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Kinetics and Rate Constants for Reactions associated with Organoborane 
Autoxidations 

By Peter B. Brindley," John C. Hodgson, and Martin J .  Scotton, Kingston Polytechnic, Penrhyn Road, 
Kingston upon Thames KT1 2EE, Surrey 

The thermal decomposition of the peroxides BunOOBBun2, (BunOO),BBun, and ( Bu800),BBu8 occurs pre- 
dominantly by a non-radical process with a low enthalpy and large negative entropy of activation. A minor homo- 

lytic decomposition was detected in vinyl acetate, The primary initiation, R,B + O2 radicals, was also 
investigated and ki w a s  found to be 1.7 f 0.2 x for tri-s-butylborane; 0.9 f 0.1 x for tri-isobutyl- 
borane, and ca. 6.8 x 1 0-5 s-l  for tricyclohexylboraine. 

ki 

FOLLOWING the discovery that the autoxidation of 
trialkylboranes was a free radical chain process of long 
chain length,l.,Davies et aZ.3 carried out a thorough kinetic 
study of the propagation stages (i)-(iii). The radical 

R* + 0, 2 ROO* (4 
ROO* + R3B k,_ ROOBR, + R* 

ROO. + ROOBR, k,._ (ROO),BR $- Re 

(ii) 
(1) 

(iii) 
(11) 

displacement reactions (ii) and (iii) at the electron 
deficient centre are examples of SH2 reactions and 
k,  > k,. are both smaller than k,. It was necessary for 
Davies et aZ. to carry out the organoborane autoxidation 
in the presence of pyridine because of the speed of step 
(ii); this caused the concentration of the free borane to 
be much reduced, the pyridine-borane complex not 
undergoing autoxidation. The propagation rate con- 
stants at 30 "C in iso-octane solvent were reported 3a as 
k ,  2 x lo6 for n-butyl and 8 x lo4 1 mol-l s-l for s- 
butyl, while k,. was 3 x lo4 for n-butyl and 1 x lo4 
1 mol-l s-l for s-butyl. In  order to obtain these results 
the authors had to take into consideration the rate of 
the termination reaction between two peroxyl radicals. 

The autoxidations are also strongly influenced by 
initiation processes and boron peroxide removing re- 
actions, a knowledge of their magnitude being necessary 
for a full understanding of the overall process. This is 
particularly so in the case of organoborane-induced 
vinyl polymerisations about which there have been 
 report^.^ In many of these i t  is not clear whether free 
radicals were derived via peroxyboranes or even if free 
radicals were involved. 

Yields of alkyl( bisalky1peroxy)boranes are high if 
dilute solutions and efficient gas-liquid mixing are 
employed 5 9 6  and although the peroxides have been 
characterised, their lability has not encouraged 
isolation and purification. We attempted purification 
by means of complex formation with ammonia and 
amines7 without success and an attempt to purify n- 
butyl-(bis-n-buty1peroxy)borane by distillation at  
ambient temperature and under high vacuum was un- 
successful because the distillation time could not be 
made small compared with its rate of decomposition. 

However, we were able to prepare, in high purity and in 
almost quantitative yield, hydrocarbon solutions of the 
normal and secondary butylperoxyboranes by means of 
carefully controlled autoxidation procedures. Taking 
advantage of an earlier observation that at -74 "C the 
autoxidation of tri-n-butylborane ceased completely 
after one mol. equiv. of oxygen had been absorbed6 
we obtained the unstable di-n-but yl- (n-but ylperoxy) - 
borane. This technique did not work for tri-s-butyl- 
borane and the compound was not considered sufficiently 
pure for detailed kinetic investigations. Therefore, our 
choice of boron peroxides for study were limited to those 
compounds which we could prepare in a suitably pure 
state. 

