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An Electron Spin Resonance Study of Alkyl Radical Addition to Diethyl 
Vinylphosphonate 
By Jehan A. Baban and Brian P. Roberts,” Christopher lngold Laboratories, University College London, 20 

Gordon Street, London WC1 H OAJ 

The irreversible addition of alkyl radicals to diethyl vinylphosptronate to give the a-phosphorylalkyl radicals (1 ) has 
been studied by e.s.r. spectroscopy at 233 K in hydrocarbon solvents. The rate constants for addition ( k e d d )  have 

kndd 
R e  + H,C=CHP(O)(OEt), __t RCH,kHP(O)(OEt), (1) 

been determined relative to those (2kA,)  for self-reaction of (1 ) for a series of addenda. The values of 2kAt have 
been measured in separate kinetic e.s.r. experiments for (1 ; R = Me) (2 .0  x 1 O9 dm3 mol-- s- l )  and (I ; R = But) 
(5.0 x 1 Os dm3 mol- l  s-l) and thus absolute values of kadn were obtained. The rate constant kadd increases along 
the series R*  = Me. (2.5 x l o 3  dm3 mol- l  s-l> < Rprim. < RSec* < But- (5.9 x lo4 dm3 mol--’ s-l) and this 
order is interpreted in terms of the over-riding importance of polar effects in determining the size of the barrier for 
addition of these nucleophilic radicals to the electron deficient alkene. 

A NUMBER of factors are thought to be significant in 
determining the rate of radical addition to a1kenes.l 
The overall thermochemistry of addition is important, as 
are polar, steric, and stereoelectronic effects which 
influenre the energy of the transition state. Alkyl 
radicals are generally considered to exhibit nucleophilic 
character in their addition to alkenes and appear to add 
more rapidly to electron-deficient C=C bonds than to 
electron-rich However, it is often difficult to 
disentangle tlie various effects when attempting to 
interpret relative reactivity da ta4  and, as has been 
pointed a complete understanding of the factors 
involved in homolytic addition to alkenes awaits further 
quantitative kinetic studies of these react ions. 

In  this paper we report an e.s.r. study of the addition 
of alkyl radicals to the electron-deficient alkene dielhyl 
vinylpfrosphonate to give a-phosphorylaikyl radicals ( 1 ) 
[equation (i)]. 

kidd R* + H,C=CE-IP(O)(OEt), - 
KCH,&€P(O) (OJSt), (i) 

(1)  
Absolute rate constants (kadll) for addition have been 

determined and these provide strong evidence for the 
over-riding importance of polar effects in determining the 
height of tlie barrier to reaction (i). Some of our results 
were reported in a preliminary communication .6 

RESULTS 

Cyclopropane or cyclopentane solutions coiitaining 
dietliyl vinylphosplionate (DEVP) and an appropriate 
source of radical addenda were photolysed with high in- 

? Photolysis of DEVI-’ alone in hydrocarbon solvents afforded 
no e.s.r. signals. Photolysis of a mixture of di-t-butyl peroxide 
and IIEVP in cyclopropane a t  233 K gavc rise only to  a vr.eak, 
poorly defined spectrum of broad lines (AB,- ,  GU.  2 Gj which 
might have been due to  an adduct of the type XCH,cHP(O)- 
(OEt),, but  if so the nature of X IS unknown. A t  lower temper- 
atures (160 K) some sharper weak lines were also apparent, but  
we were unable to  assign these. After proloriged photolysis un- 
identified persistent radicals were produced and the spectra of 
these could bc detected for long periods after shuttering the light. 

tensity U.V.  -visible light from a high-pressure mercury arc 
lamp whilst the sample was in the cavity of the e.s.r. 
spectrometer. The spectra of the addenda and the adduct 
radicals ( 1) were monitored during continuous photolysis. 7 

Photolysis a t  233 I< of a cyclopentane solution containing 
DEVP ( 0 . 1 0 ~ ) ,  triethyl phosphite (1504 v/v), and di-t-but)-l 
peroxide (15% v/v) (the latter- two rcagents provide a clean 
source of t-butyl radicals a t  this temperature 7) gave rise to 
the spectra shown in Figure la. A strong spectrum 
assigned to the adduct ( I  ; Ii = But) may be seen together 
with a wealter signal from the t-butyl radica.1 [equations 
(ii)--(iv)]. 

