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Axial and equatorial cyclohexylacyl and tetrahydropyranyl-2-acyl radicals gave distinct EPR spectra thanks to surprisingly large p-hydrogen
atom hyperfine splittings that enabled them to be characterized and monitored. DFT computations indicated that the axial species (X = CHp)

had a higher barrier to rotation about the (O)C  —Cp bond. The computed difference ~ AH® for the axial and equatorial radicals (R~ = H, X = CH,)
was 0.8 kcal mol ~2.

The structures, reaction mechanisms and synthetic applica-conformations, but no attention has hitherto been given to
tions of acyl radicals have received much attention in recent this phenomenon, although cyclopropylacyl and cyclobutyl-
years! Alicyclic acyl radicals have been successfully used acyl radicals have been shown by EPR spectroscopy to exist
in preparations of acyl halidéand esterfsand in numerous  in both s-cisands-transconformations in which the plane
and varied routes to carbonyl compouAd$2-9Moreover, of the acyl group bisects the rirfg¢ A spectroscopic method
acyl generation by carbonylation of C-centered radicals, for distinguishing axial and equatorial cyclohexylcarbinyl
which is important from a synthetic standpoifihas been  radicals, which depended on their differing; Hyperfine
investigated for cyclohexylacyl radic#lsCyclohexylacyl splittings (hfs), was established some time &gayl radicals
radicals are capable of existing in axial and equatorial areo-radicals with small i hfs and lowg-factors¥— unlike
thez-type cycloalkylcarbinyl radicals. However, in the hope
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Table 1. EPR Parameters for Cyclohexylacyl and Related
Radicalg

T/K or comp
radical method  g-factor a(Hp)/G a(2H)/G w/G¢
2aEq,R=H 120° 2.0001 <1.0 16
2aEq,R=H UB3LYP/ -1.6¢ 1.6 (Hy)?
EPR-III
2aAx,R=H 1200 2.0001 8.9
2aAx, R=H UB3LYP/ -2.2¢ 3.7H) 9.6
EPR-III
2bAx, R=Me 140 2.0001 1.8 36 9.0
2cAx, R =Bu-t 140 2.0007 <1.0 16
2¢eEq, R =Bu-t 145 2.0007 1.5 36 8.7
4Eq,R=H 140 2.0000 24  1.1°
4Ax,R=H 140 2.0000  [7.0] [0.7]° 7.7

aSolvent: cyclopropané.Solvent: n-propanew = separation of outer
lines of multiplet.4 Averaged over PES (see text)ya(1H).
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Figure 1. 9.5 GHz EPR spectra obtained from cyclohexane
carbaldehydein solution: (@) first-derivative spectrum frorta

in n-propane at 120 K; (b) second-derivative spectrum filann
cyclopropane at 140 K; (c) EPR spectrum (second derivative) from
equatorial 4-t-Bu aldehydge in cyclopropane at 140 K; (d) EPR
spectrum (second derivative) from axial 4-t-Bu aldehyldein

cyclopropane at 140 K.

When a cyclopropane solution of cyclohexane carbalde-
hydela (0.14 M) containing diert-butyl peroxide (DTBP,
20 ul) was photolyzed at 140 K, the spectrum shown in

The main feature of the spectrum was a triplet (see Figures
la and b) with a lowg-factor (2.0001) appropriate for a
o-acyl radical. The triplet multiplicity was unexpected for a
cyclohexylacyl radical containing a singkehydrogen'® The
spectrum showed small additional features, marked A in
Figure 1a,b, on either side of the triplet, which have a
separation (w) of 8.9 G. A broad line at lower fielg €
2.0046) was also observétt?

The bulkyt-Bu group always maintains an equatorial or
pseudoequatorial orientation in cycloalkanes so thatins
4-tert-butylcyclohexane carbaldehyde the formyl group

Figure 1b was obtained. Similar spectra were obtained up nust be equatorial whereas in the cis analogjoét must

to ca. 165 K and in the range 12050 K in n-propane

be axial. EPR spectra from these two aldehydes, run under

solvent (Figure 1a), but extensive broadening setin at highersjmilar conditions, gave the spectra shown in Figure 1c,d.
temperatures. The expected mechanism is outlined inThe triplet spectrum fromewas very similar to the central

Scheme 1.

Scheme 1. Mechanism of the Photochemical Reaction of
Cyclohexane Carbaldehyde with DTBP
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multiplet from l1a (EPR parameters in Table 1), thus
confirming that these signals are from radi@aEq. The
triplet structure is due to long-range interactions. Since there
is no doublet, it is evident that for radicadEq (and2eEQq)
thea(Hs) value is less than the line widthie( G). The axial
radical 2cAx has a significantly largea(Hs) (1.6 G at 140
K) leading to a distinctlt pattern (Figure 1d). The separation
of the outer linesw) of this multiplet (8.7 G at 140 K) is
very close to the measured of the weak outer features
marked A in Figure 1a,b. Thus, we assign the latter to the
axial radical?aAx, the central portion of the multiplet being
obscured by the strong@aEq signal. These data show, for
the first time, that axial and equatorial acyl radicals can be
distinguished by EPR spectroscopy.

