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Investigations of Structure and Conformation. Part V.l Conformational 
lnterconversion and Ring Shape in Five- and Six-membered Alicyclic 
Radicals 

By Bruce C. Gilbert' and Michael Trenwith, Department of Chemistry, University of York, Heslington, 
YorkY01 5DD 

A conformational analysis is presented of a variety of radicals generated by reaction of the hydroxyl radical with a 
number of cyclopentane and cyclohexane derivatives. The @-hydrogen splittings in their e.s.r. spectra are inter- 
preted in terms of a Bcos20 dependence, where 0 is the dihedral angle subtended by the @-C-H bond with the orbital 
of the unpaired electron. The results suggest that the cyclohexane-derived radicals prefer a twisted-chair geometry 
except for 2-oxocyclohexyl which exists as a half-chair. The cyclopentyl-type radicals exist in a half-chair con- 
formation exceDt for the danar 2-oxocvclo~entyl. A kinetic analysis for the conformational interconversion of 

reported. 4- a mmon i ocycl o hexyl and 2 - oxocyclo hexy l 'is 

WE have previously described the e.s.r. spectra of 
radicals derived from a variety of heterocyclic com- 
pounds by reaction with the hydroxyl radical in aqueous 
solution at room temperature? In particular, we 
employed two approaches which enabled useful kinetic 
and thermodynamic information about conformational 
interconversion to be obtained : one approach involved 
the investigation of splittings and linewidths as a 
function of temperature (to assist assignment of splittings 
and to obtain kinetic parameters) and the other employed 
suitable ring substituents to create favourable weighting 
for certain conformations. For example, it was possible 
to demonstrate that the five-membered-ring radicals 
from pyrrolidine and its derivatives prefer a half-chair 
geometry and undergo rapid conformational inter- 
conversion ; for six-membered-ring radicals, such as 
piperidinium-4-y1, chair-chair flipping in the range 
intermediate between fast and slow exchange was 
demonstrated. 

Although the e.s.r. spectra of carbon-centred five- and 
six-membered alicyclic radicals have excited con- 
siderable interest (investigations of radicals in aqueous 
solution,2* non-aqueous ~ o l u t i o n , ~ - ~ ~  and in the solid 
state 12-15 have been described), variable temperature 
investigations have been comparatively rare and few 
examples of the effects of ring substituents have been 
reported (see, for example, refs. 12 and 14). Accord- 
ingly, we have extended our previous conformational 
study1 to a variety of radicals from cyclopentane and 
cyclohexane derivatives and some closely related 
compounds. Observed substituent and temperature 
effects, when interpreted on the basis of the expected 
Bcos28 dependence of the splittings from p-hydrogens, 
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enable definite conclusions about ring shape and inter- 
conversion to be drawn. 

EXPERIMENTAL 

Radicals have been prepared by the reactions between a 
variety of alicyclic substrates and the hydroxyl radical 
(generated from the Ti111-H,02 couple) in rapid mixing 
flow systems. Details of the spectrometer, the flow 
systems, the procedure for measuring hyperfine splittings, 
and the spectrum simulation program, which incorporates 
an exchange routine, have been described previously.1 In 
these experiments, radicals were generated in both three- 
way single-stage mixing systems (from amines) and two- 
way single-stage mixing systems (all other substrates). 
Reactants in the former system were typically as follows: 
the first solution contained 12.5% (w/v) titanium(II1) 
chloride solution (10-15 ml l-l) and concentrated sulphuric 
acid (5-10 ml l-l), the second contained 100-volume 
hydrogen peroxide solution (cu. 5 ml 1-l) and concentrated 
5;ulphuric acid (5-10 In1 l-l), and the third solution con- 
tained the amine (30 ml 1-l) and sufficient concentrated 
sulphuric acid to give an effluent pH of cu. 1.5. The 
combined flow rate was typically 250 ml min-1. For the 
experiments with the two-way flow system, one solution 
contained 12.5% (w/v) titaniuni(II1) chloride solution 
(10 ml l-l), concentrated sulphuric acid (ca. 5 ml l-l), and 
the substrate (up to ca. 10 ml 1-l); the other contained 
100-volume hydrogen peroxide solution (ca. 3 ml 1-l) and 
similar concentrations of acid and organic compound. 
The combined flow rate was typically 200 ml min-l. All 
solutions were deoxygenated with a nitrogen purge prior 
to radical generation. Temperature variation was achieved 
with iced or hot water, and the mean values quoted (&-2") 
were measured with thermometers placed in each stream 
just before entry of thc solutions to the cavity of the 
spectrometer. 
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All compounds employed were commercial samples and 
were used without further purification. 

