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The Effects of p-Alkoxy Substituents on Radical Reactions: Halogen-atom 
Abstraction from Alkyl Chlorides 
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London, UK W C I H  OAJ 

EPR spectroscopy has been used t o  measure the relative rates of  halogen-atom abstraction 
from RCH,CI [R = Pr,. MeOCH,, (MeO),CH, (MeO),C, Me,Si] by  the metalloid-centred radicals 
Me,N-+BHBu, Et,N-+BH, and Et,Si' (M') in cyclopropane and in oxirane solvents at 160-260 K. 
P- Methoxy substituents increase the rate of  reaction, especially for chlorine abstraction by  the highly 
nucleophilic amine-boryl radicals. The accelerating influence of  the P-oxygen substituents is attributed 
t o  a polar effect which operates in the transition state and involves charge transfer from M' to  the CH,-CI 
group. The relative reactivities of  the cis- and trans-isomers of 5-chloro-2-tert-buty l - I  ,3-dioxane 
indicate that the substituent effect of a P-alkoxy group does not depend markedly on the orientation of 
the P C - 0  bond with respect to the rupturing C-CI bond. It is concluded that the E C - 0  bond dipole 
interacts electrostatically through space with the dipolar C CI M grouping in the transition state 
and thus stabilises the latter relative t o  the reactants. This interpretation is supported by the results o f  
ab init io molecular calculations for model systems. The EPR spectra of  the P-alkoxyalkyl radicals are 
discussed in relation to  their preferred conformations as deduced on the basis of the Heller- 
McConnell equation, The applicability of  the latter equation is confirmed by  ab initio calculations for 
the ethyl radical. 

The measurement and interpretation of substituent effects in 
free radical chemistry are subjects of perennial interest and 
fundamental importance. The detailed analysis of substituent 
effects on the rates of radical reactions, in terms of the 
interactions present in the reactants and in the transition state, 
can be complex and is often controversial. 

For a carbon-centred radical 1, the effects of replacing an a- 
hydrogen atom by another group are reasonably well under- 
stood for most types of substituent. However, interpretation of 

OMe 

2 

the effects which accompany replacement of a P-hydrogen atom 
in 1 by another substituent often presents a greater challenge. 
For P-substituent effects on radical reactions, questions as to 
the importance of hyperconjugative, negative hyperconjugative 
(i. e . ,  anomeric) and bridging interactions must be addressed. 

In 1982 Barton, Hartwig and Motherwell, proposed that 
alkyl radicals are thermodynamically stabilised by 0-alkoxy 
substituents and that this stabilisation results in the more 
ready formation of P-alkoxyalkyl radicals, as compared with 
unsubstituted analogues, in some related types of chain reaction 
mediated by trialkyltin hydrides. However, it should be noted 
that the overall rate of a radical chain reaction does not 
necessarily parallel the rate of any particular elementary step. 
For this reason, we consider that the magnitude (and even the 
existence) of the P-oxygen substituent effect remains to be 
confirmed for the key radical-fragmentation propagation steps 
of the chain processes discussed by Barton et al. 

Ab initio molecular orbital calculations by Sosa and 
Schlegel indicate that DH"(HOCH,CH,-H) is essentially 
the same as DH"(CH,CH,-H) (421 kJ mol-' by experi- 
ment)4 and thus that the C-H bond weakening effect of the P- 
OH substituent in ethanol is negligible. In contrast, on the basis 

of appearance energy measurements, Holmes et al. concluded 
that DH"(HOCH,CH,-H) is 397 kJ mol-', corresponding 
to a significant bond weakening effect of the P-OH group. 
However, the same technique indicates that DH"(HOCMe,- 
CH,-H) is only 383 kJ mol-' and thus that a C-H bond in tert- 
butyl alcohol is appreciably weaker than the tertiary C-H bond 
in Me,CH (402 kJ m ~ l - ' ) . ~  This remarkably large substituent 
effect of the P-OH group appears rather unreasonable and is 
out of line with the homolytic reactivity of the C-H bonds in 
tert- butyl alcohol. t 

Beckwith and Brumby7 have concluded that the 0-Me0 
substituent has only a minor influence on the rate of hydrogen- 
atom abstJaction by Bu'O' from MeOCH,CH,OMe to give 
MeOCH,CHOMe, although it does confer on the latter radical a 
preference for the eclipsed conformation 2. On the other hand, 
Dupuis et aL8 have reported that a p-C-O bond influences not 
only the ground-state conformations of certain carbon-centred 
glycosyl radicals but, at least when an a-oxygen atom is also 
present, can increase the rate of their formation by chlorine- 
atom transfer to tributylstannyl radicals when the 0-C-O bond 
is antiperiplanar to the C-Cl bond undergoing cleavage in the 
transition state. The rate-enhancing effect of the P-oxygen 
substituent was interpreted in terms of an orientation- 
dependent radical stabilising influence (i. e. ,  an enthalpic effect) 
of the p-C-0 

In a preliminary communication, * we reported relative rates 
of chlorine-atom abstraction by the metalloidal radicals 
Me,N+BHBu and Et,Si' from RCH,Cl [R = Pr, Me- 
OCH,, (MeO),CH, Me,Si] [eqn. (l)]. The P-methoxy 

M' + R C H 2 C I h M C l  + RCH,' (1) 

t tert-Butyl alcohol and similar tertiary alcohols have been used as 
'inert' solvents or co-solvents for reactions of tert-butoxyl radicals. If the 
C-H bond is as weak as suggested by Holmes et al.,' then the P-OH 
group would need to exert an unreasonably large destabilising polar 
effect on the transition state for hydrogen-atom transfer to the 
electrophilic Bu'O from these alcohols in order to make the abstraction 
process so slow (see later).6 
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substituent was found to be slightly activating towards 
chlorine abstraction by Et,Si', but strongly activating 
towards abstraction by the' more nucleophilic amine-boryl 
radical. We argued that polar effects, which act in the 
transition state, are responsible for the accelerating influence of 
the P-methoxy group, rather than any enthalpic effect of the 
type proposed by Barton, Hartwig and Motherwell., This polar 
effect of the Me0  group presumably operates through 
facilitating the build-up of negative charge on the RCH,CI 
moiety in the transition state, by an anomeric interaction ' '-' 
and/or by an 'inductive' mechanism (the term taken to include 
both the classical o-inductive and electrostatic field effects). l4 
We favoured the dominance of the anomeric effect,'O by 
analogy with the interaction !bought 7*15 to be responsible for 
locking the radical MeOCH,CHOMe into the conformation 2. 
In the present paper we give a full account of this work, together 
with the results of additional experiments and calculations 
which strongly indicate that it is the electrostatic field effect 
of the P-alkoxy substituent which is predominant. 

