of electron donors:
butyl ether, pyridine, and allyl acetate*. However, it
has been suggested *° that the interaction between triethyl-
aluminium-ether and peroxides involves the displacement
of one ligand by another.

fInfrared spectra show that the A1-OCOR bond formed
is ionic according to its vibration frequency *°.
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4, Interaction of Metal Alkyls with Radicals having the
Reaction Centre at the Nitrogen Atom

The reactions of free radicals with the reaction centre
at the nitrogen atom have been investigated for the inter-
action of organic derivatives of boron and antimony with
the dimethylnitrogen radical generated photolytically or
thermally from tetramethyltetrazene ¥, Data indicating
the occurrence of the following reactions have been
obtained by ESR and 'H NMR spectroscopy:

P
CH3)N—N=], — 2 (CHg)sN' + N,
[(CH3), ] ( P )aN' + Ny (1 4)

(14 MR, — (CHy):N—MR,_, +R'".

The rate constant for reaction (14) involving BusB is

8 x 10° litre mole™ s™' at 35°C. A similar reaction takes
place with aluminium alkyls, giving a high yield of the
final product, which is of preparative value for the syn-
thesis of aluminium amides ®. The ESR spectra for the
reaction of aluminium alkyls with (CHs):N" are less definite
than for alkoxy-radicals ®. The reactions of succinimidyl
radicals with organic derivatives of tin have been investi-
gated; in the case of alkyl derivatives, the process
proceeds via a radical mechanism ®. It has been
shown ® that the interaction of RsSnH with triazenes
Ar-I;I=I;I —I;I—R’ -R"” can proceed via different pathways

depending on the nature of R’ and R”: either via an SH2(a)

reaction with formation of RsSnNR'R” or via an Sy2(y)

1-3 displacement reaction leading to Ar—-N-N=NR” and R’.
|

SnR3

The reactions discussed in Section II, subsections 2,
3, and 4 are radical non-chain processes, i.e. a significant
concentration of free radicals could be achieved in this
way. For this reason, they may serve as a very conven-
ient secondary source of free alkyl radicals with a wide
variety of structures.

5. Reactions of Metal Alkyls with Radicals having the
Reaction Centre at the Metal Atom

Reactions equivalent to those discussed for oxygen- and
nitrogen-containing radicals obtain also with radicals
where the reaction centre is at the sulphur atom. The
interaction between thiophen and organic derivatives of
antimony and bismuth has been investigated; thiyl radicals
were generated with the aid of hyponitrile and the process
was followed by NMR spectroscopy ®. The possibility of
sensitising this reaction with the aid of free radicals and
of inhibiting it with phenothiazine or galvinoxyl suggesteds*
that a free-radical chain process takes place, the stages
of which are presented below:

R +CHSH — RH 4 CH,S,
(I

(4 MRy — C,H;S—MR, +R.

The formation of alkyl radicals following attack by
sulphur -containing radicals has been demonstrated under
the conditions of the photolysis of diaryl or dialkyl sul-
phides in the presence of boron alkyls in the tube of the
ESR spectrometer **. The relative rates of the SH2 reac-
tion with participation of the organoboron compound and
the reaction involving the addition of butane-1-thiol to an
olefin ** have been investigated by the method of competing
reactions. The following reactivity series has been
established for boron alkyls: n-BusB > iso-BusB >
> s-BusB. According to the authors, the rate of the

(15)
(16)
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dealkylation reaction is determined by the steric charac-
teristics of the butyl group. The rate constants have the
same order of magnitude as for the reaction of alkoxy-
or peroxy-radicals with BRs (10°~107 litre mole™' s~
The energy gain in this process is due to the d1fference
between the stabilities of the B—S and B ~C bonds,
amounting to approximately 10 kcal mole ~*

6. Homolytic Substitution at the Metal Atom in the Reaction
with Alkyl Radicals

Homolytic substitution at the metal atom is not limited
to reactions with radicals having the reaction centre at the
heteroatom. Thus the kinetic parameters of the interaction
of methyl radicals (produced by the photolysis of azo-
methane in the gas phase) with BEt; have been estimated *®,
The relations obtained for the two possible pathways of the
process [Eqns. (17) and (18)] suggest that in this case the
homolytic substitution reaction is slightly preferable to
the abstraction of hydrogen:

5200

Et' - CHyBEt,; =10, 6— ———
. 2 -+ CH;BEt, 17 %587’ (17)
CH;, + BEt; —
: 7780
7 CHy + CHyCHBE1,; iy =12.6— = - (18)

Probably the reaction of AlEts (or AlEt.Cl with azobisiso-
butyronitrile (under the conditions of the decomposition of
the latter) can be classified as homolytic substitution at the
metal atom by an alkyl radical; signals due to two radi-
cals—the ethyl and dimethylcyanomethyl radicals—were
detected in the ESR spectra ®

The data presented show that reactions involving homo-
lytic substitution at the metal atom are characteristic of a
wide range of organometallic compounds. The energy
gain in these reactions ensures the formation of signifi-
cantly more stable bonds than those existing previously;
the reactions take place with a low activation energy at
a high rate, which is in many cases close to the rate
determined by diffusion. Consequently, such reactions
can successfully compete with other free-radical
processes.

III. ANALYSIS OF CERTAIN REACTIONS INVOLVING
ORGANOMETALLIC COMPOUNDS

1. Radical Polymerisation

We shall consider certain examples the interpretation
of which has become possible (or more definite) on the
basis of the relations discussed above. Mixtures of metal
alkyls with oxygen are used as low-temperature sensitising
systems, but the mechanism of the formation of free
radicals under these conditions has hitherto remained
fairly tentative. The reactions discussed in the first part
of the review [Eqns. (5)—(7)], responsible for the forma-
tion of free radicals on oxidation, take place during the
sensitisation of polymerisation under the influence of
such systems. The relative contribution of reactions
(5)—=(7) to sensitisation is related to the nature of the
metal alkyl, the relative concentratlons of oxygen and the
metal alkyl, temperature, etc.?

In a study of the polymerisation of methyl methacrylate
in the presence of boron alkyl, it was noted that inhibitors
do not affect the process. This suggested an unusual
mechanism of chain propagation, involving a complex of
the growing radical with the boron alkyl, which is not acted
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upon by the inhibitor%8,%° It has been shown that this
idea®®~¢2 jg erroneous and the causes of the above effect
have been discussed. Firstly, Arimoto % employed
inhibitors which are in general ineffective in the poly-
merisation of methyl methacrylate (hydroquinone,

N -phenyl- @ -naphthylamine, etc.). The second reason is
related to the specific features of the action of the usual
inhibitors on boron alkyls. This phenomenon must be
considered in detail, since it reflects features which are
fundamentally different from those usually adopted in the
chemistry of radical reactions. The interaction of
inhibitors with free alkyl radicals generated in the sensi-
tisation stage leads to the appearance of radicals with the
reaction centre at oxygen or nitrogen atoms. As stated
above (Section II, subsections 2 and 4), in model condi-
tions, the reaction of radicals having such a structure
with boron alkyls involves an extremely high energy gain.
This leads to the formation of a new highly active alkyl
radical and not a stable radical from the inhibitor. For
polymerisation (M = monomer) using an inhibitor, for
example quinone CeH4O2, this is illustrated by the follow-
ing mechanism *’ %

MM -+ CH,0p — M MOC,H,O", (19)
(1)
@I+ BEt, — M,MOC,H,OBEt, + Et", (20)
Et 4+ M — EtM, (21)
etct,

Thus, in a radical process involving boron alkyls (oxidation
or sensitisation of polymerisation), the usual inhibitors
behave at best as chain transfer agents.

All the data quoted demonstrate that only stable free
radicals such as galvinoxyl or compounds generating such
radicals as a result of the primary reaction (phenothiazine,
nitroxide) can serve as effective inhibitors of processes
involving organometallic compounds.

One may quote further examples concerning polymerisa-
tion and demonstrating that homolytic substitution at the
metal atom alters the primary pattern of radical reactions.
It has been established that aluminium alkyls are involved
in the thermal polymerisation of styrene (St), behavmg as
highly active chain-transfer agents (Ctransf = 20) . This
process does not occur as a result of the abstraction of a
hydrogen atom from the alkyl group but as a homolytic
substitution of the entire group which had been previously
linked to aluminium:

(22)

poly-St* + AIR3 — poly-StAIRj + R-.

Thus, instead of the relatively inactive benzyl radical,
reaction (22) generates a highly active alkyl radical.
Presumably the energy gain in such a reaction is asso-
ciated with the stabilisation of the Al-benzyl bond relative
to the Al-alkyl bond as a result of electron transfer from
the benzene ring.