RESULTS AND DISCUSSION 

(a) Radicals from Compoztds with Five-membered 
RRings.-(i) CycEopentanoZ. The e.s.r. spectrum detected 
during the reaction of cyclopentanol with TiE1-H2O, is 
analysed in terms of species (1) and (2), present in the 
concentration ratio ca. 2 : 1. Their hyperfine para- 
meters are presented in Table 1, and our assignments 
are justified in the analysis given below. The spectra 
also show the presence of some other broad resonances 
but there appear to be no signals definitely attributable 
to (3). Although e s r .  spectroscopy has previously 
been employed 295*9 in studies of the radical oxidation of 
this substrate, only radical (1) has been characterised 
[with, typ i~a l ly ,~  a(p-H) 2.76 mT, cf.  Table 11. 

Q QH 

OH H OH H OH 
( 1  I ( 2 )  ( 3 )  

The observed 1 : 4 : 6 : 4 : 1 intensity ratio of the lines 
in the P-hydrogen multiplet of (1) and its insensitivity to 
changes in temperature are consistent either with a 
planar ring or with very rapid interconversion between 
non-planar isomers. To estimate the shape of this 
radical, the average @-hydrogen splittings expected for a 
planar conformation, a half-chair conformation (4), and 
an envelope conformation (5) were calculated. The 
pairs of dihedral angles (subtended by the p-C-H bonds 
with the orbital of the unpaired electron) which would 
characterise these model ring-shapes are 30 and 30", 
10 and 50°, and 10 and 70°, respectively. A Bcos20 
dependence for a(p-H) was assumed: it was felt that the 
appropriate value of B is 3.96 mT [from the p-splitting 
for -CMe,OH in which (cos28) is 1/2 and in which spin 

is withdrawn on to the oxygen as in (l)]. The results 
for a(p-H) are as follows: 2.97 mT for a planar ring, an 
average value of 2.74 mT for a half-chair (cf. pyr- 
rolidinium-3-yl l), and an average value of 2.15 mT 
for an envelope conformation. The experimental value 
of 2.841 mT suggests that the geometry is probably a 
half-chair [cf. (4) J ,  with some deviation from planarity, 

A. J. Dobbs, B. C .  Gilbert, and R. 0. C. Norman, J.C.S. 
Perkin II, 1972, 786. 

in agreement with the conclusion of Corvaja et aL9 
Angles of 15 and 45" for the two p-hydrogens (H, and 
Ha, respectively) would give values of a(@-H,) and 
a(p-Hb) which are then averaged to the observed 

TABLE 1 

Hyperfine splittings (in mT ") for radicals derived from 
compounds containing a five-membered ring IJ 

T /"CC ~ ( G - H )  
18 
9 

24 

38 

20 

20 

19 
19 

8 

{ 
(:g 

18 4; x = OH) 
4; + 19 
X = NH,) 

(14; 18 
X = OA4c) 

2.144 

2.128 

2.116 

2.17 

2.20 

1.796 
2.186 

1.229 

1.210 

1.203 

2.12 
2.12 
2.10 
1.247 

1.329 

1.292 

2.984( 1) 
3.231 (1) 
3.869(1) 
3.991 (1) 
3.025 ( 1) 
3.244 (1) 
3.813(1) 
3.9 22( 1) 
3.056 (1) 
3.259( 1) 
3.784( 1) 
3.859( 1) 
3.34(1) 
3.61 (1) 
3.6 7 (2)  
2.84( 1) 
3. G 7 (1) 
3.92( 1) 
3.8 12 (2) 
3.5 66 (2) 
3.83 7 (2) 
2.85 7 (2) 

2.848(2) 

2.835 (2) 

3.55(4) 
3.53(4) 
3.49 (4) 
2.57 0 ( 1) 
3,150( 1) 
2.753( 1) 
3.087( 1) 
2.589( 1) 
3.207( 1) 

a(other H, N) (I 

0.059 (3, y-H) 

0.056 (3, 7-H) 

0.063 (3, y-H) 

0.86 (1, P-N) 