Results and Discussion 
Relative Rates of Chlorine-atom Abstraction.-EPR spectros- 

copy wa.s used to monitor the radicals present during 
continuous UV irradiation of liquid samples positioned in the 
microwave cavity of the spectrometer.' The primary source of 
radicals in all experiments was the photolysis of di-tert-butyl 
peroxide (DTBP) [eqn. (2)]. tert-Butoxyl radicals produced in 

(2) Bu'OOBu' 2 2Bu'O' 

this way abstract hydrogen rapidly from boron or silicon in 
amine-borane complexes '' or in triethylsilane,' respectively, 
to form the corresponding metalloidal radical M' [eqn. (3), 

Bu'O' + M H k B u ' O H  + M' (3) 

MH = Me,N4BH2Bu, Et,N-+BH, or Et,SiH]. In the 
presence of an alkyl chloride RCH,Cl, M' abstracts halogen to 
generate the carbon-centred radical RCH,' [eqn. (I)]. Thus, 
a strong EPR spectrum of the butyl radical is detected during 
UV irradiation of a cyclopropane solution containing 
Me,N+BH,Bu ( 1  .O mol dm ,), 1 -chlorobutane (1 .O mol dm-,) 
and DTBP (ra. 15% v/v) between !60 and 260 K.19 The 
trie t h ylamine- boryl rddjcal E t , N+BH , is somewhat less 
reactive than Me,N-+BHBu in chlorine-atom abstraction 
and the triethylsilyl radical is appreciably less reactive. ' 9*20 

Assuming an Arrhenius A-factor of lo8.' dm3 mol-' s-' (as 
found for similar abstraction from BuzCl),20 the activation 
energy and rate constant at 200 K for chlorine-atom abstraction 
from I-chloropentane by Et,Si' can be estimated to be ca. 18.4 
kJ mol-' and ca. 8 x lo3 dm3 molF' s ', respectively,20 and 
the corresponding values for BuCl must be very similar. 

Relative reactivities of pairs of chlorides R 'C1 and R2C1 were 
determined in competition experiments.21 UV irradiation of 
solutions containing DTBP (ca. 15% v/v), MH (0.6-1.0 mol 
dm-,) and the two chlorides (total concentration ca. 0.9 mol 
dm 3, afforded overlapping EPR spectra of R" and R2' [eqns. 
(4) and (5)], from which the values of [R"]/[R2'] could 
be determined by double-integration and/or computer simul- 
ation.'632'.* The value of k l / k z  (kre,)  will be given by eqn. (6), 

* To take account of depletion of the reagents during UV irradiation, 
it  was sometimes necessary to extrapolate the value of [R"]/[R"] to 
zero photolysis time. Corrections were applied to take account of 
chemically induced dynamic electron polarisation (CIDEP) effects 22 

whenever these were evident in the spectra. 

Table 1 Relative rate constants at 200 K and Arrhenius activation 
parameters for halogen-atom abstraction from the chlorides >7 in 
cyclopropane 

Abstracting radical M' 

Me,N-+BHBu Et,Si' 

Chloride krel ArelQ E r e l b  krel  Arela Erelb 

3 (1) (1) (0) ( 1 )  (1) (0) 
4 5.5 0.82 3.2 1.4 1.4 0.1 
5 17.2 0.52 5.8 2.2 1.4 0.7 
6 45.0 0.60 7.2 2.4 1.5 0.8 
7 46.3 0.78 6.8 38.2 0.66 6.8 

' Are, = A(chloride)/A(BuCl). 
mol-'. 

Erel = E,(BuCl) - E,(chloride) in kJ 

provided that R" and R2' are removed by radical-radical 
reactions which have effectively equal diffusion-controlled rate 

M' + R'Cl A MCI + R'' (4) 

M' + R2C1 -& MCI + R2' ( 5 )  

k 1 / k 2  = [R1'][R2CI]/[R2'][R'C1] (6) 

c ~ n s t a n t s . ~ ~ . t  The chlorides >7 were examined and the relative 
reactivities and Arrhenius activation parameters obtained from 
measurements between 160 and 260 K are given in Tables 1 and 
2 for cyclopropane and oxirane solvents, respectively. 

MeCH,CH,CH,CI MeOCH,CH,CI (MeO),CHCH,CI 
3 4 5 

(MeO),CCH,Cl Me,SiCH,Cl 
6 7 

UV photolysis of cyclopropane solutions containing di- 
pentanoyl peroxide (ca. 10% v/v) and one of the chlorides 4-7 
(ca. 1 .O rnol dm-,) afforded only a strong EPR spectrum of the 
butyl radical up to 250 K [eqn. (7)], irrespective of the nature of 

Bu(O)OOC(O)Bu 2Bu' + 2C0, (7) 

the chloride, confirming that halogen-atom abstraction from 
4-7 by a primary alkyl radical does not compete with radical- 
radical reactions under the conditions of our experiments. 

The results presented in Tables 1 and 2 show that P-methoxy 
groups significantly activate RCH,Cl towards chlorine-atom 
abstraction by amine-boryl radicals, but that the activating 
effect is small for abstraction .by triethylsilyl radicals. As was 
pointed out before, Me,N-+BHBu abstracts chlorine much 
more rapidly from 1-chlorobutane 3 than does Et,Si';'' Thus, 
despite being the more reactive radical, Me,N-+BHBu is 
more selective than Et,Si' in competitive abstraction of chlorine 
from 3 and &6, indi~ating,~" that 'polar effects', 6 . 1 9 9 2 4  which 
operate specifically in the transition state, are important in 
determining the activation energies for halogen abstraction. 

The transition state for chlorine-atom transfer to a 

t This assumption should be valid when R" and R2'  are unhindered 
primary and secondary carbon-centred radicals of similar size,23 as in 
this work. 
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Table 2 Relative rate constants at 200 K for halogen-atom abstraction from the chlorides M in oxirane 

3 (1 )  
4 4.7 
5 16.4 
6 30.1 

(1) 
4.0 

12.8 
16.6 

(1) 
1.6 
2.1 
2.3 

nucleophilic metalloidal radical M' can be described as a 
resonance hybrid of structures 8a-d and the contributions from 
8c and 8d will increase as the ionisation energy of M' decreases 
and as the electron affinity of RCH,' increases6 Thus, for a 

[RCHZ-CJ 'MI [RCH,' Cl-MJ c--) 

8a 8b 
[RCH,' CE +M]+-+[RCH, C1' 'MJ 

8c 8d 

given chloride this charge transfer stabilisation of the transition 
state should be more important for abstraction by the very 
nucleophilic ' 7*19,21 amine-boryl radicals than by the less 
nucleophilic trialkylsilyl radical (see Table 8 and the discussion 
below). In accord with this analysis, the p-methoxy groups in 4- 
6 exert only a relatively small activating effect on chlorine 
abstraction by Et,Si', but a large effec! for abstraction by the 
amine-boryl radicals, with Me,N-+BHBu !ornewhat more 
selective than the less nucleophilic Et ,NjBH,  (see Table 
213  

The ability of trialkylsilyl groups to stabilise an adjacent 
carbanionic centre is well known.,' Wilt et a1.26 have 
interpreted the very high reactivity of Me,SiCH,Cl compared 
with 1 -chloropentane towards chlorine abstraction by nucleo- 
philic tributylstannyl radicals in terms of charge transfer 
stabilisation of the transition state in the manner described 
here. Likewise, Me,SiCH,Cl is very reactive towards halogen- 
atom transfer to both amine-boryl and trialkylsilyl radicals. 
While Me,SiCH,Cl is only sligh!ly more reactive than 
(MeO),CCH,Cl towards Me,N+BHBu, Et,Si' abstracts 
chlorine much more rapidly from the former chloride (see Table 
1). It is likely that t!e activation energies for chlorine 
abstraction by Me,N-+BHBu are very small for both halides, 
resulting in compression of the relative reactivities, while the 
activation energies are larger for abstraction by Et,Si*. 