hv  
ButOOBut -+ 2 1 3 ~ ~ 0 .  (ii) 

(iii) 

13utCH,(?HT’(0)(OEt), (iv) 

13utC). +- (EtO),P - But* + (EtO),lY) 

Eut.  4- H,(‘=CHI’(O) (OEt), --B- 

Other photochemical sources of t-butyl radicals ( ButN= 
NBut, Hut,CO, RutOOBut + ButH) gave siniilar results 
and wj th  higher coiicentrations of DEVP the value of 
[ ( I  ; l i  = Rut)J/[But*] was larger. Photochemical gener- 
ation of methyl radicals (from MeN=NMe or ButOOBut -1 
Me,B) in the presence of DEVP similarly gave rise to 
spectra of Me* and ( I ;  12 = Me), although for a given 
concentration of D E V P  the value of [( I)]/[li.] was much 
gieater when 1C == But than when 1C =- Me (see Figure 2).  

Thc spectral assignment to ( 1  ; li = Me) was confirmed 
b y  generating this radical independently by abstraction o f  
bromine from diethyl 1-bromopropylpliosplionate using 
photoclmnically produced trietliylsilyl radicals [equatioac; 
(v) ancl (vj)] (see Figure 3).8 

RutO* 4- Et,SiH --B- ButOH + Et,Si. (v) 

Et,SiBr + CH,CH,~:HI’(O)(OEt), (vi) 
Et,Si* + CII,CH,CHBrP(O) (OEt), - 

7’he spectra o f  ( 1  ; I< = Me) derived from the two sources 
were identical, but when the radical was generated by 
reaction (vi) no trace o f  the spectrum of Me* could be 
detected. ‘The latter result confirms that addition of Me* 
to DEVP is irreversible undt.r the experimental conditions, 
since the methyl radical may be readily detected in the 
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162 J.C.S. Berkin I1 
presence of Et,SiH (photolysis of a solution containing 
ButOOBut, Et,SiH, and MeBr afforded a very intense 
spectrum of Me* at 233 K).  

A number of other adducts of the type (1 )  were generated 
in a similar way by addition of carbon centred radicals to  
DEVP and the e.s.r. parameters are given in Table 1 .  
Figure l b  shows the spectra obtained during generation of 
the n-butyl radical in the presence of DEVP. Addition of 
benzyl radicals to  DEW' was undetectable a t  233 K and 

* 2G 

20 G - 
1 1  

h 

I 1 " 
F I G U R E  a ,  E.s.r. spectrum of ( I ;  l< = But) obtaincd during 

photolysis of ;I cyclopentane solution containing DEVP 
( 0 . 1 6 ~ ) ,  di-t-biityl pcroxide, and triethyl phosphite a t  2 3 3  K. 
The arrows mark the positions of the four central lines in the 
.;pcctrurn of the t-butyl radical 11, E.s r .  spectrum of (1 ; R = 
F3u") ohtained during photolysis of a cyclopropane solution 
containing D B V P  (0 Mhi), clt-t-butyl peroxide, and tri-n-butyl- 
borancl a t  2 3 3  I<. The arrows mark the positions of the lines 
due to  the n-butyl radical 

only the spectrum of Phi'H, was obherved during photolysis 
o f  a cyclopropane solution containing IIEVP, ButOOBut, 
and toluene. Cyclopropane was always used as the solvent 
when hydrogen abstraction from cvclopentane to  give 
cyclopcntyl radicals might compete with reaction of HutO- 
to give 13. ant1 hence give rise to a mixture of  adducts. In 
contrast to the result with Me*, addition of CF,. (from 
CF,T 4 Me,SnSnMe,) was essentially complete even a t  low 
concentrations of DEVP ( 0 . 3 ~ )  and only a very weak signal 
frotn the addendum was detected a t  233 I<. 