0.454 (2, y-H) 
0.095 (2, 7-H) 

0.082 (2, y-H) 
0.164 (2, y-H')h 
0.082 (2, y-H) 
0.164 (2, y-H')" 
0.082 (2, y-H) 
0.164 (2, y-H')" 
i 
i 
2 

0.069 (2, y-H) 
0.208 (1, y-H') 
0.076 (2, y-H) 
0.171 (1, y-H') 
0.082 (2 ,  y-H) 
0.195 (1,  7-H') 

a &0.005 mT, unless stated otherwise. bpH ca. 1.5. 
h2.O. Number of nuclei indicated. C Splittings fO.01 mT. 

f Splittings -J10.02 mT. Hydrogens of the methylene group 
adjacent to  the carbonyl function. hHydrogens of the 
methylene group adjacent to  the oxygen atom. Other, small 
splittings incompletely resolved. 

splitting. These angles concur with those (14 and 40") 
estimated for cyclopentyl itself from data for the radical 
trapped in a solid matrix.13 

The non-equivalence of the p-hydrogen splittings for 
(2) is clearly indicative of a non-planar ring: the 
individual splittings do not correspond to a single, 
fixed conformation but rather must be weighted averages 
of two or more conformations and, as such, are tem- 
perature dependent. We can assign the largest and 
smallest of the four values of a(p-H) at each tem- 
perature to the pseudo-axial and pseudo-equatorial 
hydrogens, respectively, attached to one of the @-carbon 
atoms, and the remaining two splittings similarly to the 
hydrogens attached to the other carbon [in this way the 
two values of Za(p-H), and hence their averages, are 
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more alike and vary little with temperature]. The sums 
of the pairs of p-hydrogen splittings for (2) (ca. 7.0 mT 
for the p-hydrogens on each side of the radical centre) 
enable an approximate geometry to be estimated as 
follows : assuming a Bcos28 dependence for a( P-H), 
with B now 5.0 mT (from the @-splitting for CHMe, l7 

in which {cos28} is again 1/2) and assuming that H,CHb 
is 120", then the dihedral angles 8 and 8' (for Ha and Hb, 
respectively) required to give Za(B-H) 7.0 mT are 10 and 
50" (splittings of 4.9 and 2.1 mT are calculated for 
pseudo-axial and pseudo-equatorial hydrogens, re- 
spectively), as found for the pyrrolidinium radicals 
reported previous1y.l We believe that the spectra from 
(2) are thus interpretable in terms of rapid intercon- 
version between the two conformers (6) and (7), and it 
seems likely that (6), with the y-OH group disposed 
pseudo-equat oriall y is preferred. 

A 

it 
OH 

I 

( 7 )  

The apparent (averaged) pseudo-axial and pseudo- 
equatorial p-hydrogen splittings can be employed in 
conjunction with the values calculated for a fixed con- 
formation to determine the weightings of (6) and (7) at 
each temperature. The results for conformation (6) are 
as follows: 64.0% at 9", 63.1% at 24", and 61.9% at  
38". We calculate that AHo for the interconversion is 
2.4 & 0.5 kJ mol-l, and that AGO is 1.3 kJ mol-l at 24". 
The latter value may be compared with that of 1.4 
kJ mol-l at 23" for the related interchange of an N -  
methyl group in the pyrrolidinium-3-yl radical.1 

(ii) Cyclopentylamine. The predominant species ob- 
served when *OH reacts with cyclopentylamine at  pH 
1.9 is, as expected on the basis of the electrophilic 
nature of hydroxyl, the radical (8) ; a very much weaker 
signal assigned to (9) is also detected (see Table 1). 
Previously,2 radical (8) was detected, but the degree of 
non-equivalence reported here was not resolved. 

Radical (8) is an analogue of (a), but with a smaller 
difference between the splittings of non-equivalent 
hydrogens. The average @-hydrogen splitting in (8) is 
ca. 3.5 mT, as it is for radical (2), although for radical (8) 
the individual splittings are too close to each other for 

more detailed assignment [the hydrogen atoms with 
a ( H )  3.67 mT are probably pseudo-axial]. Since 
_Ca(@-H) for the pair of hydrogens attached to each 
p-carbon atom in (8) is ca. 7.0 mT, the ring shape must 

H gH NH3 H w-. N H 3  

be essentially the same as for (Z), i .e. a half-chair with 
@-C-H dihedral angles of ca. 10 and 50" and hence 
corresponding individual splittings before weighted 
averaging. There must be less conformational fixing in 
the amine-derived radical than for (2) on account of the 
smaller extent of non-equivalence in the former. 