The question remains as to how the P-Me0 groups stabilise 
the transition state by facilitating charge transfer from M' to the 
RCH,Cl moiety. The effect could be a classical a-inductive one 
in which the electronegative oxygen atom polarises the bonding 
electrons to delocalise negative charge from the CH,Cl group. l 4  

Alternatively, the p-C-0 bond dipole could interact electro- 
statically through space to stabilise the negative charge building 
up on the CH,Cl group.14 Thirdly, this negative charge could 
be delocalised into the p-C-0 a* orbital (negative or reverse 
hyperconjugation), an example of the generalised anomeric 
effect. ' The degree of anomeric delocalisation and stabilisation 
of the transition state could be critically dependent on the 
orientation of the p-C-0 bond with respect to the C-Cl bond 
and should be maximised when these bonds are antiperi- 
planar. 

In an attempt to distinguish the mechanism of action of the 
P-oxygen substituent effect, we have examined chlorine-atom 
abstraction from the isomerically pure cis- and trans-dioxanes 
9 and cyclohexanes 10. The tert-butyl group serves as a 
conformational lock and the chlorine atom is axial in the cis- 

isomers and equatorial in the trans-isomers. The cis- and trans- 
isomers of the dioxane 9, which were separated by preparative 
HPLC, could be equilibrated in CDCl, in the presence of a 
polymer-bound sulfonic acid catalyst (Amberlyst- 15). At 293 K, 
the equilibrium value of [trans-9]/[cis-9] was 5.3, corresponding 

CI 

ck-9 
H 

trans-9 

Cl H 

cis-1 0 trans-1 0 

H H 

Cl 
l l a  (cis) 

H 
1 1 b (trans ) 

to AGc,t = -4.1 kJ mol ' .$ The difference in stabilities of czs- 
and trans-10 is similar (AGc+l ca. - 1.8 kJ mol- ').,* In cis-9, the 
p-C-0 and C-Cl bonds will be synclinal (gauche), while in the 
trans-isomer they will be antiperiplanar (see structures t l a  and 
llb). The rates qfchlorine-atom abstraction from cis- and trans- 
9 by Me,N+BHBu were measured separately relative to 
MeOCH,CH,Cl at  temperatures between 160 and 260 K; of 
course, both isomers afford the same dioxanyl radical. For 
comparispn, the rates of chlorine-atom abstraction by 
Me,N-+BHBu from cis- and trans-10 were also determined, 
this time relative to 1-chlorobutane; the results are given in 
Table 3. The two P-oxygen substituents present in 9 again exert 
a markeq accelerating effect on chlorine-atom abstraction by 
Me,N-+BHBu, however, for both 9 and 10, it is the cis- 
isomer that is 2-3 times more reactive than the trans. This could 
be partly a ground-state effect, because the cis-isomers are less 
stable than the trans, or it could be the result of steric or 
torsional strain effects in the transition state, but clearly the 
antiperiplanar C-0 bond in trans-9 is not significantly more 
activating than the synclinal C-0 bond in the cis-isomer. This 
result militates strongly against an anomeric delocalisation of 
negative charge as the origin of the P-oxygen substituent effect 
and points to a o-inductive or electrostatic field effect as the 
cause of the observed reactivity trends. 

At this point it is appropriate to draw attention to the 
differences between the effects on radical reactions of a-and p- 
oxygen substituents at a carbon centre. The a-alkoxy group in a 
molecule of the type ROCH,X exerts an enthalpic effect on the 

t Reactions of Et,N+BH, were studied only in oxirane because 
Et,N+BH, is not very soluble in cyclopropane at low temperatures. 

$ The value of AG,,, for 5-chloro-2-isopropyl- 1,3-dioxane has been 
determined in a similar way to be - 3.9 kJ mol-' in chloroform at 298 K, 
although it is solvent dependent (ref. 27). 
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abstraction of tbe atom X, because the derived radical 
R&eH, c--) Rb-cH, is stabilised by delocalisation of the 
unpaired electron onto oxygen. The a-oxygen substituent will 
also exert a polar effect and will facilitate abstraction of X' by 
electrophilic radicals (E.), because of a stabilising charge 
transfer interaction in the transition state, as represented by 
inclusion of the structure [ROCH; X' TEJ in a valence bond 
description. The polar effect of an a-oxygen substituent is thus 
the converse of that of an a-trialkylsilyl group which favours 
abstraction of X' by a nucleophilic radical (see above). The 
importance of such polar effects is illustrated by the relative 
rates of. chlorine-atom abstraction by the nucleophilic 
Me,N+BHBu from MeOCH2C1 and Me,SiCH,Cl, com- 
pared with the relative rates of hydrogen-atom abstraction by 
the electrophilic Bu'O' from Me,O and Me$, as determined 
by EPR spectroscopy in the usual w a ~ . ' ~ . ' ~ , ~ ~  Thus at 200 K in 
cyclopropane, Me,SiCH,CI is 8.3 times more reactive than 
MeOCH,Cl towards Me,N+BHBu, while Me,Si is 37.7 
times less reactive than Me20  towards Bu'O' at the same 
temperature in te trame th ylsilane solvent. 7 

Molecular Orbital Calculations.-Ah initio molecular orbital 
calculations were carried out for the reactants and transition 
states for a number of model chlorine-atom transfer reactions in 
order to probe the relative importance of anomeric, a-inductive 
and electrostatic field effects. Except where stated otherwise, 
computations employed the standard 3-21G* basis set as 
implemented in the GAUSSIAN 92 package of programs.29 

( i )  The Ammonia-Boryl Radical with 2-Chloroethano1.- 
Geometry optimisation within C ,  symmetry resulted in the 
transition state structure 12 for which selected properties are 
given in Table 4. Structure 12 showed a single imaginary normal 
vibrational mode (Fi  = - 640.5 cm-'), which characterises a 
transition state, associated with transfer of the chlorine atom 
between carbon and boron; the C C1 B moiety is close to 

t Relative reactivities are quoted on a per molecule basis: there are 
actually twice as many equivalent abstractable hydrogen atoms in 
Me,Si as in Me,O. In addition to the polar effect of the a-oxygen 
substituent, it is possible that the adjacent oxygen atom may lead to 
some strengthening of the C-CI _bond in MeOCH,CI as a result of ionic 
resonance involving MeOCHi :C1 (a ground-state effect). 

Table 3 Relative rate constants at 200 K and Arrhenius activation 
parameters for habgen-atom abstraction from the cyclic chlorides 9 
and I0 by Me,N+BHBu in cyclopropane 

Chloride krelo Arel * Ere1 k d k t r a n s  

7.9 2.0 cis-9 48.9 0.42 
trans-9 24.3 0.13 8.7 
cis- I0 1.0 3.3 
trans-I0 0.32 7.0 -5.1 -2*o 3.1 

' krel = k(chloride)/k(BuCl). Arel = A(chloride)/A(BuCI). Erel = 
E,( BuCl) - EJchloride). 

Table 4 Results of 3-21G* calculations for structures 12 and 14 

8 ! A  
12 

HoR H 
H 

13 

linear. The calculation was repeated with the dihedral angle 
OCCCl (q in structure 13) fixed at 60" and at 90" (structures 
14a and 14b, respectively; see Table 4), with all other 
geometrical parameters held at the optimised values for 12. The 
results are given in Table 4, along with the charge separations 
between the fragments A and B derived from Mulliken 
population analysis. 