Isobutyl(bisisobuty1peroxy) borane has been reported 
as being 30% decomposed after 2.5 h at  room temper- 
ature by Davies et aZ.,8 and they suggested that a 1,2- 
nucleophilic rearrangement was involved. In  contrast 
organoperoxyborates (ROO),B(OR)3-, (n = 1-3), not 
having boron-carbon bonds, behave like dialkyl per- 
oxides and only decompose at measurable rates a t  ca. 
120 "C with activation energies in the range 30-35 kcal 
moll-l, homolysis of the peroxy bond occurring.9 We 
followed the rates of decomposition of butyl-n- and 
-s-butylperoxyboranes iodometrically and found an 
overall kinetic order close to unity. The mono- and 
di-peroxides decomposed a t  widely different rates and 
were not significantly affected by the presence of 
each other. The first-order rate constants (kls-l) 
were : 6.0 x 103e-11100 * 530/RT for Bun,BOORun, 4.55 

( O O B U ~ ) ~ ,  and 6.46 x 
lose-15900 f 4OO/Ic'p for BusB(OOBus),. 

Good first-order plots were obtained over the first 4074 
of reaction. From the overall first-order rate constants, 
measured over a 30" temperature range in iso-octane 
solvent, were constructed Arrhenius graphs (Figure 1) 
and enthalpies and entropies of activation (Table 1) 

TABLE 1 
Enthalpy and entropy of activation for the thermal 

decomposition of butyl(buty1peroxy) boranes 

x 104e-14300 i 1070/RT for BuTlB 

Peroxyborane in AHt/ AStlcal 

(Bu1100),B Bun 70.6 3.78 x 13.6 f 1.07 -39.5 
(BUI~OO), B BUR 70.6 4.80 x lop5 15.2 + 0.40 -34.1 
BunOOB2Bun, 25.1 4.68 x 10.5 f 0.53 -43.1 

were calculated. It is significant that  the enthalpies 
are considerably smaller than for dialkyl peroxides or 

iso-octane t/"C k1s-l kcal rno1-l K-1 mol-1 
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organoperoxyborates and this is in keeping with a syn- 
chronous, intramolecular rearrangement process where 

I 

\ 
2.8 3.0 3.2 3.4 3.6 

1031-1lK-1 
FIGURE 1 Arrhenius graphs for the decomposition of alkyl- 

peroxyboranes : 0, n-butylbis-n-butylperoxyborane ; A, s- 
butylbis-s-butylperoxyborane; e, di-n-butyl-n-butylperoxy- 
borane 

the energy required for bond breaking is compensated 
by energy release during bond formation. The values are 
in agreement with the results of Ta-Hsan Lee et uZ.l0 
for diethyl( ethylperoxy) borane. The lower activation 
energy of the monoperoxy compound [11.1 -J= 0.5 for 
BuOOBBu, compared to 14.3 & 1.0 kcal mol-l for 
(BuOO),BBu] reflects the smaller fi,-p, interaction 
between oxygen atoms and boron. The large decrease 
in entropy of activation is attributed to a cyclic activated 
complex [reaction (iv)] . The Baeyer-Villiger conversion 

of ketones to esters which involves rearrangement of the 
peroxy ' Criegee intermediate ' has a similar large 
negative entropy of activation associated with a cyclic 
transition st ate .ll 

Since alkoxy(alky1)alkylperoxyboranes ROOB(R)OR 
might be considered intermediates arising from inter- 
molar decompositions of types (v) and (vi) the synthesis 

(ROO),BR + ROOBR, --+- 2ROOB(R)OR 

(ROO),BR + R,B ---t ROOB(R)OR + ROBR, 

of 2-but ox y-s-but yl-s-but ylperox yborane from chloro- 
s-butoxy-s-butylborane and s-butyl hydroperoxide was 
carried out. The chloroborane was even more unstable 
than the previously reported n-butyl isomer.12 The 
peroxide prepared from it was particularly difficult to 
purify although the method of preparation gave essenti- 

(v) 

(vi) 

ally the required compound. This peroxide was the 
most stable of the peroxides studied and was 10% 
decomposed after 24 h at  50 "C and it had a first-order 
rate constant of ca. 1 x s-l. I t  is considered un- 
likely that this peroxide significantly affected the 
decomposition rates of the peroxides (I) or (11). 