The spectrum from (9) is interpreted in a similar 
fashion. The splittings of 2.84 and 3.92 mT are assigned 
to the hydrogen atoms of the @-methylene group: their 
sum (6.76 mT) is then close to those of most of the cyclo- 
pentyl derivatives so far discussed. Their non-equiva- 
lence presumably reflects the weighting of a preferred 
conformation and since the splitting assigned to the 
p-methine hydrogen (3.67 mT) is greater than the 
average of the others it appears that this hydrogen is 
pseudo-axial in the preferred conformation (with, as 
expected, NH3+ pseudo-equat orial) . The limited quan- 
tity of cyclopentylamine available precluded an in- 
vestigation of the temperature dependence of the 
spectra from the derived radicals. 

(iii) CycZo$entanone. The e.s.r. spectrum detected 
during the reaction of the hydroxyl radical with cyclo- 
pentanone at low pH consists of signals from two 
radicals, (10) and (11), in the concentration ratio 0.7 : 1 
(see Table 1): radical (10) has not previously been 
detected in this system. 

( 1 0  1 

6* 0 

( 1 1  1 

The very large X:a(p-H) for (10) of ca. 7.6 mT is 
strongly suggestive of a planar structure for this radical. 
The value of a(@-H) which would result for this geometry 
can be calculated by employing a Bcos28 relationship 
with 8 30" and B 4.50 mT [from a( P-H) for *CHMeC0Et,l8 
with a small correction applied to allow for slightly 
different a-carbon spin densities, as judged by a(a-H)] ; 
the result is a(P-H) ca. 3.3 mT, which is close to but 
somewhat lower than the experimental value. It mag. 
be that the rigidity of the system, imposed presumably 
by the conjugation between the radical centre and the 

l7 R. W. Fessenden and R. H. Schuler, J .  Chem. Phys., 1963, l8 B. C .  Gilbert, R. 0. C. Norman, and R. C. Sealy, J.C.S. 
39, 2147. Perkin II, 1973, 2174. 
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carbonyl group, causes the HCBH angle to be greater 
than expected, so that the dihedral angles for the 
p-hydrogens become less than 30". The radical (10) 
showed no temperature variation in its splittings or 
linewidths, as also reported for the same radical gener- 
ated in the range 182-382 K by X-irradiation of cyclo- 
pentanone ; l2 this provides support for the conclusion 
that a planar structure is adopted. 

Radical (11) has a rather lower sum for @-H) than 
(lo), even though there can be no spin withdrawal from 
the radical centre in the former case. The magnitude of 
a(p-H) for (11) nevertheless suggests that the ring is 
planar or only slightly distorted [calculated values of 
Za(p-H) for a pair of p-hydrogens are ca. 7.5 mT for a 
planar form and ca. 7.0 mT for a half-chair]. The non- 
equivalence of the @-splittings (not detected in the 
previous work5) is probably a consequence of the 
asymmetry introduced in the ring by the carbonyl 
substituent rather than a manifestation of the con- 
formational preference of a >C=O group in this system: 
there was no detectable variation in the magnitudes of 
a( p-H) with temperature, which supports this assertion 
and suggests an appropriate analysis in which the pair 
of hydrogens with a given splitting are those on the 
same side of the radical centre. 

Our deductions about favoured geometries based on 
e.s.r. data for substituted cyclopentane-derived species 
indicate that attention must be paid to ring shape when 
hyperfine parameters for this type of radical are con- 
sidered. For example, in a recent analysis19 of the 
splittings for l-met hylcyclopent yl [a (Me) 2.224, a(4P-H) 
3.290 mT at  -17'1 it has been assumed that there is a 
$,lunar geometry for the ring. The splittings were 
interpreted then in terms of a (B, + Bcos28) relationship 
for a(p-H), with B, 0.092 and B 4.264 mT. We feel that 
these numbers are erroneous (in particular, B, appears 
considerably too large). However, if B, is taken as 
zero, and B set at 4.45 mT [from the value of a(P-H) for 
the freely rotating methyl group] then dihedral angles 
for the ring p-hydrogens are estimated as 17 (pseudo- 
axial) and 43" (pseudo-equatorial) ; rapid intercon- 
version then accounts for the averaging of the individual 
P-H splittings. These angles correspond closely with 
those calculated for various cyclopentyl-type radicals 
(see earlier, and refs. 1 and 13 for example). 