It is evident that there is significant transfer of electronic 
charge (0.195e) from the amine-boryl fragment A to the 2- 
chloroethanol fragment B in the C, strvcture 12, in accord with 
the nucleophilic character of H,N-+BH, and as represented 
by inclusion of structures & and 8d (M = H3N-+BH2) in 
a valence bond description of the transition state. In the 
terminology of perturbational molecular orbital theory, we 
have a dominant inter?ction involving electron transfer from 
the SOMO of H,N+BH, into the C-Cl a* orbital of the 
2-chloroethanol. In structure 12 the C-0 bond is aligned 
antiperiplanar to the rupturing C-Cl bond, the optimum 
conformation for anomeric delocalisation of the developing 
negative charge into the C-0 o* orbital. However, when (o 

was constrained to be 60" and even when the C-0 bond was 
held orthogonal to the C-C1 bond (q = 90"), there was an 
insignificant reduction in the extent of charge transfer from 
fragment A to fragment B. This implies that anomeric 
delocalisation is unimportant in facilitating charge transfer 
from A to B and in stabilising the transition state for chlorine- 
atom abstraction, in accord with the experimental results for 9. 

(ii) The Ammonia-Boryl Radical with 1 -Chloropropane and 
with 1 -Chloro-3-jluoropropane.-Similar calculations were 
carried out for the C, transition states 15 and 16; the optimised 
structures each showed a single imaginary vibrational mode 
and selected properties are given in Table 5. The extent of 
charge transfer to the 1 -chloropropane residue in the transition 
state 15 (0.188e) is very similar to that to the 2-chloroethanol 
residue in 12, and even the presence of the very electronegative 
fluorine atom in 16 results in only a small increase (to 0.198e) in 
the amount of electron transfer to the alkyl halide moiety. When 
the dihedral angle FCCCl was fixed at 60" and at  90" (structures 
17a and 17b, respectively; see Table 5) ,  only very small changes 
occurred in the charge distribution between the A and B 
fragments. Hence, it appears that the extent of charge transfer 
depends mainly on the electronegativities of the atoms 

~~ ~~ ~ 

Bond lengths and angles (A or ") Fragment charges 
Elhartree" 

Structure (E,,,/kJ mol I )  B-CI c-Cl N-B c-0 CCIBb p' p/D A B 

12 - 691.562 252 2.574 2.031 1.664 1.449 175.2 180 4.493 +0.195 -0.195 
(0)  

( + 12.9) 

( + 12.6) 

14a - 69 I .557 324 2.574 2.03 I I .664 1.449 175.2 60 5.004 +0.190 -0.190 

14b - 691.557 440 2.574 2.031 1.664 1.449 175.2 90 4.866 +0.194 -0.194 

" ( S ' )  W .  0.84. Dihedral angle CCCIB = 180". ' Dihedral angle OCCCl defined in structure 13. 
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Table 5 Results of 3-21G* calculations for structures 15-17 

Bond lengths and angles (A or ") Fragment charges 

Structure Elhartree" B-CI C-CI N-B CClB XCCClb p / D  A B 

15' -655.953000 2.582 2.043 1.665 175.3 180 5.861 +0.188 -0.188 
16' -715.448318 2.592 2.007 1.663 175.5 180 6.847 t-0.198 -0.198 
17a -715.444 568 2.592 2.007 1.663 175.5 60 7.149 +0.190 -0.190 
17b -715.443 325 2.592 2.007 1.663 175.5 90 7.037 +0.191 -0.191 

( S 2 )  ca. 0.84. X = C or F. ' Single imaginary vibrational mode, iji = 

H -h.- 
B ! A  

15 
B ' A  

16 

undergoing covalency change, i.e., carbon, chlorine and boron. 
These results lead to the conclusion that the increased rate of 
chlorine-atom abstraction by nucleophilic radicals in the 
presence of P-oxygen substituents is the consequence of an 
electrostatic field effect which stabilises the transition state. The 
P-C-O bond dipole could interact through space with the 
dipolar C C1 9 M group in the transition state to stabilise 
the latter and thereby facilitate halogen abstraction. This 
electrostatic dipole-dipole interaction is illustrated in structure 
18 and would not lead to significant transfer of negative charge 
from the CCl group to the P-oxygen atom. 

In Table 6 the Mulliken charge distributions for the geo- 
metry-optimised C, conformations of 2-chloroethanol 19 and 

18 19 20 

the ammonia-boryl radical t 20 are compared with the charge 
distribution in the transition state 12. Upon going from the 
reactants to the transition state, electronic charge transfer takes 
place mainly (0.183e) from the BH, group in the amine-boryl 
radical to the CH,Cl group (0.159e) of the 2-chloroethanol, 
although the negative charge on C-1 actually decreases slightly 
on going to the transition state. There is a negligible increase 
in the negative charge on the OH group on moving to the 
transition state, in accord with the proposal that the P-oxygen 
substituent increases the rate of chlorine-atom transfer to 
nucleophilic radicals mainly by an electrostatic field effect, 
rather than a classical o-inductive effect or an anomeric effect. 

( i i i )  The Ammonia-Boryl Radical with I -Chloro-2,2,2-tri- 
hydroxyethane.-Calculations for this model reaction provide 
evidence in support of some anomeric delocalisation of negative 
charge in the transition state for chlorine-atom abstraction 
from (MeO),CCH,Cl by amine-boryl radicals. The geometry 

t We have previously reported calculations at the 6-31G** level for this 
ra&.a 1.2 1 .30  

- 642.7 cm-'. Single imaginary vibrational mode, ti = - 632.7 cm- l .  

of the transition state 21 was optimised within C, symmetry 
and the properties of the resulting structure are compared with 
those of 12 in Table 7 (the conformation of the three OH groups 
in 21 is not likely to be the most stable). 

P 
H3 

1' 
-H 

€3 A 
21 

The extent of charge transfer from A to B is increased by ca. 
11% in 21 as compared with 12. Although it appears that the 
interaction between the C = . . C l * - .  M group and the C-0 
bonds is still primarily dipole-dipole in nature, there are also 
indications of an angularly dependent delocalisation of negative 
charge onto oxygen (i.e., an anomeric effect) now that three 
electronegative substituents are present on C,. Thus, the 
negative charge on the OH group which is anti to the C C1 
bond is 7% larger than that on the OH groups gauche to it. The 
antiperiplanar C-O bond is also longer by 0.02 A than the 
synclinal C-O bonds, consistent with greater electron donation 
from the CH, Cl group into the antiperiplanar o* C-0 
orbital than into a synclinal o* C-0 orbital. 

(iv) Abstraction of Chlorine from 2- Chloroethanol by Am- 
monia-Methylboryl, Silyl and Ethyl Radicals.-It has been 
pointed out that vertical radical ionisation energies (Ei), which 
are in good agreement with experiment, can be calculated 
'indirectly' (i.e., not making use of Koopman's theorem) as the 
difference in energies of R' and R+ at the geometry of 
Ionisation energies calculated in this way at the MP3(fu11)/6- 
31G**//U(R)HF/6-3 1G** level 32 are given in Table 8; the 
result for the electrophilic H , b B H ,  is included for 
comparison. Both amine-boryl radicals have extremely low 
ionisation energies, implying high nuclepphilicity, and the 
smaller value of Ei calplated for H,N--+BHMe as compared 
with that for H,N+BH, suggests that the former radical 
should be somewhat more nucleophilic. 