Addition of the adduct radicals ( 1 )  to DEVP was not 
tlel ectable by e.s.r. spectroscopy under the conditions em- 
ployed in these experiments. Although the major hyper- 
fine splittings for ( 1 )  are virtually independent of the nature 
of I<, the detection of  y-proton splittings serves to confirm 
the structures of the adducts (see Table 1 ) .  

Measurement of ( 2 k A t / k , d d )  .---The rate constants for 

FIGUKE; 2 Lines 4---6 of the e.s.r. spectra uf ( I ;  I< <= Me or But)  
and [marked *) line 2 of Me. or line 5 of Rut. a t  235 K. a ,  
K = But, cyclopentane solvent, [DEVIJ] 0.16, [ ( I  ; R = Eut)]  
1.2 x l W 6 ,  [But.] 1 . 3  x 1 0 - 7 ~ ;  b, R = Me, cyclopropane sol- 
vent, [DEVP] 0.63, [ ( I  ; R = Me)] 3.8 x lo-?, ;Me.] 2.0 x 1 0 - 7 ~  

addition of a number of radicals to DEVP were measured 
relative to those for self-reaction of the adducts ( 1 )  using an 
extension of the method employed previously for uni- 
molecular  reaction^.^. lo If the irreversible addition reaction 

(vii) 
n on- rad ical 
products 

(viii) 

(i)  is the only source of (1)  \vliicli is removed only by 
reactions (vii) and (viii), i t  may be shown readily that 

I 20 G c-----e---c 
FIGURE 3 E.s.r. spectrum of (1;  R = Me) obtained during 

photolysis of a cyclopropane solution containing diethyl 1- 
bromopropylphosphonate, di-t-butyl peroxide, and triethyl- 
silane a t  235 K 
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1981 163 
equation (ix) holds under steady-state conditions during 
continuous photolysis. 

The concentrations of adduct and alkyl radicals were 
measured for different va:ues of [DEVP] (usually between 
0 .3  and 1 . 2 ~ )  and the value of (%*t/hadd) was obtained as 

T A B L E  1 
E.s.r. parameters for the a-pliosphorylalkyl radicals (1) 

I3 Solvents T / K  n ( P )  a ( l H , )  a(2Hg) a(nH,) 
Hyperfine splittings Q (G) 

Me A 233 40.9 21.1 25.3 not  

Et X 225 41.9 21.1 25.2 0.7 (2) 
Run B 230 41.3 21.0 25.0 0.7 (2) 
B U '  B 235 41.1 21.1 25.1 not 

MeQClti, B 235 41.3 31.1 25.3 
Pr' A 243 41.8 21.1 25.3 1.0 (1)  
cyclo-C5H, A 230 41.3 21.1 26.1 1.0 (1)  
But A 232 41.4 21.0 25.1 

resolved 

resolved 

CF, B 230 41.1 21.4 24 8 d 
A =; Cyclopentane, B = cyclopropanc. All g factors 

were 2.0025 + 0.0001 corrected to  second-ordek. Number 
of equivalent nuclei shown in parentheses. Fluorine spiit- 
ting not resolved. 

the slope of a graph of [DEVP]/[(l)] against [(l)]/[R*]. 
Results using cyclopropane or cyclopentane solvents were 
the sane  within experimenial error. Examination of 
Figure 1 shows that the effects of cliemically induced 
dynamic electron polarisation (CTDEP) l1 are apparent in 
the spectra. The lines appearing a t  low magnetic field 
have intensities different from those of the corresponding 
lines to high field of the centre. Such polarisation was more 
apparent in the spectrum of (1) than in that of the alkyl 
radical addendum. The degree of polarisation was less a t  
lower radical concentration (lower incident light intensities) 
in accord with theory,l1,l2 It was assumed that there was 
no net polarisation of the spectra l1 and radical concen- 
trations were measured using the average of the double 
integrals of corresponding lines at low and high fields. 