(iv) Tetrahydrofuran and some related compounds. 
The reaction of the hydroxyl radical with tetrahydro- 
furan generates both (12) and (13) [see also refs. 5, 6, 

Q H  

( 1 2  1 ( 1 3 )  

10, and 13; data are given in Table 13. Both these 
hyperfine data and the detection of temperature in- 

19 H. Paul and H. Fischer, Helv. Chim. Acta, 1973, 56, 1575. 
20 W. T. Dixon, R. 0. C. Norman, and A. L. Buley, J .  Chew. 

SOL, 1964, 3625. 

dependent intensity patterns imply that each radical 
either is planar or is non-planar and undergoes rapid 
int erconversion. 

The radical (13) has a @-splitting close to that of the 
pyrrolidinium-3-yl radical and close to the average 
p-splittings for (2) and (€9, so that a similar half-chair 
geometry may therefore be proposed for this species. 
The analysis for (12) may be complicated by a sig- 
nificant degree of bending at  the tervalent carbon [in 
particular, this has been proposed3 to account for the 
radical's unusually low a-hydrogen splitting, but it may 
also affect the magnitude of B, and B in the customary 
relationship for a( p-H)]. However, clear evidence that 
the ring itself is non-planar derives from the spectra of 
some ring-substituted radicals (see Table 1). Thus, 
when hydroxyl reacts a t  low pH with tetrahydrofurfuryl 
alcohol, amine, or acetate, the major species detected in 
each case can be characterised as a radical of the type 
(14), formed via hydrogen atom abstraction from the 
methylene group attached to the ether oxygen atom. 
The spectra also show the presence of a number of other, 
less intense resonances, the nature of which is discussed 
later. 

Radicals (14) are ring-substituted tetrahydrofuran- 
2-yl species and it is encouraging to  find that the sums 
of the p-hydrogen splittings (5.720, 5.840, and 5.796 mT, 
respectively) are very similar to that for (12) (e.g. 
5.696 mT at  26"). Moreover, the non-equivalence of 
the p-splittings detected for the substituted radicals 
provides support for the suggestion l3 that the parent 
unsubstituted radical has a non-planar structure. 

Employing a value for B in these radicals of 4.38 niT 
[from 2o a(p-H) for CHMeOEt] together with values of 
0 appropriate to a half-chair conformation (10 and 50"), 
it is possible to calculate P-splittings for a fixed con- 
formation and hence to determine the weighting of the 
predominant conformation of radicals (14), as outlined 
above. We find that the preferred conformation, 
presumably that with CH,X pseudo-equatorial, has 
weightings of 59% (X = OH), 55% (X = NH,+), and 

The spectrum observed from tetrahydrofurfuryl 
bromide under similar conditions is quite unlike that 
from the other derivatives: it has a(2H) 2.00, a(2H) 
0.15 mT. The signal is ascribed to (16) formed via. (15) 
by the fragmentation-addition pathway (cf. the oxidation 
of p-chloroethanol,21 for example) outlined in the 
Scheme. The minor signals in the spectra from tetra- 
hydrofurfuryl alcohol, amine, and acetate may include 
those from (16) and the appropriate first formed oxygen- 

*l B. C. Gilbert, J. P. Larkin, and R. 0. C .  Norman, J.C.S. 
Perkin I I ,  1972, 794. 

60% (X = OAC). 



1975 1087 
conjugated radicals (with, possibly, less ready fragment- 
ation of the latter in these examples). That a radical 
of the type (14) is not observed from the bromo- 
compound may reflect an exclusive destruction pathway 
for (14; X = Br) or neighbouring group participation 
of bromine so that the formation of (15) is favoured. 