Calculations were carried out for the transition state 22 
making simplifying assumptions about its geometry. The 
HOCH,CH,ClBNH, moiety was constrained to have local C, 
symmetry and local C,, symmetry was imposed on the CH, 
group; properties of the resulting 'transition state' (which will 
not, because of the constraints, be a true saddle point on the 
potential energy surface) are given in Table 9. The degree of 
charge transfer from the amine-boryl moiety A to the 2- 
chloroethanol residue B in 22, is, however, only marginally 
greater than that in 12. 

Calculations were also carried out within C, symmetry for the 



Ta
bl

e 6
 

C
ha

rg
e d

is
tr

ib
ut

io
ns

 in
 2

-c
hl

or
oe

th
an

ol
 19
, t

he
 am

m
on

ia
-b

or
yl

 r
ad

ic
al

 2
0 

an
d 

th
e 

tr
an

si
tio

n 
st

at
e 

12
 

A
to

m
ic

 ch
ar

ge
s"

 

St
ru

ct
ur

e 
El

ha
rt

re
e 

p/
D

 
CI

 
C

- I
 

H
-2

 
c-

3 
H

-4
 

0
 

H
-5

 
B 

H
-6

 
N

 
H

-7
 

H
-8

 

-
 

-
 

-
 

-
 

19
b*
' 

-6
10

.0
45

 6
85

 
2.

45
3 

-0
.1

09
 

-0
.4

90
 

+0
.2

78
 

-0
.0

84
 

+0
.2

12
 

-0
.6

82
 

+0
.3

86
 

-
 

-
 

-
 

-0
.0

92
 

-0
.0

87
 

-0
.8

65
 

+0
.3

74
 

+ 0
.3

78
 

20
 ' 

-8
1.

53
3 

41
3 

5.
90

9 
-
 

-
 

12
 

-6
91

.5
62

 2
52

 
4.

49
3 

-0
.2

25
 

-0
.4

55
 

+0
.2

39
 

-0
.0

94
 

+0
.2

05
 

-0
.6

82
 

+0
.3

74
 

+0
.0

35
 

-0
.0

59
 

-0
.8

81
 

+0
.3

75
 

+0
.3

92
 

-
 

-
 

-
 

(-
0.

11
6)

 
(+

0.
03

5)
 

(-
0.

03
9)

 
(-

0.
01

0)
 

(-
0.

00
7)

 
(0

.0
00

) 
(-

0.
01

2)
 

(+
0.

12
7)

 
(+

0.
02

8)
 

(-
0.

01
6)

 
(+

0.
00

1)
 

(+
0.

01
4)

 

C
ha

ng
es

 in
 a

to
m

ic
 ch

ar
ge

 o
n 

go
in

g 
fr

om
 th

e 
re

ac
ta

nt
s t

o 
th

e 
tr

an
si

tio
n 

st
at

e 
ar

e 
sh

ow
n 

in
 p

ar
en

th
es

es
 f

or
 1

2.
 

rc
c,

 =
 1

.8
10

 A
. 

A
ll 

vi
br

at
io

na
l f

re
qu

en
ci

es
 a

re
 p

os
iti

ve
. 

Vl
 

0
 0
 



J. CHEM. SOC. PERKIN TRANS. 2 1994 241 7 
Table 7 Results of 3-21G* calculations for structures 12 and 21 

Fragment charges Bond lengths/A Atomic charges a 

Structure Elhartree p / D  A B c-0' c-o2 0' H3 O2 H4 

21 -840.453432 2.361 +0.216 -0.216 1.425 1.406 -0.690 +0.360 -0.682 1-0.367 

12 -691.562 252 4.493 +0.195 -0.195 1.449 - -0.682 +0.374 - - 
( - 0.330) (-0.315) 

(-0.308) 

a Charge on the whole OH group in parentheses. * rBc, = 2.507, rcc, = 2.008 A, LCClB = 175.2'; (S2) = 0.84. 

Table 8 Calculated v al ionisation energies at the MP3(fu11)/6- 
31G**//U(R)HF/6-3 lG** level 

Radical EJeV a 

H,N-+BH2 5.86 
H,F--+BHMe' 5.47 
H2N-;*BH, 10.44 
H3C-CH, 8.35 (8.51)d 
H3Si" 8.58 (8.74)' 
Me,Si' 6.81 (6.5)h 

a Experimental values in parentheses. Geometry taken from ref. 30. 
Geometry taken from ref. 17. Ref. 33. rSiH = 1.476 I%, < HSiH = 

1 1 1 .Oo. Ref. 34. MP4/6-31G*//6-3 1G* result from ref. 31. Ref. 35. 

H k : 
B ! A  

22 

transition states 23 and 24 for abstraction of chlorine by silyl 
and by ethyl radicals, respectively. As judged from the 
ionisation energies (Table 8), the silyl radical is expected to be 
less nucleophilic than the amine-boryl radicals and the degree 
ofcharge transfer in the transition state 23 is indeed significantly 
less than that in 12 or 22. However, the ionisation energy of 
Me,Si' is appreciably smaller than that of H,Si' and thus 
trialkylsilyl radicals would be expected to be more nucleophilic 
than their unsubstituted parent. The ethyl radical is the 
isoelectronic organic analogue of the ammonia-boryl radical; it 
has an appreciably larger ionisation energy than the latter and, 
as judged by experiment,' 7*19*21 .36  is much less nucleophilic. In 
agreement with this, the extent of electronic charge transfer in 
the transition state 24 is much less than in 12. 

, I 
H : u  

23 24 

Comparison of the data in Tables 1 and 2 shows that the 
relative reactivities of the various chlorides towards halogen- 
atom abstraction by amine-boryl radicals are not very different 
in cyclopropane and in oxirane, even though the computed 
transition states have relatively large dipole moments in accord 

with the valence bond representation 8. However, the amine- 
boryl radicals themselves are very polar species and, even 
though the relative permittivity (dielectric constant) of oxirane 
(13.9) is significantly larger than that of cyclopropane (ca. 2),,' 
the reactants and the transition state could well be stabilised to 
similar extents in each solvent.38 The mean of the caIplated 
dipole moments of C, 2-chloroethanol 19 and H,N-+BH, 20 
(4.2 D) is very close to the calculated dipole moment for the 
transition state 12 (4.5 D). 

EPR Spectra-The EPR parameters for the radicals 25-30 
discussed in this work are collected in Table 10 and several 
points of interest arise from the data. All radicals were generated 
by UV irradiation of cyclopropane solutions containing DTBP, 
Me,N-+BH,Bu and the corresponding alkyl chloride; the 
spectra of 26,27 and 29 are shown in Figs. 1-?. 

For alkyl radicals which contain a H,CBC, fragment, the 
major mechanism for interaction between the unpaired electron 
and H, is hyperconjugation. The value of a(H,) is given by the 
semiempirical Heller-McConnell (H-M) eqn. (8),39 in which 
8 is the dihedral angle between the H,CC plane and the axis 
of the formally singly occupied C,-2p, orbital, p;, is the n 
unpaired electron population on C,, and A and B are constants. 
Estimates of A vary, although there is agreement that it is very 
small in relation to B. 