EPR spectra were also obtained from ttis-4-methyl
aldehydelb which showed predominantly axial radi@idAx

(10) The analogous acyclic acyl, i.e., MEHC()O, hada(Hg) < 1.5
G®i.e., within the line width, so that a singlet or doublet was anticipated.

(11) Redistilled aldehyde showed the same broad feature, as did spectra
from all the other aldehydes of this study; therefore, these features are not
due to impurities. Most likely they are due to the 1-formylcyclohexyl radicals
generated by abstraction of the tertiary H-atoms adjacent to the formyl
groups. Theg-factor of the analogous ME(*)CHO radical is 2.0045, in
close agreement

(12) Foster, T.; Klapstein, D.; West, P. Ban. J. Chem1974,52, 524.
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(Supporting Information and Table 1) with parameters similar
to those of2aAx and 2cAx.

We also examined H-abstraction from tetrahydropyran-
2-carbaldehyde& under similar conditions. The main acyl
spectrum had dd structure. It also showed satellite features
from a second minor acyl radical. A tentative analysis of
these signals in terms of axial and equatorial spebfesEq
is given in Table 1. The spectrum showed additional minor
features (g= 2.0042) probably due to the 2-formyltetrahy-
dropyran-2-yl radical5 derived from abstraction of the
tertiary H-atom adjacent to oxygen.

mfc?

4Ax,Eq

5327"CHOt-BuO' MCHO
5

The energies of acyl2aEq and 2aAx were computed
using the UB3LYP method with the EPR-Ill basis set
(structures at B3LYP/6-31GYimplemented in the Gaussian
98 suite of program¥: Both species showed two minimum
energy structures with th€=0 group practically eclipsing
one or other of the g£-C, bonds of the cyclohexane ring.
In 2aEq, the O=GCsHg angle was computed to be 116.8
and in2aAx it was 103.0. The total energy, plotted as a
function of the rotation angle about thg(O)—Cg bond, was
essentially an unsymmetrical double minimum for both
species® The main difference between the two was the
height of the barrier to rotation which was 0.4 kcal miol
for 2aEq but twice as large (0.8 kcal md) for 2aAx, due
to interaction of the CO group with the axial H-atoms
attached to C(3) and C(5) (axialsH Assuming several
rotational states exist in each minimum, averagé;) values
of —1.6 and—2.2 G were derived foRaEq and 2aAx,
respectively\:® The computations suggested the triplet long-
range hfs oREqs were due to equatorialsls, whereas the
long-range hfs 02Axs were associated with the axiajd4’

The concentrations d?aAx and 2aEq were determined
from double integration of their EPR signals in the two
solvents by the usual methd¥The error limits were large

because of the limited resolution of the two species (Figure

2 and Supporting Information).
At these low temperatures, six-membered ring inversion

is slow compared to the disappearance of radicals in
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Figure 2. Plot of log[axial)/[equatorial] ratios vs 20r. Tri-
angles: EPR data foRRAx]/[2aEq] in n-propane. Squares: EPR
data for [2aAX]/[2aEq] in cyclopropane. Diamonds: NMR data
for [1aAx]/[1aE(q] in dichloromethane.

to theirequilibriumratio at the temperature of the measure-
ments. The [1aAx]/[laEq] aldehyde ratio was also deter-
mined by integrating the separate formyl signals from the
axial and equatorial aldehydes in their low-temperatiite
NMR spectra in CRCl, (Figure 2). Coalescence of the
formyl signals was observed at 213 K, and therefore, ring
inversion will be very slow at lower temperatures. The EPR
experiments were conducted at 2165 K so the measured
[2aAx]/[2aEq] ratios probably reflect the ratio of the
concentrations of the two aldehydes that was “frozen” in as
the sample was cooled. Examination of Figure 2 supports
this conclusion. The Idg2aAx]/[2aEq]} ratio is practically
independent of temperature, as is the{[d@Ax]/[1aEq]}
ratio. The latter, measured in the polar solventClB appear
slightly lower than the lofj2aAx]/[2aEq]} ratios in the
nonpolam-propane and cyclopropane (Figure 2). This might
be due to a small solvent dependence of the axial/equatorial
ratios.

The enthalpies oPaAx and 2aEq were also computed
giving AH°(2aAx)—(2aEq) = 0.72 (0.80 at 140 K) kcal
mol~L. This enthalpy difference is of the same order of
magnitude as that determined experimentally for the analo-
gous cyclohexylmethyl radical§Ax and 6Eq (0.71 kcal
mol~1).8> DFT computations (B3LYP/EPRIII//B3LYP/6-
31G*) for 6Ax and 6Eq gave AH®° = 1.2 kcal mof? for
their equilibrium, in reasonable agreement with the experi-
mental value.

bimolecular termination processes so that the concentration
ratio measured by EPR spectroscopy does not correspond

(13) The EPR-IIl basis set is of triplequality. See: Barone, V. IRecent
Adwances in Density Functional Thegi@hong, D. P., Ed.; World Scientific
Publishing Co.: Singapore, 1996.