The autocatalysis observed during organoborane 
autoxidation could be attributed to homolytic fission 
of the peroxy bonds and Davies and Ingold report that 
the rate constant for reaction (vii) was 1.1 x lop5 s-l at  

BunOOBBun2 -+ B u 1 0  + =OBBu, 

30 "C. Since vinyl acetate polymerises almost exclu- 
sively at  a known rate l3 by a free radical mechanism l4 
we chose to measure the rate of homolysis of our peroxide 
by using them to initiate the polymerisation of the 
monomer. s-Butylbis-s-butylperoxyborane showed a 
typical polymerisation (Figure 2), the rate increasing to a 
const ant value. n-But ylbis-n-bu t ylperoxyborane was 
unusual in that after an initial rapid polymerisatinn the 
rate slowed to a constant value; this is assumed to be 
due to traces of the less stable monoperoxide. Poly- 
merisation in the presence of di-n-butyl-n-butylperoxy- 
borane was autoaccelerating and since the measure- 
ments were made only over ca. 3.6% of reaction this 
effect cannot be attributed to an increase in viscosity 
of the solution. This last example did not allow 
calculation of an accurate polymerisation rate but an 
average value is given in Table 2. 

(vii) 

h 

A# 

a 1.6 ii 
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u 
X 
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FIGURE 2 Polymerisations of vinyl acetate using organoperoxy- 

borane initiators : A, di-n-butyl-n-butylperoxyborane a t  25 "C ; 
B, n-butylbis-n-butylperoxyborane at 60 "C : C, s-butylbis-s- 
butylperoxyborane a t  60 "C; D, s-butylbis-s-butylperoxy- 
borane a t  50" C 

It is notable that the homolytic rate constant kd for 
reaction (viii) is much smaller than the overall rate 
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constants determined iodometrically. The difference is 
too great to be attributed to low initiator efficiency and 

B u 0 O B - L  L BuO- + OOB-Bu 

therefore i t  must be concluded that homolytic decom- 
position of alkyl organoperoxyboranes constitutes only 

I 
(viii) 

TABLE 2 
Polymerisation of vinyl acetate by butyl (butylperoxy) - 

boranes 
Overall 

peroxide Initiation 
Rate of decomposition rate 

polymerisation rate constant a 
Initiator i/"C RJl rnol-lsP (1 mol-' S-I) kdl/s-l  

(ROO),BR 60.5 5.7 x 2.00 x 1.5 x lo-@ 

(ROO),BR 60.5 7.5 x 2.13 x lop5 2.6 x lo-* 

ROO BR, 25.0 1.03 x lo-* 4.68 x 2.6 x lo-' 

R = Bun 

R = Bus 

R = Bun 
a k ,  3 700 (at 60°), 1 0 1 2  s-I- (at 25"); kb 7.4 x i07 (at 60") 

2.94 x lo7 1 mol-l s-l (at  25").11 

a minor part of the overall disappearance of peroxide. 
There is an apparent contradiction with the homolytic 
rate constant given by Davies and Ingold 3a (1.1 x 
s-l at 30 "C) but their results were measured in the 
presence of oxygen and galvinoxyl and may reflect 
induced decompositions. 

Another reaction which gives rise to loss of peroxide 
was reported when Murviss l5 noted that a significant 
reduction in peroxide concentration occurred when tri- 
n-hexylborane and autoxidised tri-n-but ylborane were 
mixed under nitrogen ; n-hexyl alcohol corresponding 
to the loss of peroxide was isolated after hydrolysis. 
This he interpreted in terms of a four-centre, bimolecular 
redox reaction. However, Hansen l6 concluded from 
polymerisation studies that the reaction was free 
radical in nature and more recently Davies and Ingold 3a 

have demonstrated by e.s.r. spectroscopy that alkyl 
radicals are involved. It seems that i t  is this reaction 
which gives rise to the autocatalysis observed in organo- 
borane autoxidations and Grotewold et a1.l' have pro- 
posed the mechanism in reactions (ix) and (x). 