MeOCH2CH2 (Me01 2CHCH, (MeO) ,CCH2 Me3SiCH2 
25 26 27 28 

0 0 0 

29 30 
a(H,) = ( A  + BCOS' 8)p& (8) 

Cramer4' has reported that Fermi contact integrals (FIs) 
obtained from ab initio molecular orbital calculations using the 
UMP2 density matrix give hyperfine coupling constants which, 
after a small scaling factor is applied, are in good agreement 
with experiment. We have carried out such calculations for the 
ethyl radical with the H,CC and CCH, fragments constrained 
to have local C,, and C,, symmetry, respectively. This approach 
is more appropriate than full geometry optimisation, because of 
the assumptions implicit in the H-M equation. Within these 
constraints, the structure (see 31a and 31b) was optimised with 
8 = 0" at the UHF/6-31G** level to give the geometrical 
parameters shown in 31a (bond lengths in A). With these bond 
lengths and angles fixed, single point calculations were carried 
out at the UMP2(fu11)/6-311G** level4' for values of 0 
varying in 5" steps between 0 and 90". Fig. 4 shows a plot of the 
FI for H* [which is proportional to a(H*)] against cos' 8. 
The effectively perfect straight line (correlation coefficient, 
R2 = 0.9999) passes almost through the origin, indicating that 
A is very close to 2 ~ x 0 . ~ '  The calculated total unpaired electron 
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Table 9 Results of 3-21G* calculations for structures 12 and 22-24 
~~~~~ 

Bond lengths and angles 
(A or ") Fragment charges 

Structure Elhartree p/D M-CI C-Cl CClM A B 

12 -691.562 252 4.493 2.574 2.031 175.2 +0.195 -0.195 
22 -730.394 952 4.208 2.610 2.015 175.5 +0.200 -0.200 
23 - 899.184 308 1.802 2.6 1 1 2.077 180.3 + 0.156 - 0.156 
24 -688.169 439 2.079 2.220 2.223 179.8 +0.093 -0.093 

Table 10 EPR parameters for radicals in cyclopropane at 200 K 

Cda(H,pTI/ 
Radical g-factora Hyperfine splittings/G mG K- 

MeOCH,eH,' 2.0026 
25 

(MeO),CHkH, 2.0026 
26 

(MeO),CeH, 2.0025 
27 

Me3SieH, 2.0024 
28 

29 2.0025 

30' 2.0027' 

21.95 (2 Ha), 32.59 (2 H,)d - 35.6 

22.68 (2 H a ) ,  25.67 ( 1  HJ, 
0.18 (3 H6)e 

- 27.4 

22.95 (2 Ha), 0.20 (3 H6),e 
32.3 (13Ca), 13.6 (l3CP), 
2.6 (13C6)e*f 

- 

20.92 (2 Ha), 0.42 (9 Ha), - 

15.5 (29Si),e 5.5 (13C,) 

21.48(1 Ha),41.74(2 HBaX), -24.8,' 
16.98 (2 HBeq) + 24.8 

21.17 (1 Ha), 41.91 (2 H,""), - 15.9,' 
6.28 (2 Hseq), 0.66 (2 H,""), + 5.1 
1.08 (2 HYeq) 

~ ~~ ~~~ ~~~ ~~ 

a Corrected for second-order effects. Nuclei indicated in parentheses. In the region ca. 150-250 K. The splitting of 0.41 G from three equivalent 
protons at 137 K reported in ref. 49 is clearly an error (see Fig. 2 in ref. 49). At 160 K. Total satellite intensity ca. 1% of main peak. At 269 K, 
(a( '  3C)) = 1.8 G and the total satellite intensity is ca. 3% of the main peak. For the larger splitting. I ,  For the smaller splitting. ' Data from ref. 5 1. 
At 145 K. 

: e  1.075 

I I 

31 a 31b 

31c 

population on C, is essentially independent of 0 and, from 
experimental data, the value of pEK for the ethyl radical has been 
estimated to be 0.92 by Fessenden and S ~ h u l e r . ~ ~  The FIs 
corresponding to 8 = 0 and 90" are +2.75 x and 
-7 x atomic units (au), respectively, and the theoretical 
factor to convert these into proton splittings is 1595 G 
Taking pEK to be 0.92 gives the H-M constants A and B to be 
- 0.01 and + 47.7 G, respectively. The experimental 44 

temperature-independent value of a(3HJ for ethyl is 26.9 G, 
corresponding to free rotation about the C,-C, bond ((cos2 0) 
= 0.5). When these theoretical values are scaled ( x  1.227) to 
give the experimental result, we obtained A = -0.01 and B = 
+58.5 G. The corresponding values of A and B computed 

at the UMP2(fu11)/6-31G** level are +0.19 and +58.1 G, 
respectively. t 

To  investigate the effect on a(H,) of deviation from planarity 
at C,, the geometry of the 'staggered' conformation 31c was first 
optimised within C, symmetry (ie., the angle between the a-C-H 
bonds and the line through C, and perpendicular to the H'CC 
plane, y = 90"). With all other parameters fixed at the 
optimised values, single point UMP2(fu11)/6-3 1 1 G** calcul- 
ations were carried out for values of y between 91 and 110". 
For y = 90", the computed (FI x 1595 x 1.227 G) value of 
a(H') is - 0.02 G, and this changes only very slightly for small 
deviations from planarity ( - 0.03, - 0.05, - 0.09 and - 0.14 G 
for y = 95, 100, 105 and 110", respectively). The correspond- 
ing computed values (all positive) of a(H2) are 41 .O, 39.6, 37.7, 
35.5 and 33.0 G, and of a(H3) are 41.0, 41.8, 42.0, 41.7 and 
41.2 G for y = 90, 95, 100, 105 and 1 lo", respectively. We 
conclude that even when the radical centre is somewhat non- 
planar, the H-M equation should still provide a good basis for 
the semi-quantitative discussion of the conformations of alkyl 
radicals. 

X 
32 

t Theseessentially-zero values for A compare with the value of ca. - 1 G 
calculated for this constant by Ellinger et aL4' 
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240 K$ 200 K%llY K$ 

- 
Fig. 1 EPR spectrum of the 2,2-dimethoxyethyl radical 26 in 
cyclopropane at 200 K; expansions of the line indicated with an asterisk 
are shown inset at three temperatures 

I .  20 G 

Fig. 2 EPR spectrum of the 2,2,2-trimethoxyethyI radical 27 in 
cyclopropane at 200 K; expansions of the line indicated with an asterisk 
are shown inset at three temperatures 

For substituted alkyl radicals of the type 32 the value of B is 
sensitive to the nature of the groups X and Y, and B decreases 
as the electronegativities of these groups increase.4648 As was 
pointed out by S y m ~ n s , ~ ~  this is because of the poorer energetic 
match between the Ca-2p, orbital and the doubly occupied 
C-H, o orbital, together with the smaller contribution from the 
H,-Is orbital to the latter, as the electronegativities of X and Y 
increase. G ~ e r r a ~ ~  has suggested a modified form of the H-M 
equation which takes account of the change in B with the nature 
of the (J-substituents. 

Chen and Kochi49 have proposed that the 2-methoxyethyl 

33a 33b 

Fig. 3 (a) EPR spectrum of the dioxanyl radical 29 in cyclopropane 
at 200 K; (b) computer simulation, including second-order effects, using 
the parameters given in Table 10 

0 0.5 1 .o 
COS* e 

Fig. 4 
UMP2(fu11)/6-3 I 1G** calculations 

Plot of cos2 8 against the FI for H* in 31b, obtained from 

radical 25 prefers the staggered conformation 33a, based on the 
large value of a(2HB) below 250 K and its negative temperature 
dependence. The two (J-protons were magnetically equivalent 
down to 143 K and we have confirmed that the spectrum of 25 