W 

( 1 5 )  

SCHEME 

(b) Radicals fronz Compounds with Siwnembered 
Rings.-(i) Cyclolzexanol. The spectra detected during 
the oxidation of cyclohexanol with *OH a t  pH 1.5 and 
22" were similar to those previously reported: 2p6 there 
are three dominant central lines (one, not exactly at the 
centre of the other two, is somewhat less sharp) with a 
number of broad, ill-defined wing-lines. A complete 
solution of the spectra proved impossible, and it seems 
likely that all four carbon-centred radicals produced 
by C-H abstraction are present. The following quali- 
tative conclusions can, however, be drawn. The 
spectrum from (17) at room temperature is evidently a 
1 : 4 : 1 pattern which derives from the occurrence of 
an interconversional exchange process in the range 
intermediate between fast exchange (expected ratios 
1 : 4 :  6 : 4 :  1) and the slow-exchange limit (at low 
temperatures, the p-hydrogen splitting pattern of a 
triplet of triplets indicates two non-equivalent pairs of 
hydrogens, typical of a twist-chair conformation 9> 

The spectra from (18) and (19) should be a doublet 
(1 : 1) of triplets (1 : 2 : 1) of triplets (1 : 2 : 1) which has 
similarly undergone line- broadening' so 
sharp lines in the centre is detected (cf. 

e; H OH 

0 
H 

( 1 7 )  (18  1 

that a pair of 
the discussion 

H OH 

(k 
( 1 9 )  

for the piperidiniumyl radicals and for 4-ammonio- 
cyclohexyl, discussed below: see also Figure 1). The 
main features of the spectrum observed from cyclo- 
hexanol are then the doublet (a 2.10 & 0.01 mT) from 
(18) and (19), together with the central peak from (17) 

at slightly higher g-value (Ag ca. 0.0005, as expected). 
Overlapping resonances in the wings preclude further 
analysis. 

In contrast, the e.s.r. spectrum 
observed during oxidation of cyclohexylamine at  low 
pH can be clearly identified as that of the radical (20), 
formed by reaction of the electrophilic hydroxyl radical 
at the position remote from the positive charge. Although 
resonances previously detected during this reaction 
were attributed to a mixture of radicals, it now seems 
clear that the positions and shapes of all the lines can 
be accounted for in terms of a rapid interchange between 
the two non-equivalent chair forms of (ZO), i.e. (21) 
and (22). 

The widths of certain lines and also the apparent 
(?,-hydrogen splittings prove to be markedly temperature 
dependent ; in particular, specific lines sharpen and the 
measured p-splittings become less non-equivalent (see 
Table 2) with increasing temperature. It has proved 

(ii) Cyclohexylamine. 

VH3 
H 

( 2 0 )  

H* H 

H H 

( 2 1  1 ( 2 2  9 

possible to simulate the observed spectrum, including 
the linewidth effects, at each temperature by employing 

TABLE 2 

Hyperfine splittings (in mT ") for radicals derived from 
compounds with six-membered rings 

Radical T/"C C a(a-H) 
8 2.14 

18 2.12 

31 2.10 

13 1.74 
13 2.16h 
13 2 . 1 6 h  

i (20) 

(25) 
(23) 
(24) 

2 - 0 ~ 0 - 5 - t - b ~ t y l ~ ~ ' ~ l 0 -  32 1.75 
hexyl 

a(P-H) a (other H) 
3.98( 1) 
0.88 (1) 
3.97(1) 

3.93( 1) 
0.96(1) 

2.78(4) h 
2.76 (4) 

4.34(1) 

0.91( 1) 

6.85 f 0.19 (2, y-H) 

2.51(1) 0.33 (1, y-H) 

0 -+O.Ol  mT, unless stated otherwise. 4 &2". 
Number of nuclei indicated. Splittings f0.02 mT. f Sum 

of the two p-hydrogen splittings, see text. 0 Attributed to the 
hydrogen(s) of the methylene group adjacent to the carbonyl 
function. 

* pH ca. 1.6. 

h See also ref. 18. 

suitable conformational weightings and exchange rates 
for the two conformers. 

In order to calculate these weightings in the equili- 
brating mixtures, the individual (fixed) @-hydrogen 
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splittings for the unsubstituted cyclohexyl radical were 
employed (suitably adjusted to give the correct sum). 
These splittings have been measured22 as 4.00 and 
0.55 mT at 186 K in an adamantane matrix: the p- 
splittings measured here are then obtained if the pre- 
dominant conformation (21) is favoured to the extent of 
92.1% (at 8"), 91.3% (at 18"), and 90.1% (at 31"). At 
18", we calculate that AGO for the interconversion is 
5.7 kJ mol-l, a value comparable with that (6.5- 
7.8 kJ mol-I) estimated 23 for the parent molecule at 
room temperature. 