R,BOOR + R3B -+ R,BOR + R,BO* + Re (ix) 

(xi) R,BO* + R3B -+ R,BOBR, + R* 

We attempted to follow iodometrically the cor- 
responding reaction using di-n-butyl-n-butylperoxy- 
borane but found that the reaction was almost complete 
after 30 s at  25 "C with no noticeable effect on lowering 
the temperature by 50". An attempt to follow the 
reaction rate using U.V. spectroscopy by measuring the 
rate of disappearance of free radical trapping agents 
such as galvinox yl or 2,2,6,6- t etramet hylpiperidone 
nitroxide was also unsuccessful. Interaction occurred 
with the trapping agents and reaction was virtually 
complete in 15 s at  25 "C. Similar results were found 
with the n-butylbis-n-butylperoxyborane. The simple 
stoicheiometry suggested by Murviss was not obeyed. 

Both mono- and di-peroxides removed ca. 1.7 mole of 
borane in keeping with the Grotewold mechanism. 

Consideration of the spontaneous initiation of borane 
autoxidation [reaction (xi)] is also relevant to this 

k 
xR,B + yo, alkyl radical 

study.3 From the foregoing i t  can be argued that 
samples of borane, even if contaminated with traces of 
peroxide, will have rapidly lost the peroxide to yield 
non-radical forming products [equations (ix) and (xi)] on 
standing. Borane spontaneous initiation might be 
compared with the spontaneous initiation observed for 
hydrocarbon autoxidation l8 which was reported as being 
first order in oxygen and second order in hydrocarbon. 

We have previously reported a very slow absorption of 
oxygen during the galvinoxyl inhibited iso- and s- 
butylborane autoxidation.6 This we interpret as a 

f 

t h i n  
FIGURE 3 Galvinoxyl-inhibited autoxidation of tricyclohexyl- 

borane in benzene (50 ml) at 25 "C: [R3B], 2.9 x 1 0 - 3 ~ ;  [GI, 
3.6 x 1 0 - 4 ~ ;  [o,] 1.6 x 1 0 - 3 ~  

measure of reaction (xi) and we have measured this 
slow oxygen absorption for these boranes and for tri- 
cyclohexylborane. Figure 3 is typical of the absorption 
and i t  can be seen that the linear part is followed by an 
autoaccelerating region. The latter corresponds to 
depleted galvinoxyl and the S H 2  propagation (ii) and 
Grotewold type initiation [(ix) and (xi)] become impor- 
tant. Although the reaction between oxygen and alkyl 
radicals (k,) is known to be very fast, i t  is possible for 
galvinoxyl (G) to enter into competition for alkyl and 
alkylperoxyl radicals [reactions (xii) and (xiii)]. Assum- 

R* + G -% RG stable products (xii) 

ROO- + G 2 ROOG stable products (xiii) 

ing a steady state concentration of alkyl radicals, it can 
be shown that equation (xiv) obtains. 

w 2 1  - - .- - 
dt 



J.C.S. Perkin 11 
The order with respect to  borane concentration was 

unity and with respect to oxygen the order was zero 
over the range studied. When k,/k, is very large 
equation (xiv) simplifies to -d[O,]/dt = k,[R3B] and 
when it  is zero -d[O,]/dt = 2Kl[R3B]. A somewhat 

better value for the rate constant k, could be obtained 
in the case of the tri-s- and tri-iso-butylborane by sub- 
stituting various values of k3/k2 into equation (xv), until 
the best straight line was obtained. The result indicated 

should give enhanced oxygen absorption. It is gratify- 
ing to find good agreement between the two methods 
(Table 3).  

The primary initiation rates as determined by Brown 
and Midland l9 using iodine in high concentration are 
lower than our values. Our results are in keeping with 
the suggestion that iodine can be reformed from alkyl 
iodide,3b and with the low activation energy for the 
process. 

that galvin- 
oxyl does not interact significantly with borane in the 
absence of oxygen. The existence of a borane-oxygen 
complex has been reviewed by Murviss l5 and one must 
conclude that i t  is labile, short-lived intermediate, 

It was reported by Allies and Brindley 

TABLE 3 

Rate constants for the primary initiation of trialkylboranes in benzene a t  25 "C 
lo2 x [ R 2 B j / ~  lo2 x [OJ/M lo4 x [G]/M lo5 x k,/s-l los x Rill mol-' SP 

