while II is unstable. The difference between I and II could
easily be understood by utilizing the approach presented in
this paper.

An additional problem occurs in the case of ¢ aromatici-
ty. Here, it is assumed that the closely spaced occupied ¢
MO’s of the central bond act collectively as a single sym-
metric occupied MO and the closely spaced unoccupied o
MO’s act collectively as a single antisymmetric unoccupied
MO. These assumptions may break down depending upon
the inductive nature of substituents, the nature of atoms
constituting the central bond, and the type of calculation
employed. Thus, ¢ nonbonded interactions should be dis-
cussed for each molecule separately although in most cases
expectations based on a mere electron count, i.e., ¢ Hiickel
aromaticity, will be met. This is the situation with the mole-
cules discussed in this work.

Finally, the ideas reported here can be used to under-
stand why certain bond angles in molecules are surprisingly
small, rotational barriers in molecules which have very high
lying unoccupied MO’s, and other problems of general in-
terest.

Acknowledgment. We thank the donors of the Petroleum
Research Fund, administered by the American Chemical
Society, and the Research Corporation for partial support
of this research.

References and Notes

(1) M. J. S. Dewar, “"The Molecular Orbital Theory of Organic Chemistry'",
McGraw-Hill, New York, N.Y., 1969.

(2) W. L. Jorgensen and L. Salem, ‘‘The Organic Chemist's Book of Orbit-
als”’, Academic Press, New York, N.Y., 1973,

(3) J. A. Pople and D. L. Beveridge, '‘Approximate Molecular Orbital Theo-
ry’’, McGraw-Hill, New York, N.Y., 1870,

469

(4) Equation 2 is simply derived by solving exactly the secular determinant

for the two orbital problems including overlap. Equation 1 is derived in

the same fashion and is brought into final form by making the usual as-
sumptions of perturbation theory. The dependence of the four-electron
overlap repulsion upon the mean of the energy of the interacting levels

has been discussed previously in the literature: N. C. Baird and R. M.

West, J. Am. Chem. Soc., 93, 4427 (1971); K. Muller, Helv. Chim.

Acta., 53, 1112 (1970).

For a discussion of these approximations, see: S. P. McGlynn, L. G.

Vanquickenborne, M. Kinoshita, and D. G. Carrolfl, *'Introduction to Ap-

plied Quantum Chemistry”, Holt, Rinehart and Winston, New York, N.Y.,

1972. The value of k is chosen to be —39.69 eV. The approximation Hjy

= kSyis used in the derivation of eq 1 and 2.

(6) For a discussion of the MWH method see ref 5.

(7) We have discussed the importance of orbital symmetry in organic struc-
tural problems at length in the following papers: (a) N. D. Epiotis, J. Am.
Chem. Soc., 95, 3087 (1973); (b) N. D. Epiotis and W. Cherry, Chem.
Commun., 278 (1973); (c) N. D. Eplotis, D. Bjorkquist, L. Bjorkquist, and
S. Sarkanen, J. Am. Chem. Soc., 95, 7558 (1973); (d) N. D. Epiotis, S.
Sarkenen, D. Bjorkquist, L. Bjorkquist, and R. Yates, ibid., 968, 4075
(1974).

(8) For a discussion of the role of nonbonded attraction in the methyl rota-
tional barrier in cis- vs. trans-1-fluoropropene see ref 7c.

{9) E. Scarzafava and L. C. Allen, J. Am. Chem. Soc., 93, 311 (1971); W.
J. Hehre and L. Salem, Chem. Commun., 754 (1973).

(10) For the methyl rotational barrier in cis-1-fluoropropene see: R. A. Beau-
det and E. B. Wilson, Jr., J. Chem. Phys., 37, 1133 (1962). For the rota-
tional barrier in the trans isomer see: S. Segal, ibid., 27, 989 (1957).

(11) A.D. English and W. E. Palke, J. Am. Chem. Soc., 95, 8536 (1973).

(12) The arguments presented here for the preferred conformation of di-
methyl ehter are directly applicable to the tendency for “‘crabbing’ in
trimethylene (Y. Jean and L. Salem, Chem. Commun., 382 (1971)).
Specifically, the interaction diagram for trimethylene in the ‘‘crab’ con-
formation will be essentially the same as dimethyl ether in the Cy, con-
formation except that the oxygen lone pair AO will be replaced by the
central methylene 7 and 7* MO's introducing yet another stabilizing in-
teraction which will favor the C,, (‘‘crab’’) conformation.