The values of (2kAt/k,dd)  a t  233 K are given in Table 2, 

T A B L E  2 
Kinetics of alkyl radical addition to diethyl 

vinylphosphonate at 233 I< in cyclopropane or cyclopentane 
Addendum 

radical kaaa! 
K* source a ( 2kAt [kadd) dm3 mol-l s-l 

Me- A, c (8.0 -F: 4.0) x 105 2.5 x 103 
Et. €3 (5.0 4- 2.0) x 10' 2.6 x 103 
Bun* B, C (3.6 & 0.5) Y lo5 5.0 x 1 0 3  
BU'* c (3.5 ~t 0.8) x 105 3.7 x 103 
MeOCH,* D (1.9 f 0.4) x 1 0 5  6.8  x 103 
p r i m  R (1.1 & (4.3) x 105 1.2 x 104 
cyclo-C,H,. D (2.0 0.5) x 105 6.5 x 103 
But* E (8.5 i 2.0) x 103 5.9 x 104 

A = HNzNR,  B = R3P + ButOOBut, C = R3B + 
ButOOBut, I) = RH -t HutOOBut, E = (EtO),P + RutOOBut. 

and where these differ from those given in our preliminary 
communication the present results are considered more 
reliable. The only appreciable difference i.j in the value of 
(2kAt/k,dd) for R = Me. In  the preliminary work we 
employed only photolysis of azomethane as the source of 
Me* and radical concentrations were low, especially a t  high 
DEVP concentrations. We have now also generated methyl 
radical addenda from the Me,B + Bubo* couple l3 which 

affords much stronger spectra (see Figure 2b) and hence 
more reliable results. The relatively large error associated 
with (2k*t/Kadd) for R == Me reflects the fact that agreement 
between the results obtained using thc different sources of 
Me* was not particularly good. However, agreement was 
good between values of ( 2 k h $ / h a d d )  obtained with R,B + 
ButQ* or R,P +- ButO* as sources of addenda. 

,Weasurernent of 2k*t.-The rate constants for self-reaction 
of ( I  ; I3 == But) and (1 ; R = Me) were measured a t  233 K 
using the rotating sector t e c h n i q ~ e . ~ ~ P  Both cyclopropane 
and cyclopentane were used as diluernts and the viscosities 
of the samples used for measurements of (2hat/h,dd) and 
2kAt were similar. To overcome CIDEP effects, measure- 
ments were made on corresponding lines to high and low 
field of the spectrum centre and the peak height a t  a given 
time after interrupting photochemical generation was taken 
as the mean of the two measured heights. This mean value 
was then convertcd tn an absolute radical concentration 
using the mean double intep-a1 and mean height of the two 
peaks recorded during continuous photolysis. 

The adduct ( 1 ;  R = 13ut) was generated by phQtolysis of 
a mixture of DEVP ( 1 . h ) ,  lSutOORut, and (EK)),P, since 
at this phoqhonate concentration only the spectrum of the 
adduct was detectable. The adduct ( 1 ;  W = Me) was 
generated by photoiysis of  a mixture of diethyl l-bromo- 
propylphosphonate (ca.  0.3--0.6~), RiitOORut (ca. 0 . 9 ~ ) ,  
and Et,SiH (ca. 1-ZM) as dcscribed above. The con- 
centrations of both adducts during continuous photolysis 
were proportional to the square-root of the incident light 
intensity (lO0--37& of the maximum), confirming second- 
order removal of the radicals. No meaningful differences 
in 2kn, were found on changing the solvent from cyclo- 
pentane to cyclopropane. With low conccntrations of 
Et,SiH in cyclopentane a weak spectrum of the cyclopenty! 
radical could be detected alongside that of (1 ; PC = Me) and 
thus such systems were unsuitable for measurement oi 2Kat. 
The values of 2k-4, a t  233 K were (2.0 0.5) x 109 (R = 
Me) and (5.0 $I 1.0) Y 108 (R = But) d1n3 mol-l s-I with 
initial radical concentrations of ca. 2 x lo-' and 6 x l O - 7 ~ ,  

respectively. These rate constants are probably quite 
close to the diffusion-controiled limiting values. 

For 
adducts of radicals other than Me* or But*, 2KAt was taken to  
be the mean of the values for (1;  R =1 Me or But), that is 
1.3 x l o g  dm3 mol-1 s-1. 