shows no selective broadening of the M(2H,) = 0 lines down to 
126 K in cyclopropane-ethene solvent (3 : 1 v/v).t Of course, 
this precise conformation with a planar radical centre is unlikely 
to be at a minimum on the potential energy surface,4sb because 
the a-C-H and p-C-0 bonds are eclipsed. When the geometry 
of the C, conformation 33b was optimised at the UHF/6-31G** 
level, the resulting structure ( E  = - 192.482 292 hartree, ti = 
- 166.4 cm-') was indeed a transition state. However, when the 
symmetry constraint was removed, the resulting minimum 
energy C1 structure 34 ( E  = - 192.482 438 hartree) was more 
stable by only 0.38 kJ mol-'. Thus, 33 is actually the transition 
state for inversion at  the slightly pyramidal radical centre in 34, 
but we conclude that 33 is an adequate representation of the 
time-averaged structure of the quasi-planar 2-methoxyethyl 
radical. The preference for this conformation indicates that 
C-H hyperconjugation is more stabilising than C-0 hyper- 
conjugation, presumably because the C-H o orbital is higher 
in energy than the C-0 o orbital.46 Because of the high 
electronegativity of oxygen, it is probable that the H-M 

34 
7 The radical was generated by UV photolysis of DTBP in the presence 
of MeOCH,CH,Br and Me,SiH. 
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constant B for 25 will be smaller than that for the ethyl radical. 
It seems very likely that a basically similar conformational 
situation holds for the related 2-hydroxyethyl radical, as 
proposed p r e v i o ~ s l y , ~ ~  despite suggestions to the contrary in 
the more recent l i t e r a t ~ r e . ~ * ~ ~ *  

The value of B is expected to be still smaller for the 2,2- 
dimethoxyethyl radical 26, in accord with the magnitude and 
negative temperature dependence of a(lH,), which at 200 K is 
already less than a(3H,) for the ethyl radical (26.9 G). This 
negative temperature dependence shows that (cos 28> for 
the single P-proton is >0.5 at 200 K and implies that C-H 
hyperconjugation is still slightly preferred over C-0 hyper- 
conjugation. However, the value of a( 1 H,) indicates that there is 
no large conformational preference about the c,-c, bond and, 
therefore, that the non-equivalence of the methoxy groups 
observed at low temperature is probably a result of restriction 
of rotation about the MeO-C, bonds in a conformation of the 

o'b'o 
1 :  
Me' Me2 

35 

type 35. The preference for this conformation could result 
because of anomeric interactions between the geminal methoxy 
groups, as proposed for 1,l -dimethoxymethane which adopts a 
similar conformation.' It seems likely that the proton splitting 
resolvable at 160 K arises from Me-1 which is gauche to the 
C,-C, bond. As the temperature is increased from 160 K, 
exchange between Me-1 and Me-2 takes place on the EPR 
timescale, but at high temperatures the linewidth precludes 
observation of the predicted averaged septet splitting (see 
Fig. 1). 

For the 2,2,2-trimethoxyethyI radical 27 rotation about the 
C,-C, is probably not significantly hindered, but exchange 
between instantaneously non-equivalent methoxy groups takes 
place on the EPR timescale as a result of rotation about the 
MeO-C bonds. Thus, at 160 K one methoxy group gives rise to 
a three-proton splitting of 0.20 G and one methoxy (probably 
the same) group gives rise to the 13C splitting of 2.6 G, while at 
high temperatures exchange occurs rapidly with the other two 
groups which give near-zero proton splittings and smaller ' 3C 
splittings (that are not resolved at 160 K). At 240 K an averaged 
splitting of 0.07 G from nine protons is detected (Fig. 2) and, at 
269 K, an averaged natural-abundance I3C splitting of 1.8 G is 
observed. 

At first sight, the P-proton splittings for the dioxanyl radical 
29 are unexpected in relation to those5' for the cyclohexyl 
radical 30. Thus, while a(2H:) is similar for these radicals, 
a(2H;q) is much larger for 29 than for 30. The a-proton coupling 
constants are very similar for the two radicals and the 
configurations at C, should also be similar, i e . ,  somewhat 
pyramidal with Ha equatorial, but easily planari~ed.~'  As 
discussed before, the H-M constant B for 29 should be smaller 
than that for 30, because of the presence of the two P-oxygen 
atoms in the former. We propose that the chair conformation of 
the dioxane ring in 29 differs from that in 30 such that the axial 
and equatorial C-H bonds in the former radical subtend 
appreciably smaller dihedral angles (8,, and Oe?) with the 
axis of the SOMO on C,. However, the corresponding increase 
in cos' O,, on going from 30 to 29 is offset by the smaller value 
of B for the latter, to make a ( 2 H 3  fortuitously similar for the 
two radicals. Because dcos' Old0 is strongly dependent on 
the value of 8, the corresponding increase in cos' O,, on 

going from 30 to 29 could be much greater and, even though B is 
smaller for 29, could result in a relatively large value of a(2Hes9) 
as observed. This argument receives support from UHF/4-3 1 G* 
calculations for the C, chair conformations of the 1,3-dioxan-5- 
yl and cyclohexylS1 radicals, both constrained to be planar at 
C,, which indicate that the conformation of the former ring 
system differs from that of the latter in the manner envisaged. 
The computed values of O,, and Oeq are 2.6 and 63.0" for 1,3- 
dioxan-5-yl and 15.4 and 78.5" for cyclohexyl, respectively. 

Conclusions 
P-Alkoxy groups increase the rate of halogen-atom abstraction 
from alkyl chlorides by nucleophilic amine-boryl and tri- 
ethylsilyl radicals, especially by the former. This substituent 
effect arises because the P-RO group stabilises the transition 
state for chlorine-atom transfer and thereby lowers the 
activation energy. Negative charge builds up on the alkyl halide 
residue in the transition state and the dipolar C C1- M 
grouping is stabilised mainly by a through-space electrostatic 
interaction with the permanent C-0 bond dipole. Anomeric 
delocalisation of negative charge from the reaction centre into 
the p-C-0 CF* orbital appears to be very small, unless other 
electronegative substituents are present at C,, when it may play 
a part in stabilising the transition state. Any thermodynamic 
radical stabilising effect of a P-RO group is probably very small, 
unless a n donor substituent is also present at C, when a 
synergistic stabilising interaction 7*9 .1  (a captodative effect) 
may possibly be important. 

If the P-oxygen substituent effect on radical reactions is a 
polar effect which operates in the transition state, then it would 
be expected that it is sometimes rate-enhancing and sometimes 