Tri-s-but ylborane 
0.76 0.75 1.5 1 .9  14.0 
0.76 0.38 1.5 1.9 11.7 
0.76 0.16 1.5 1.5 7.7 
0.76 0.16 2.9 1.7 12.9 
0.36 0.16 2.9 1.5 10.6 
1.48 0.16 2.9 1 .4  22.8 
2.10 0.16 2.9 2.2 46.7 
0.76 0.16 7.3 1.7 13.9 

1.44 0.75 1.6 0 .9  12.9 
1.44 0.18 1.5 0.7 8.7 
0.75 0.16 1.5 0 .8  6.4 
2.10 0.16 1.5 0.8 12.9 
1.44 0.16 5.9 0 .9  9.3 
2.80 0.16 1.5 1.1 15.3 

0.29 0.16 3.6 6.2 19.9 
0.26 0.16 0.7 8.6 d 3.35 

Tri-isobutylborane 

Tri-c y clohex ylborane 

(1 Calculated from equation (xiv) using k , / k ,  = 30 for Bus,B and 2 for Rui,B 
equation (xviii). Calculated from equation d[O,]dt = kl[R,B]. In  iso-octane. 

Calculated from Ri 

1.9 
1.6 
1.0 
1.7 
3.1 
1.6 
2.2 
1.9 

0 .9  
0.6 
0.7 
0 .6  
0.7 
0.6 

6.8 
1.3 

[G}/T. c Calculated from 

that for tri-s-butylborane k,/k, lay between 10 and 100 
and probably between 20 and 40 whereas for tri-iso- 
butylborane k3/k2 lay between 1 and 10 and probably 
between 1 and 3. 

The mean rate constants then obtained from equation 
(xiv) with benzene as solvent, a t  25 "C, were: tri-s- 
butylborane 1.7 & 0.2 x 10" s-l (k3/k, taken as 30); 
tri-isobutylborane 0.9 & 0.1 x s-l (k3/k, taken as 
2). This approach did not prove sufficiently accurate 
for tricyclohexylborane since i t  was the most difficult to 
inhibit and the value of k3/k2 ca. 100 must be viewed with 
caution, particularly since the rates are close to the 
diffusion controlled limit. Therefore the rate constant 
for initiation was established from the total induction 
period [equation (xviii)] and was 6.8 x s-l at 25 "C 
in benzene compared with a value of ca. 6 x 
calculated from equation (xiv), assuming k3/k2 was very 
large. Estimates of primary rates of initiation based 
on the total induction period ( T )  might be considered 
open to error. Removal of galvinoxyl by reactions 
other than (xii) and (xiii), particularly towards the end of 
the induction period, encourages peroxide formation 
[reaction (ii)] and its decomposition into radicals. This 

The ease of formation of four-co-ordinate boron com- 
pounds and their comparative stability towards alkyl and 
alkylperoxyl radicals 3* encourages one in the belief that 
galvinoxyl does not compete in equation (xvi); the 
absence of autocatalysis during the early part of the 
initiation confirms that the galvinoxyl is acting as an 
inhibitor, not as a chain transfer agent. 

An explanation for the primary initiation step assumes 
a rapid establishment of a borane-oxygen complex 
followed by a slow intramolecular rearrangement to 
peroxide and then its rapid decomposition to radicals 
under the influence of free borane.l53l6 Therefore, we 

R3B + 0, R3B-0, ___t ROOBR, (xvi) 

ROOBR, + R,R- 
(xvii) 

suggest that the primary initiation rates are a measure 
of the rearrangement of the oxygen complex into the 
peroxyborane. 

fast slow 

fast 

R- + R,BO* + stable products 

EXPERIMENTAL 

Preparation of Butylperoxyboranes .- Butylbisbutylperoxy- 
Tri-n- or -s-butylborane (0.005 mol) in iso-octane borane. 
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(50 ml) was treated with oxygen a t  20 "C using a high speed 
stirrer for gas-liquid mixing. After 1 h the oxygen flow 
was replaced by nitrogen. Analysis for peroxide using 
sodium iodide in propan-2-01 and acetic acid showed a 
peroxide content of > 96%. 