In principle, k ,  may be obtained from the intercept of 
straight-line plots according to pquation (ix). However, we 
did not consider that  the accuracy of these rate constants 
would justify their calculation. If we make the question- 
able assumption that h, is eq-ual to the geometric mean of 
2 k A L  and 2KRt [reaction (s)l .  we may rewrite equation (ix) 
as equation (xi) in which r is (2Knt /2kAt ) .  

The absolute values of kedd are given in Table 2. 

2kRt 
K* -+ K* --+ non-radical products (x) 

The values of h a d d  obtai:ied using equation (xi) and 
taking l* 2kRt as 1 x 1010 dm3 mtil-I 5-l independent of the 
nature of IC- [r = 5 (I<* = Me.), 20 (Rut*), 8 (other addenda)] 
were within expel-imetital error oi those given in Tahle 2. 

DISCUSSION 

The errors in the absolute value of ka,id determilied by 
the e.s.r. method are relatively la.rge, partly because of 
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the difficulty of measuring the absolute radical con- 
centrations needed to determine both ( 2 k * t / k , d d )  and 
2k-it .  However, even taking the maximum value of 
/isad (R = Me) and the minimum value of k a d d  (R = But), 
it is clear that t-butyl radicals add to DEVP more 
rapidly than methyl radicals at  233 K. The complete 
set of relative values of kadd  is given in Table 3. 

The A factor for addition of t-butyl radicals to DEVP 
is probably somewhat smalier than that for addition of 
methyl radicals I7 and hence the difference in rates of 
addition of Me- and But* results from a smaller activation 
energy for addition of the latter radical. There can be 
little doubt that addition of But- is less exothermic than 

J.C.S. Perkin I1 
Me* (the vertical ionisation potentials 25 are 6.92 and 
0.84 eV, respectively) and thus the stabilising interaction 
with the LUMO of DEVP will be greater for But* than 
for Me* and the rate of addition will be greater for the 
former radical.24 

The primary alkyl radicals (Et*, Bun*, and Bui*) add 
to DEVP somewhat more rapidly than methyl but less 
rapidly than the secondary radicals (1%'. and cyclo- 
C,H,*) which are in turn less reactive than But*. The 
relative reactivities of the primary and secondary alkyl 
radicals, which are admittedly less well established than 
those oi Me* and But*, can be similarly rationalised by 
assuming the over-riding importance of polar effects 011 

TABLE 3 
Relative rate constants foi- addition of carbon-centred radicals tc diethyl vinylphosphonate at 233 K 

cyc!o- 
R. Me- Eta Bu*l. Bui- MeO&, PheH, 1%'- C,H,* But* CF, 

kadd (rel.) (1) 1.0 2.0 1.5 2.7 < 1  4.8 2.6 23.6 > 10 

that of Me. and any steric compression in the transition 
state would also favour addition of the less bulky methyl 
radical. Thus we are forced to conclude that polar 
e f k t s  are of over-riding importance in determining the 
relative rates of addition of Me* and But* to DEVP. 

Addition of alkyl radicals to DEVP is significantly 
faster than their addition to ethylene (although the 
latter is probably the more reactive towards CF,). For 
example, the rete constants for addition of Me., But*, 
and CF3 to ethylem in the gas phase extrapolated to 
233 K are 20, 4, and 2 x lo5 dm3 mol-l s-l respectively." 
Polar effects are probably maidy responsible for the 
relatively high rate of addition of alkyl radicals to 
DEVP, although stabilisation of (1) by the a-P(O)(OEt), 
group may also be significant.22 

There have been a number of theoretical studies of the 
addition of Me. to ethylene.23 The transition state 
occurs early along the reaction co-ordinate. Although 
certainly small ill magnitude, the charge on the methyl 
group in the transition state has been calculated to be 
either positive 23b or negative.23a*c Fukui and his co- 
workers Z3b concluded that whilst both the SOMO- 
LUMO (C-C, x * )  and SOMO-HOMO (C=C x )  interactions 
were important in the addition reaction, the former pre- 
dominates and the methyl group carries a small positive 
charge in the transition state. The electron-wit h- 
drawing (EtO),P(O) substituent in DEVP will lower the 
energies of both LUMQ and HOMO and thus we expect 
the SOMO-LUMO interaction to be relatively more 
important for addition of Me* to DEVP than to ethyl- 
ene.24 The SOM9 energy of But* is higher than that of 