These weightings were next used in the simulation 
program and the interconversion rates were varied to 
obtain best fits to the experimental traces (see Figure 1 

i i i  
k f 

I 

FIGURE 1 (a) E.s.r. spectrum of theradical (20) a t  8 O  (the arrowed 
signals are spurious). (b) Simulated spectrum, with a(a-H) 
2.14, a(2P-H) 4.27, a(2p-H) 0.59 mT, AH = 0.2 mT, and 
rate constants for conversion from the more to the less favoured 
conformation and the reverse process of 1.0 x 10s and 1.2 x 
lo9 s-l, respectively 

for example) : the optimum exchange rate constants thus 
obtained are given in Table 3. We believe that the 
reasonable agreement achieved between observed and 
simulated spectra indicates the appropriateness of the 
method and of the choice of individual p-hydrogen 
splittings. We note, in particular, that the small sums 
of the p-hydrogen splittings for cyclohexyl (4.55 mT) 
and 4-ammoniocyclohexyl (4.9 mT) are in contrast with 

22 L. Bonazzola, N. Leray, and R. Marx, Chem. Phys. Lettevs, 
1974, 24, 88. 

those for the half-chair and planar cyclopentyl-type 
radicals discussed earlier. The smaller values for the 
former are as expected for chair-type conformations : 

TABLE 3 
Rate constants for conformational interconversion of 

six-membered alicyclic radicals at various temperatures 
Radical T/"C 4 10-8kls-l 

1.0 & 0.1 0 
1.9 5 0 . 2  

12 & 1 
20 f 2 
29 & 4 c 3 .2  -4: 0.40 

(20) {Hi 
7 14 & 1 

16 & 1 
26 & 2 
35 & 3 

(25) { ii 
33 
43 39 r 3 

a & 2". 6 Conversion from the more favoured conformer 
to the less favoured conformer. c The reverse process 
of b. 

for a perfect chair we would expect dihedral angles of 
30 and 90" for the p-axial and -equatorial C-H bonds, 
respectively, and hydrogen splittings of ca. 3.7 and 
ca. 0 mT [from B ca. 5.0 mT, from l7 a(p-H) from 
CHMe,]. The higher sums observed than that calcu- 
lated on this basis, and, in particular, the non-zero value 
for the equatorial p-hydrogen splitting, are consistent 
with some degree of distortion from a perfect chair. 
More appropriate values for 0 in (ZO), calculated from 
the Bcos28 relationship, are 15 and 75". 

(iii) Cyclokexanone and some alkylated derivatives. 
Spectra from the radicals (23)-(25) are detected when 
the hydroxyl radical reacts with cyclohexanone at room 
temperature in aqueous solution : the splittings have 
been previously assigned and a kinetic analysis of the 
reaction scheme has been presented.l* We note that 
the sums of the p-splittings for radicals (23) and (%), 
5.56 and 5.62 mT, respectively, are significantly greater 
than those for the cyclohexyl radical and for 4-ammonio- 
cyclohexyl, which suggests l8 that there is a greater 
deviation from the perfect chair geometry in the cyclo- 
hexanone-derived species ( i .e .  there is a greater extent of 
flattening of the ring, with calculated values 8 of 10 
and 70"). 

Q, 
The intensities of the lines in the p-hydrogen triplet 

pattern in (25) show a marked dependence on tem- 
perature (see also ref. 14). The ratio of the peak heights 
of the central to the outer resonances is 0.5 : 1 at 7" and 
1.2 : 1 at 43". This evidently arises because of inter- 
change, with rates in the intermediate region, between 
conformations in which the p-hydrogens exhibit difierent 

Letters, 1963, 831. 
** E. L. Eliel, E. W. Della, and T. H. Williams, Tetrahedvon 
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dihedral angles and hence different splittings : the high 
temperature fast-exchange limit would then give a peak- 
height ratio of 2 : 1, which is clearly approached in the 
present study. 

The very high Ca(p-H) for 2-oxocyclohexyl [which is 
higher than the maximum sum predicted using a 
Bcos2B relationship (cf. the discussion for 2-oxocyclo- 
pentyl above)] is indicative of a coplanar configuration 
of the -CH,-CO-cH-CH,- fragment, presumably dic- 
tated by the conjugation between radical centre and the 
carbonyl group. 