In the polymerisation of methyl methacrylate under the
influence of systems of the type AIR:-BP, the organo-
aluminium component is an extremely active chain- ’
transfer agent ®. Probably in this case the energetically
favourable reaction between the oxygen form of the
growing PMMA® radical,

~CH2—C C=0 « ~CH,—C=C—G,

| I
H,,c OR HyC (|3R

1The possibility of employing a metal alkyl-hydro-
quinone (or quinone) mixture for the sensitisation of radi-
cal polymerlsatlon is also related to reactions of type
(19)-(21). %
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and the aluminium alkyl, leading to the termination of the
material chain, is responsible for the observed effect.

It is well known that aluminium alkyls are themselves
incapable of sensitising the polymerisation of vinyl mono-
mers. However, when a very high concentration of AlEts
and illumination are employed, the radical polymerisation
of methyl methacrylate proceeds very effectively®®, The
mechanism of the formation of free radicals is in this case
probably very similar to that of reactions between the
excited form of the carbonyl compound and the boron
alkyl [Eqn. (11)].

2. The Applications of Reactions involving Homolytic
Substitution of Groups Linked to the Metal in Synthetic
Organic Chemistry

In this subsection we shall confine ourselves to a small
number of examples in order to demonstrate the possibili-
ties inherent in the process involving homolytic substitu-
tion of groups linked to the metal in preparative organic
chemistry. Controlled oxidation of organoboron com-
pounds has been used by Brown and coworkers to synthesise
a wide variety of compounds. The process has a free-
radical mechanism and includes a series of consecutive
reactions at the boron atom with participation of Rz, RO’
and RS radicals ™"

Conditions for the quantitatlve oxidation of organoboron
compounds to the corresponding alcohols have been
found . It has been stated that the reactmn is appreciably
inh1b1ted by a small amount of iodine ®. The oxidation of
BusB in the presence of organic iodides R’I’ (R’ = benzyl,
allyl, ¢ -nitrobenzyl, etc.) leads to the formation of butyl
iodide in an amount equivalent to that of the initial iodide
and of the recombination products of the R’* radicals *
Reactions responsible for the observed course of the
process have been suggested:

RsB +0; — RyBO, +R, (23)

R 4R — Rl +R", (24)
R" — R—R, (25)
R"+0, — RO, (26)
RO, + R;B — R'O,BR; +R. (27

af-Unsaturated aldehydes or ketones with an external
double bond are known to undergo a 1,4-addition reaction
with boron alkyls, giving rise to saturated carbonyl
derivatives The process is inhibited by galvinoxyl
radicals. This led to the assertion that it has a homolytic
mechanism; earlier it was believed that the reaction has
a polar mechanism with a six-membered transition state ™
In the absence of specially introduced sensitisers, unsatu-
rated f-substituted carbonyl compounds are incapable of
this type of reaction with boron alkyls. The presence of
a measurable amount of oxygen (or of other free-radical
sensitisers) ensures the development of the process in
the required direction and the yield of the desired product
is close to theoretical. The intermediate stages of th1s
reaction (for methyl propenyl ketone) are quoted below ™

BR; + 0, — R, (28)
T
R’ + CHsCH=CH—CO—CH, — cHscH—CH—CO—cH,,,
CH;CH--CH=CO—CH,
L (29)

)
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CcH
| [
(V) BR, — CH,CH—CH=CO—BR, -+ R, (30)
H.
hydrolysis lﬁ ? °
'~ CH;CH—CH,—C=0. (31)

The synthesis of homologues of the tetra-atomic carbon
chain, achieved by the interaction of the monoepoxy-
der1vat1ve of buta-1,3-diene with the boron alkyl, is
closely related to these reactions [reactions (28)- (31)]

It has been established that the reaction of organic
derivatives of boron with mercaptans hardly occurs in the
absence of oxygen or peroxy-compounds. In the presence
of free-radical sensitising agents, the process proceeds
at a high rate and leads to the formation of dialkylthio-
boronic acids and saturated hydrocarbons A convenient
synthesis of organic sulphides from d1$ulph1des and boron
alkyls has been proposed by Brown and Midland "

---000---

The review can be aptly concluded by Davies' words *:
“Reactions of the bimolecular homolytic substitution type
take place readily at a metallic centre, particularly where
the displaced group is an alkyl radical. This provides
a new context for investigating the behaviour of free
radicals, and is the key to the understanding of many
organometallic reactions”.
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