* The following Arrhcnius cquations were used to  obtain these 

Me. + CH2=CH, --+ MeCH,CH,. 
log kRdd = 8.52 - 32.2/0 

But* -1 CH2=CH, --+ ButCH,CI-I,. 
log kadd = 7.24 - 29.7/0 

CF3 + CH,=CI-I, + CF,CH,CH,* 
i ogkadd  = 8.0 - 11.9/0 

values (kndd in dm3 m o P  s-l, 0 = 2.303111' kJ m0l-l) : 

(ref. 18) 

(rcf. 19 in conjunction 
with ref. 20) 

(ref. 21) 

the energy of the transitjon state for addition, In 
simple valence-bond terms, contributions from (2) and 
(3), leading to stabilisation of the transition state, will 
increase as the ionisation potential of R* decreases 25 

along the series Me* > RI)Pinl= > Rsec* > But-. 

R+ CH,-CHP(O) (OEt), - R+ CH,-CHP(O)(OEt), 

The methoxymethyl radical is more nucleophilic (has 
a higher SON0 energy) 24 thau methyl and thus we may 
understand the higher rate of addition of the former to 
DEVP, despite the probable greater exothermicity of 
methyl radical addition. Addition of (1) to DEVP could 
not be detected under our conditions, whereas simple 
primary and secondary dlkyl radicals add readily. This 
is probably due inainiy to the lower nucleophilicity of (1) , 
although stabilisation of this addendum by the ~ ( E t 0 ) ~ -  
P(0) substituent may also he important 22 and thus 
addition may also be less favourable thermodynamically. 
Relatively unf avourable thermochemistry is the probable 
reason for the slow addition of the stabilised, but nucleo- 
p l ~ i l i c , ~ ~  benzyl radical. 

The trifluoromethyl radical (vertical ionisation 
potential 10.85 eV) 27 is expected to be much less nucleo- 
philic than Me*, although the former appears to add 
much more rapidly to DEVP. Additions of CF,* and 
Me- are probably similarly exothermic and it is likely 
that charge transfer fYom DEVP to the addendum, 
represented by a contribution from structure (4), is 
important in the transition state for addition of CF3*. 

(2) (3) 

CF, H,k-&-€P(O)(OEt), (4) 

The SORIO-HOMO interaction appears to pre- 
dominate for addition of CF3 to both DEVP and ethyl- 
ene.l7 The latter reaction is very rapid (see above), 
probably more rapid than addition of to DEVP 
which has a lower HOMO energy (is less electron rich) 
than ethylene. 
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EXPERIMENTAL 

il~ateriaZj.-Z)ietliyl vinylphosphonate (Lmcaster Syn- 
thesis) was purified by distillation (b.p. 50 “C a t  1 Torrj ; tlie 
material as received sometimes gave rise to  e.s.r. spectra of 
unidentified long-lived radicals. 

Di-t-but$ peroxide, triethyl phosphite, triethyl- and tri- 
n-butyl-phospliines, arid triet1iylsil:tne were commercial 
products which were purified before use. Di-t-butyl 
ketone, !ie.camethylclitin, trifluoromethyl iodide, cyclo- 
propane, c yclopentane, isobu tane, toluene, and dime thy1 
ether were high quality coniniercial products and were used 
as received. Tri-isoprop.L.1pliosphilie and tri-n-butyl- ancl 
tri-isobutyl-boranes were prepared from the appropriate 
alkylmagncsiuni bromide and PC1, or UF,-Et,O. Tri- 
methylborane was liberated from its pyridine complex by 
addition of 2~ aqueous H,S04 under 200 Torr of nitrogen 
ancl transferred to  a vacuum line. After fractionation to 
remove traces of water, the Me,B was used without further 
purification. Azomethane 28 and azoisobutane ,9 were 
prepared by published methods. 