The spectra from (25) may then be interpreted, as 
previously suggested,14~ l8 in terms of interchange 
between the two equivalent half-chair geometries (26) 
and (27). 

In  order to simulate the observed degree of line- 
broadening, the individual @-splittings in the fixed 
conformations must be known. The analogous radical 
from 4-t-butylcyclohexanone was therefore generated 
(splittings are given in Table 2 : these signals dominated 
the spectrum, evidently because the bulk of the t-butyl 
group hinders the abstraction of other hydrogen atoms 
from the ring). The two separate p-splittings detected 
(the sum of which coincides with that of the unsub- 
stituted analogue) are similar in magnitude to those 
measured l 4  for 2-oxocyclohexyl in an adamantane 
matrix at 93 K (2.35 and 4.34 mT). This suggests that, 
as expected, the t-butyl substituent effectively locks 
the radical in one of the two possible geometries (i.e. 
with t-butyl pseudo-equatorial) . The single y-hydrogen 

11 

:oupling is also indicative of a high degree of con- 
ionnational fixing. 

We have assumed that the individual p-hydrogen 
iplittings in (25) are 2.51 (@-Heq) and 4.34 mT (p-Haz> 
tnd, using these and the other parameters for (25) we 
Lave been able to simulate accurately the spectra at 
Lifferent temperatures with different rates of inter- 
onversion (see, e.g., Figure 2). The optimum values 
or the rate constant for interconversion are given in 
able 3; from them we calculate E,  22.8 & 2.1 kJ mol-l 
nd log,,A 13.4 & 0.4. This activation energy barrier 
nay be compared with the value for AG* of 21.3 k J mol-l 
t - 164" for 24 cis-3,3,4,5,6,6-hexadeuteriocyclohexene 

[similar geometries for this species and for radical (25) 
might be expected], but it is rather higher than might 

ii 
,0.5 mTp 

4 
FIGURE 2 (a) Low field and central resonance in the A fi(a-H) ++ group of lines in the e.s.r. spectrum of the radical (26) a t  11'. 

(b) Simulated spectrum, with a(a-H) 1.76, a(P-H) 4.34, 
a(P-H') 2.61, 427-H) 0.19 mT, AH 0.06 mT, and a rate 
constant for interconversion between equivalent conformations 
of 1.6 x 109 S-1 

have been anticipated from the value of AH* (12.2 & 
1.3 k J mol-l) estimated l4 for 2-oxocyc1ohexy1, trapped 
in an adamantane matrix, over the range 213-333 K. 

The individual P-splittings of 4.34 and 2.51 mT can be 
used in conjunction with a suitable B value and the 
expected Bcos2B dependence to yield approximate di- 
hedral angles for the p-C-H, and p-C-He, bonds of 
ca. 17 and 43" (the calculated values are 4.5 and 2.4 mT, 
respectively). This is consistent with a half-chair 
cyclohexene-like structure. 

Attempts were made to study in similar fashion 
5-methy1-2-oxocyc1ohexy1, but the complexity of the 
spectra precluded an analysis. 

ConcZzcsiouts.-Finally, it is interesting to compare the 
s i m s  of the p-hydrogen splittings for the variety of non- 
conjugated radicals from substituted cyclopentane and 
cyclohexane compounds studied here. The sums vary 
from the lowest value, for 4-amrnoniocyclohexyl (4.9 mT, 
interpretable in terms of a slightly twisted chair, with 
dihedral angles 15 and 75") through those for 3- and 

84 F. A. L. Anet and M. 2. Haq, J .  Amer. Chem. SOC., 1965, 87, 
3147. 
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4-oxocyclohexyl (5.5 mT, indicative of a more twisted ation (the sum of the p-splittings is 7.6 mT, indicative 
chair, 8 10 and 70") and 3-hydroxycyclopentyl, 3- of two angles of ca. 30") and 2-oxocyclohexyl exists in a 
ammoniocyclopentyl, and tetrahydrofuran-3-yl (ca. 7.0 half-chair conformation (sum of the splittings 6.8 mT, 
mT, for half-chair conformations with 8 10 and 50") to with dihedral angles 17 and 43"). 

planar, with both dihedral angles 30"). M. T. 

the highest for 3-oxocyc10penty1 (7*4 mTp probably We thank the S.R.C. for the award of a studentsflip to 

2-Oxocyclopentyl appears to have a planar conform- [5/033 Received, 7th J a w a v y ,  19761 