Di-n-Butyl-n-butylperoxyborane. This was prepared in 
an analogous manner a t  - 74 "C over 15 min (Found : per- 
oxide, 95%). All experiments were carried out on freshly 
prepared solutions and because of its instability all transfers 
were kept t o  a minimum. 

butylborane was prepared by the slow addition of an  ether 
solution of s-butylmagnesium bromide ( 1.42 mol) to tri-s- 
butylborate (1.4 mol) in ether a t  -70 "C and had b.p. 
54" at 1 mmHg, nD20 1.404 5 (Found: C, 67.5; H, 12.6; B, 
4.9.  C,2H,,B02 requires C, 67.4; H, 12.6; U, 5.1%).  It 
was converted to chloro-s-butoxy-s-butylborane by the 
slow addition of redistilled boron trichloride (1 mol) at 
-70 "C using n-pentane solvent.12 After warming to 
0 "C the solvent and s-butyl chloride was removed under 
vacuum. Undecomposed dichloro-s-butoxyborane was re- 
moved as a lower boiling fraction during successive vacuum 
distillation. Chloro-s-butoxy- s-butylborane, b.p. 58-62" 
a t  15 mmHg, nD20 1.400 7, was stored at -80 "C and flash 
distilled at low temperature immediately before use. s- 
Butyl hydroperoxide in pentane was added dropwise to 
chloro-s-butoxy-s-butylborane in pentane at 0 "C while 
aspirated by a slow current of argon until all the hydrogen 
chloride had been removed (Found: HCl, 103%). The 
crude peroxide (yield 75%) was purified by trap-to-trap 
evaporation at - 180 "C to  yield s-butoxy-s-butyl-s- 
butylperoxyborane. 

Thermal Decomposition of Buty1peroxyboranes.-Measure- 
ments were made over the first 40% of reaction using an 
iodometric method of analysis of samples. The analytical 
method was found to be both accurate and reproducible. 
Rate constants were evaluated using least squares plots and 
experiments were carried out using various initial concen- 
trations of the peroxides in order to distinguish first-order 
from any possible second-order kinetics (Figures 1-3). 
s-Butoxy-s-butyl-s-butylperoxyborane was only studied 
briefly since it decomposed with a rate constant ca. 1 x 
s-1 a t  50 "C which was much slower than the butyl(buty1- 
peroxy) boranes. 

Polymerisation of Vinyl A Getate.-The peroxyborane 
initiated polymerisation of vinyl acetate (purified under 
high vacuum) was studied by dilatometry. Ethyl acetate 
was chosen as a blank in order to demonstrate that  the 
acetate group did not induce reaction. Typical results are 
shown in Figure 1 and the calculated rates of polymerisation 
of vinyl acetate R,  are listed in Table 2 for 8 . 5 m ~  concen- 
trations of peroxide. Using known rates of polymerisation 
propagation Fz, and termination K t  2O the initiation rates 
were calculated using the relationship k d  = RP2/zt/[I]- 
[M]K, where M is vinyl acetate and I peroxyborane. 

Rates of Initiation (Table 3).-These were carried out a t  
constant pressure. The benzene solvent and oxygen, a t  
the required partial pressure, were allowed to come to  
equilibrium a t  25 "C with the stirrer running (apparatus 
described earlier 6). Care was taken to check that oxygen 

s-Butoxy-s-butyl-s-butylperoxyborane. Di-s-butoxy-s- 

absorption was independent of stirrer speed. The galvin- 
oxyl solution (stabilised with 5% hydrogalvinoxyl) quickly 
followed by borane solution, were injected using calibrated 
syringes. Equilibrium was re-established after ca. 3 niin 
and readings were taken on the gas burette. Plots of 
-log d[O,]/dt against log [R,B] [equation (xiv)] gave slopes 
of 1.1  and 1.05 for s-butyl- and isobutyl-boranes, respect- 
ively. In  the case of tricyclohexylborane i t  was found more 
convenient to use relationship (xviii) based on (xvi) and 

'c = 2 303 log {[R,B],/([R,B], - [G],)}/K, (xviii) 

(xvii) rather than equation (xiv). The number of radicals 
removed by one molecule of galvinoxyl is unity and [R, 
B], = concentration a t  zero time. 