Diethy1 l-bron~opropylpiiosphonate 30 was prepared by 
the reaction of Ph,T’Hr, with diethyl l-hyclroxypropylphos- 
phonate 31 in acetonitrile. Bromine (3 .6  cni3, 0.070 mol) 
\:.as added dropwise to a stirred solution of trjphenylphos- 
pliine (19.0 q, 0.073 niol) in dry acetonitrile (100 cm3) under 
nitrogeii. rh r ing  :ulclition the temperature of the solution 
was allowed to rise to 50 “C. A solution of dietliyl 1- 
hydroxypropylphosphonate ( 13.7  g, 0.070 niol) and pyridinc 
( 5 . 6  g, 0.070 11701) i n  acetonitrile (25 cm3) was then added 
dropwise to tlie stirred solution of l’h, [’Rr,, keeping the 
internal temperature between - 15 and - 20 “C. After 
addition the mixture wits stirred and allow7ed to warm to 
room teniperature cluring 2 h .  The acetonitrile was 
rcmovetl a t  35 ”C (water pump) and the residue was tlistillcti 
as a liquid, 13.p. 55 -65 “G a t  0 02 TOIT. Iiedistillation gnve 
the product, b.p. 58 5---5!1 5 “C a t  0.02 Torr (Found: C, 
5 2 . 7 ;  Ti, 6 0;  Rr, 30 7 .  C,H16Hr03E~ requires c‘, 32.5;  €1, 
6 2 ;  Ur, 30.8O/,). The lH i1.m r. spectruni (200 MHz in 
C‘,l),) was complicated by the presence of two types of 
diastereotopic niethylene p-otons, 8 1.00 ( 3  H, t, a,pizi-ii 
7.2 H z ,  CN,CH2CH13r), 1 . 1 3  (6 13, t, 3.{Er-R 7.1 H z ,  CH,-  
(’H,O), 1.98 (2  H, n i ,  Cfl&HHr),  3.74 ( I  H ,  d o f t ,  2Jf ,_f l  = 

12.s.r. Spec fvoscopy .  --Spectra iverc recorded using a 
V;trian 1.3-4 3,pectroineter equipped l v i t h  the standard 
v;Lri;tble-teiiipcratiire accessory. Tlie magnetic field ~ v a s  
calibratetl using a IH n.1n.r. gaussmeter and g values were 
tletcrraiirictl iising this in conjimction with an EIP A u t o k t  
microu < ~ v e  countei- jinotlel 33 1 ) .  IMferences i n  magnetic 
field a t  the sample ; t i id ii.ni.r probe coultl be corrected for 
using the ,q factor of tlie p y r m e  ratlical anion (Ya counter 
ion) in  tetrrth)itlrofiiran as s tmd.ml  ( g  2.002 7 1) ,i2 

I’hotolysis was carried out wit l i  light from a I’liilips CS 500 
W/2 ( 1  j C.)  high-prehsure mercury arc lnmp fdtet~etl through 
8 cm of 0 0 4 h 1  aqueous NiSO, solution ant1 focused onto the 
entrance grid o f  the cavity using fusetl silica lenses. The 
incident light iritcnsity could be v&xl using calibrated 
metal gauze screens. 

Ih,dic;tl conccritrations v w e  determined by  comparison 
of the intensities of suitable lines in the spcctra with the 
signal obtained from a solut ion of ,“171~-tliplienyl-~~~’-picr~-l- 
lijrtlrazyl (UPl’H; Alclricli) (cn. 4 x 10 k) in carbon tetra- 
chloride, using the signal from a synthetic ruby fixed to the 
inside of the microwave cavity as a standard. The con- 
centration of the DPl’H solution was checked by measuring 

3 J r r - H 1  = 9.8, ‘ J R . F T 2  3 8 Hz,  CHBI-),  ant1 4.06  (4 €3, ni, C H , O ) .  

its absorbance a t  520 nm (E 12 034 dm3 mol-l cm-l).za ‘I7hc 
intensities of lines in the e.s.r. spectra were determined by 
electronic integration of the first-derivative curves followed 
by mechanical integration of the derived absorption traces 
In  relating the intensity of the DPPH resonance (at 285 T<) 
to tha t  of the adduct radicals (at  233 K) i t  was assumed that 
signal intensity was proportional t o  tlie reciprocal of the 
absolute temperature. 