(13) D. Cremer, J. S. Binkley, J. A. Pople, and W. J. Hehre, J. Am. Chem.
Soc., 86, 6900 (1974).

(14) R. Ditchfield, W. J. Hehre, and J. A. Pople, J. Chem. Phys., 54, 724
(1971).

(15) W. J. Hehre, R. F. Stewart, and J. A. Pople, J. Chem. Phys., §1, 2675
(1969).

(16) P.Kollman, J. Am. Chem. Soc., 96, 4363 (1974).

(17) N. O. Epiotis, R. L. Yates, and F. Bernardi, J. Am. Chem. Soc., 97, 5961
(1975).

5

A Molecular Orbital Interpretation of the Static,
Dynamic, and Chemical Properties of CH,X Radicals

Fernando Bernardi,*!# Nicolaos D. Epiotis,*!®* William Cherry, 1522
H. Bernhard Schlegel,!:2* Myung-Hwan Whangbo,1¢2¢ and Saul Wolfe*!¢

Contribution from the Istituto di Chimica Organica, Universita di Bologna,
40136 Bologna, Italy; the Department of Chemistry, University of Washington,
Seattle, Washington; and the Department of Chemistry, Queen’s University,
Kingston, Ontario, Canada. Received August 12, 1974

Abstract: The effects of a substituents on the stability of radical centers are rationalized in terms of one-electron molecular
orbital (OEMO) theory. The same treatment is used to rationalize the rates of radical reactions and the conformations of
CH,X radicals. Ab initio calculations of the preferred geometries of radicals of the type CH,-X, wherein X = O™, -OH,
-SH, -F, -Cl, -C=CH, -C==CF, and -CN, are reported which substantiate the qualitative ideas developed on the basis of

the OEMO treatment.

I. Introduction

Although the effects of substituents upon the stabilities
of carbocations and carbanions are fairly well understood,
their effects upon adjacent radical centers cannot be ration-
alized simply by the assumption that the behavior will be
intermediate between that of carbocations and carbanions.
Recent kinetic studies of the thermolyses of substituted azo-
propanes indicate that unsaturated substituents such as
~-CH=CH,,3? -C=CH,3 -C==N,3% and Ph3d stabilize an

adjacent radical center to the largest extent. Alkyl
groups*?~¢ and first-row heteroatoms such as OR%42.¢d have
a small stabilizing effect, and second-row heteroatoms such
as SR#2< display intermediate effects.’

It should be emphasized that since these results have
been obtained from kinetic studies, they reflect the effects
of substituents on the stability of a radical center as it exists
in the transition state of the reaction under study. Typical
stabilization energies calculated from the data of ref 3 and
4 for a variety of substituents are collected in Table 1. In
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Table I. Radical Stabilization Energies (SE} of ('IHZ—X

X SE()4 SE(I)®
H 0 0
CH, 4.6 6.0
(CH),C 6.5 13.0
F 3.0
HO 12.0
CH,0 6.4
CH,0 7.6
CH,CO0 3.9
c
CH,S 12.1
C,H,S 11.2
CH,COS 9.6
CN 14.0 18.0
CH, 15.9 19.0
CH,=CH 16.5 19.0
CH=C 16.6

aCalculations based on data for thermolysis of azopropanes at
100° collected in ref 4a. 2 Calculations based on best available
values of bond dissociation energies compiled in J. A. Kerr,
Chem. Rev., 66, 465 (1966).

this table, stabilization energy (SE) is taken to be the dif-
ference between AGyt and AGx?, the free energies of acti-
vation for the unsubstituted and substituted systems.

(lea CH, (Isz CH,
|
X—C—N=N—(C—X — X—C - N=N - C—X

l l |

CH, CH; CH, CH,
reactant transition state

An alternative way to determine effects of substituents
on radical stability employs bond dissociation energies of
substituted molecules. Here, the stabilization energy (SE)
is taken to be the difference between DEy, the C-Y bond
dissociation energy for X = H, and DEx, the C-Y bond dis-
sociation energy for X s H. Since most bond dissociation

R R
X—C—Y 2> X—C + ¥

l I

R R

energies are obtained from kinetic studies, the calculated
stabilization energies again reflect the effect of a substitu-
ent on the stability of a radical center as it exists in the
transition state. Typical results are included in Table I. It is
clear that the trends revealed by the two different sets of
data are the same.