We thank Dr. H. C. Bailey of B.P. Research Centre for 

[7/2214 Received, 19th December, 19771 

helpful discussions. 

REFERENCES 

A. G. Davies and B. P. Roberts, Chem. Comm.,  1966, 298; 
J .  Chem. SOC. (B) ,  1967, 17. 

P. G. Allies and P. B. Brindley, Chem. and I n d . ,  1967, 319; 
1968, 1439. 

(a) A. G. Davies, K. U. Ingold, B. P. Roberts, and R. Tudor, 
J .  Chem. SOC. (B) ,  1971, 698; (b)  K. U. Ingold, S. Korcek, and 
G. B. Watts, J.C.S.  Perkin II, 1972, 242. 

* C. E. H. Bawn, D. Margerison, and N. M. Richardson, Proc. 
Chem. Soc., 1959,41, 73; F. J. WelchandN. L. Zutty, J .  Polymer 
Sci., 1960, 43, 445; F. J. Welch, ibid., 1962, 61, 243; R. Hansen, 
J .  Polymer Sci. ( A ) ,  1966, 2, 4215; G. Borsini and M. Cipolla, J .  
Polymer Sci. (B) ,  1964, 2, 291; I<. Kojima et al., Polymer Letters, 
1970, 8, 541. 

A. G. Davies, D. G. Hare, and R. F. M. White, J .  Chem. 
Soc., 1961, 341; A. G. Davies, D. G. Hare, and 0. R. Khan, ibid., 
1963, 1125. 

P. G. Allies and P. B. Brindley, J .  Chem. SOC. (B) ,  1969, 
1126; P. B. Brindley and J.  C. Hodgson, J.C.S.  Chem. Comm.,  
1972, 202. 

R. C. Petry and F. H. Verhoek, J .  Amer .  Chem. SOC., 1956, 
18, 6416. 

A. G. Davies, D. G. Hare, and R. I;. M. White, J .  Chem. 
Soc., 1960. 1040. 

V. P. Maslennikov, M. B. Nedoshivina, and V. A. Shushii- 
nov, Zhur.  obshchei Khim. ,  1971, 41, 487; G. P. Gerbert, V. P. 
Maslennikov, and V. A. Shushunov, ibid., 1970, 40, 131. 

lo Ta-Hsun Lee, Pao-T'ung Huang, and Hsiao-Chiang Chao, 
Hug. Hsuch. Pao. 1966, 32, 34. 

11 S. L. Friess and A. H. Soloway, J .  Amer .  Chem. SOC., 1951, 
73, 3968. 

12 P. B. Brindley, W. Gerrard, andM. F. Lappert, J .  Chem. SOC., 
1956, 824. 

l3 E. E. Auer, E. B. Bevilacqua, E. Hart, and M. S. Matheson, 
J .  Amer .  Chem. SOC.,  1949, 71, 2610. 

l4 P. J. Flory, ' Principles of Polymer Chemistry ', Cornell 
Univ. Press, Ithaca, 1953. 

15 S. B. Murviss, J .  Amer.  Chem. SOC., 1961, 83, 3051; J .  Org. 
Chem., 1967, 32, 1713. 

l6 R. R. Hamann and R. L. Hansen, J .  Phys .  Chem., 1963, 67, 
2868. 

17 J .  Grotewold, J. Hernandez, and E. A. Lissi, J .  Chem. Soc. 
(B) ,  1971, 182. 

D. J.  Carlsson and J. C. Robb, Trans. Faraday Soc., 1966,62, 
3403; N. M. Emanuel, 2. K. Maizus, and V. N. Yokovleva, Doklady 
A k a d .  N a u k  S.S.S.R., 1962, 143, 366. 

l9 H. C. Brown and M. M. Midland, Chem. Comm.,  1971, 699. 
20 G. Ham, ' Vinyl Polymerisation,' E. Arnold, London, 1967, 

vol. 1. 