Temperature Measurernent.-A calibrated digital tlier- 
moiiieter (Coinark type 5335) fitted with Cu/Cu--Xi thernici- 
couples ( 10 inputs are available) was ernployccl. ‘ 1 . 1 1 ~  

sample temperature without photolysis was deterininecl bv 
positioning a thermocouple in the Dewar insert alongsitle 
the sample tube. In separate experiments, this insert 
thermocouple was calibrated against a second therrno- 
couple contained in an  open sample tube hlled with cyclo- 
pentane. The heating effect of photolysis was determined 
by  monitoring the spectrum of the isobutyl radical, forxed 
in a sample containing Rui,B ancl HutOOBut in cyclo- 
propane, and the value of a(Hp)  was measured as ;t func,tion 
of incident light intensity. Extrapolation to zero light 
intensity gave the value of a(Hp) corresponding to the known 
(lark temperature. Over the range 130-300 K, a ( H g ) / G  
(=,a) was given by equation (xii).* 

T / K  = 2.703 94A2 - 198.419A 4 3 i 6 3  56 (xii) 

Equation (xii) was used to determine the heating effect 1 :f 
pliotolysis under given conditions and a t  cn, 230 l< t l r  
effect was + 6  I< for maxitnum light znten5itv. A4ctunl 
sample temperatures during photolysis are considerctl 
accurate to rf2 I<. 

Sample PYepavatinn.--Static samples (total volu  rile G ( E  

0.7 an3) were used when the conccntration o f  T>EVI’ un.5 
3 0.322. The UEVP was transferred b y  calibrated m ic-ro- 
syringe to a nitrogen-filled sample tube (4 niin o.d.  Suprasil), 
followed by the primary (HutOO13ut, Hut,CO, or RX=NI<,  
CCI. 15?, v/v) and secondary [(EtO),P, RUT’, 1<?€3, or R H ;  
ca. 15(;{) v/v] sources of radical addencla and the mixture 
xvas degassed on a vacuum line. The solvent (cvc1oprop;tnc. 
or cyclopeiitane) was added and tlie tubes were sealed lintlei 
vacuui i~ .  ’ i h  total sample volume a t  233 I< was deter- 
mined hy removing the tube froni tlic spectrotnet er a n r l  
affixing a label to marli the liquid leve!. Tlie tuhe was 
eniptietl an t i  retilled with mercury to the mark: tlir: s;iinplc 
volu~nc was calculated from the weight of mercury To 
compcnsatc for changes in sample coiiiposition during 
pliotolysis, spectra were nioiiitoretl as a fiiriction of time a n l l  
r:tdica! conwntr;ttion? were extrapolated to z ( m  pliot~l;~-\i\ 
ti me. 

iT‘l1en i l )EVt’ j  was ca. 0 LAM tlie sample \ v a \  !lowc.tf 
slowly (cn 1 ciia:3 mixi-‘) tlirough tlic micmnave cavit v t o  
‘Lvoi(1 tlie efiects o f  reagent consuniption .36 ‘ l - l i t l  c 
pentane solutions were made up by weiglit urirler nitrog:c.ri 
ant1 driven tlirougli ’I’cflon tubes to the sainplc cell (4 n i in  

o t i .  Suprasil) using a motoi--opera.tctl syringe pump (Sage 
1 nstruments) . 

I ~ P  or 
Hut)  were determined by the rotating sector kinetic c 5 r. 
tccliniq ue as described p re~ ious1y . l~~  l 5  

?’he rate constants for self-reaction of ( 1  ; I <  

We are grateful to MI-. C. J .  Cooksey for prep;tring cliet llyl 
1-bromopropylphospllonate, to lh-. J .  I < .  31. Giles for prti- 

* This equation differs somewhat from that given in r e f .  34 
and obtained from the data given by  E’e~senden.~~ Thc prcscnt 
equation is considercd more correct. 
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paring trimethy1borane;and to Dr. Giles and 3)r. J.  C. 
Brand for carrying out the temperature calibration leading 
to equation (xii). We thank the Royal Society and the 
administrators of the Central Research Fund of the Univer- 
sity of London for grants to purchase equipment. 
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