(14) Gaussian 98, Revision A.11. Frisch, M. J. et al. Gaussian, Inc.,
Pittsburgh, PA, 2001 (see the Supporting Information for the full citation).

(15) That is, the rotational potential about the dihedral angtOQCsC,
for both plots showed some minor minima in th00 to —300° range
(see the Supporting Information).

(16) See the Supporting Information for the averaging method.

(17) In both cases these are the H-atoms with all-trans (W-plan)

H H
%ﬁ =y
6Ax 6Eq H

The computations (B3LYP/6-31G*) showed a double-
minimum rotational PES for radic@lAx but a more complex
surface for6Eqg. The computed rotational barriers (B3LYP/

arrangements of bonds with respect to the radical centre, see: (a) E"inger'EPR—III//B3LYP/6-31G*) were 1.1 and 0.3 kcal mélfor

Y.; Rassat, A.; Subra, R.; Berthier, . Am. Chem. S0d.973,95, 2372.
(b) Ellinger, Y.; Subra, R.; Levy, B.; Millie, P.; Berthier, @. Chem. Phys.
1975,62, 10. (c) Ingold, K. U.; Nonhebel, D. C.; Walton, J. €.Phys.
Chem.1986,90, 2859.

(18) (a) Griller, D.; Ingold, K. U.Acc. Chem. Re<l980,13, 193. (b)
Griller, D.; Ingold, K. U.Acc. Chem. Re4.980,13, 317.
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6Ax and 6Eq, respectively, which agree rather well with
experimental rotational barriers of 1.6 and 0.4 kcal Thol
which were derived from the temperature dependence of the
Hs hfs8 Unfortunately, we later reported a much higher
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rotation barrier (6 kcal mol) derived (we now know ona  methyl analogue®, it is probable that it can also be

false premise) from line-broadening effects in the EPR successfully applied for a variety of alicyclic rings including

spectra of axiabAx.'® This very high barrier is incorrect, cyclohex-2-enyl-1-acyl, and cyclohept-4-enyl-1-acyl.

and the observed line broadening must be due to some as The conformational equilibria will lead to subtle chemical

yet unidentified motion of the ring (not complete inversion) consequences. For example, it is likely that the rates of

rather than to rotation of about theCH,* bond. decarbonylations of the axial and equatorial radicals will
Davies and Sutcliffe discovered a positive linear correla- differ since computations (B3LYP/EPR-III//B3LYP/6-31G*)

tion betweer)(H,H) values in NMR spectra of the aldehydes give different enthalpies for these reactions:

anda(Hg) values of the corresponding acyl radic#iS’he

1H NMR spectra of botiaAx andlaEqat 183 K showed 2aEq— ¢c-CH,; + CO  AH° = 7.4 kcal mol*
singlets for the formyl H-atoms; i.e., tt#H,H) values were L
too small to resolve. For theBu analogueslc(Ax) and 2aAx—c-GH,;;” + CO  AH° = 6.6 kcal mol

le(Eq)the J(H,H) values were 0.8 and 1.8 Hz, respectively

(see Supporting Information), which are of the opposite  Thermodynamically, loss of CO is predicted to be some-
relative magnitudes expected from Davies and Sutcliffe’s what easier from the axial conformation and this is in accord
correlation since tha(Hs) values of the acyl radicals gave With expectation.

1.5 and< 1 G, respectively. Thus, Davies and Sutcliffe’s ) )

linear correlation does not extend to axial and equatorial Acknowledgment. We thank the University of St. An-
species. This is probably because of perturbations to thedréws, the EPSRC, Westgrid, and the Center of Excellence
rotation barriers of axial species by steric interactions from In Integrated Nanotools (University of Alberta) for support

the axial H-atoms attached to C(3) and C(5) (axig).H of this work.

I_n summary, we haye shown that cyclohexylacyl radlc_als Supporting Information Available: General experimen-
exist in two conforma_'uons and that they can be charactenze_dtal and computational procedures, characterization for com-
and their concentrations track(_ad by an EPR SpeCtrQSCOp'Cpoundsla—c and3, sample EPR spectra for radic@a—
method. As with gycloalkylcarbm_yl rad|ce_1ls, t_he key differ- c,eand4, tables of concentrations f@aAx and 2aEq in
ence between axial and equatorial species lies in the Iargerboth solvents, and plots of the rotation PESS2mAx, 2aEq,

gﬂ hfs OI the l;?lrmhgr.hComE)utFatlolnsl re_sultsb|nci|tcate thgt this 6AX, and6Eq. This material is available free of charge via
erives from the higher rotational barrier about the(O) the Internet at http://pubs.acs.org.

bond which results from 1,3-interactions of the CO group
with the axiald-H-atoms of the ring. The method also works ©OL0481683
for tetrahydropyranylacyl radicals and, judging by cycloalkyl-
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