rate-decreasing, depending on the charge distribution in the 
transition state as compared with that in the reactants. Very 
recent reports,52 which appeared during the preparation of 
this manuscript and after publication of our preliminary 
communication,' indicate that a P-alkoxy group does indeed 
retard hydrogen-atom abstraction by electrophilic tert-butoxyl 
radicals from C-H bonds in cyclic and acyclic ethers, and this 
result was ascribed to a destabilising polar effect in the 
transition state. 

It is noteworthy that heterolytic nucleophilic substitution 
at saturated carbon by neutral nucleophiles is retarded by p- 
alkoxy groups. Richardson 53 has attributed this substituent 
effect to unfavourable electrostatic interactions between the 
P-C-0 dipole and the dipoles associated with the bonds from 
C, to the entering and leaving groups in the transition state. 

Experimental 
EPR spectra were recorded during continuous UV irradiation 
of samples positioned in a standard variable temperature insert 
in the microwave cavity of a Varian E- 109 or a Bruker ESP-300 
spectrometer operating at 9.1-9.4 GHz, as described previ- 
ously. "v5 Samples were prepared using a vacuum line and 
were sealed in evacuated Suprasil quartz tubes (2 or 3 mm id . ,  
0.5 mm wall, depending on the dielectric properties of the 
contents). The temperature of the sample during photolysis was 
determined, using the method described previously, l 6  by careful 
measurement of the value of a(H,,) for the isobutyl radical in 
cyclopropane. The heating effect at full light intensity varied 
between 5 and 7 K depending on conditions. 

Relative radical concentrations were determined by double 
integration of appropriate lines in each spectrum and/or by 
computer simulation of the composite spectrum. The EPR 
spectra of some radicals exhibited CIDEP effects such that 
corresponding hyperfine lines to low- and high-field of the 
spectrum centre were of unequal intensity (E/A polarisation).22 
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In these circumstances, relative radical concentrations were 
determined by taking the average intensity of corresponding 
low- and high-field lines. Computer simulations of spectra were 
obtained using a modified version of ESRSPEC2,'4 extended to 
handle composite spectra from up to four radicals with different 
centres, second-order shifts for coupling to single nuclei with 
I > i, and lineshapes continuously variable between 100% 
Gaussian and 100% Lorentzian. 

Materials.-NMR spectra were recorded using a Varian 
VXR-400 instrument (400 MHz for 'H). The solvent was 
CDCl, and chemical shifts are reported relative to Me4%; 
J-values are quoted in Hz. Di-tert-butyl peroxide (98%, 
Aldrich) was passed down a column of basic alumina (activity 
1) and distilled (b.p. 46-47 "C/76 Torr); cyclopropane (Union 
Carbide) and oxirane (Fluka) were used as received. Tri- 
ethylamine-borane (Aldrich) was distilled and stored under 
argon. Trimethylamine-butylborane 5 5  and dipentanoyl per- 
oxide 56 were prepared by published methods. 1 -Chloro-2,2,2- 
trimethoxyethane (b.p. 35 "C/1.6 Torr) was prepared from 
chloroacetonitrile and methanol following the method of 
McElvain and Nelson.' Reagents other than those described 
below were obtained commercially and purified if necessary 
before use. 

cis-1 -tert-Butyl-4-chlorocyclohexane was prepared from 4- 
tert-butylcyclohexanol (Aldrich, 80% trans + 20% cis) by 
treatment with triphenylphosphine in refluxing carbon tetra- 
chloride, as described by Beckwith and W e s t ~ o o d . ' ~  The 
fraction with b.p. 38-40 "C/0.5 Torr (mainly the cis-isomer) was 
further purified by preparative GLC 28 C3.7 m x 1 cm column 
packed with 30% polyfluorinated silicone oil (QF1) on 
Chromosorb W; oven temperature 100°C, N, carrier gas] to 
give the pure cis-isomer, which was estimated by 'H NMR 
spectroscopy to contain <0.2% of the trans-isomer. 6, 0.88 
(s, 9 H), 1 .55 (m, 4 H), 1 .58 (m, 1 H), 1 .73 (m, 2 H), 2.06 (m, 2 H) 
and 4.49 (quintet, 1 H, (J) 2.95, CHC1); 6, 21.0, 27.5, 32.6, 
34.6, 47.7 and 60.1. 

The trans-isomer (containing < 0.2% cis) was prepared in the 
same way from cis-4-tert-butylcyclohexanol, itself prepared in 
ca. 99% isomeric purity by reduction of 4-tert-butylcyclohexan- 
one with LiB(CHMeCHMe,),H (LS-Selectride,@ Aldrich) 
in tetrahydrofuran (THF).'9 6, 0.86 (s, 9 H), 1.08 (m, 3 H), 
1.59 (m, 2 H), 1.82 (m, 2 H), 2.22 (m, 2 H) and 3.80 (tt, 1 H, J 
11.79and4.27,CHC1);bc27.5,27.6, 32.3,37.8,46.7and60.5. 

cis- and trans-2-tert-Butyl-5-chloro- 1,3-dioxanes.--The iso- 
meric mixture was prepared by a route similar to that described 
for related compounds by Abraham et ~ 1 . ~ ~  Diethyl chloro- 
malonate (Aldrich) was reduced with AlH, in THF to give 
crude 2-chloropropane-1,3-di01.~~ The crude diol (10.0 g,  90 
mmol if pure), trimethylacetaldehyde (8.0 g, 93 mmol) and 
toluene-p-sulfonic acid (ca. 20 mg) in dichloromethane (1 00 
cm3) were heated under reflux for 24 h using a Dean and Stark 
water separator. A further portion of trimethylacetaldehyde 
(2 cm3) was added after 6 h and again after 12 h. The solvent 
was removed under reduced pressure and the residual oil was 
distilled to give the dioxanes (4.9 g, b.p. 30-38 "C/0.5 Torr). The 
isomers were separated by preparative HPLC on Lichrosorb 
silica gel (95% hexane-5% ethyl acetate eluent). 

cis-2-tert-Butyl-5-chloro- 1,3-dioxane.-Isorneric purity 
>99.8%, m.p. 35.1-36.O"C (Found: C, 53.8; H, 8.5; C1, 19.9. 
C,H,,C102 requires: C, 53.8; H, 8.5; C1, 19.8%); 6, 0.96 (s, 
9 H), 3.88 (quintet, 1 H, (J) 1.78, CHCl), 4.06 and 4.13 (AB 
system of multiplets, 4 H, J 12.69, CH20)  and 4.14 (s, 1 H, 
Bu'CH); ~3~24 .5 ,  35.1, 53.3, 71.4 and 108.0. 

trans-2-tert-Butyl-5-chloro- 1,3-dioxane.-Isorneric purity 
299.8%; m.p. 33.5-35.5"C (Found: C, 53.7; H, 8.5; C1, 19.9. 

C8HlsC102 requires: C, 53.8; H, 8.5; C1, 19.8%); 6, 0.89 (s, 
9 H), 3.54 (t, 2 H, ( J )  11.0, CHHaX), 3.97 (tt, J 10.76 and 4.74, 
CHCl), 4.10 (s, 1 H, Bu'CH) and 4.25 (dd, 2 H, J 1 1.17 and 4.74, 
CHHeq); 6,24.7, 34.7, 48.2, 7 1.9 and 107.8. 

Equilibration of the cis- and trans-Isomers.-An isomerically 
pure sample of the dioxane (ca. 0.5 mol dm-3) in CDCI, 
containing Amberlyst- 15 sulfonic acid resin (ca. 30 mg) was left 
to stand in an NMR tube immersed in a thermostatted water 
bath at 2OoC, with occasional shaking, and the approach to 
equilibrium was monitored by 'H NMR spectroscopy. The 
equilibrium mixture (84.2% trans, 15.8% cis) was obtained after 
240 h, starting from either the pure cis- or the pure trans-isomer. 
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