A related problem in radical chemistry concerns the ef-
fects of substituents upon the structure.® For example, in
the model system CH;X, the degree of planarity at carbon
depends upon X. In addition, the singly occupied carbon
AO can adopt an eclipsed or staggered conformation with
respect to an adjacent ¢ bond when X = :Y-H, where Y isa
heteroatom such as O, S, etc.

The principle objective of the present work is to develop a
simple MO interpretation of these properties and of the
rates of radical reactions. To provide a quantitative theoret-
ical foundation for the analysis, nonempirical SCF-MO
computations have been performed on the radicals CH,O™,
CH,0H, CH,SH, CH;F, CH)Cl, CH,C=CH,
CH,C=CF, and CH,CN, using an unrestricted Hartree-
Fock procedure’ and the Gaussian 70 series of programs.®

I1. Ab Initio Results

1. Computational Method. Since the molecular systems to
be investigated are open shell systems, two ab initio meth-

Table II. Computed and Experimental Results on the ®A,
State of Formaldehyde

Inversion
barrier,
a, deg C-0,A kcal/mol
STO-3G 37.8 1.39 2.009
4-31G 33 1.3586 0.827
Exptl 35 1.31

ods, the restricted Hartree-Fock® (RHF) and the unre-
stricted Hartree-Fock (UHF), might be employed. The
main limitation of the UHF method is that the computed
single-determinantal wave function is not an eigenfunction
of the spin operator S2, but contains contaminating terms
from higher spin eigenfunctions. Despite this disadvantage,
the UHF treatment has been chosen here because of the de-
sire to obtain better spin density values.!® In any event, with
the exceptions of X = -C=CH and -C==CF, contamina-
tion from higher spin eigenfunctions was found to be quite
small.

The first problem to be solved was the choice of the basis
set, which should be simple enough to allow a comparative
study to be made but, at the same time, capable of provid-
ing reliable values of bond lengths, bond angles, and inver-
sion barriers. Some preliminary computations were there-
fore performed, in which minimal (STO-3G)!! and split-
valence (4-31G)!? basis sets were compared. A lack of ex-
perimental data on geometrical parameters and inversion
barriers of radicals precludes a systematic comparison be-
tween the computed results and experimental quantities.
Consequently, a study was made of the triplet state of form-
aldehyde (*A,) for which some experimental data are avail-
able.!? This system was chosen because of the similarity of
its orbital occupancy with that of the radical anion of form-
aldehyde;!4 in addition, because the system is nonplanar
and the degree of nonplanarity is known experimentally, it
was possible to check this important geometrical parameter.

The energy and geometrical parameters of the pyramidal
conformation at the STO-3G level were obtained from ref
15. To obtain the inversion barrier predicted by this basis
set, the planar conformation was optimized with respect to
all geometrical parameters. In the computations at the
4-31G level, all geometrical parameters were first opti-
mized for various values of «, the angle between the HCH
plane and the C-O bond axis; then the optimum value of «
was determined from a parabolic interpolation, and all geo-
metrical parameters were reoptimized at this « value. The
results of the computations are summarized in Table II.

It is significant that both computations predict that, in
this triplet state, formaldehyde is nonplanar in agreement
with experiment; the agreement with the experimental geo-
metrical parameters is slightly better at the 4-31G level.
For the inversion barrier, a comparison with experiment is
not possible because this result is not available.

In a second test, the C-S bond length of the radical
CH3S- was computed. This system was selected because
some of the radicals to be investigated contain a second-row
atom (S and Cl) and, in addition, an accurate estimate of
the C-S bond length (#(C-S) = 1.8803 A) was available,
computed with a double { basis set containing two linearly
independent sets of d-type functions on sulfur.' In the com-
putations at the STO-3G level, the C-H and C-S bond
lengths were optimized with the HCH angles maintained at
the tetrahedral value; at the 4-31G level only the C-S bond
length was optimized with the remaining parameters the
same as in the STO-3G computations. The resulting values
are: #(C-H) = 1.0911 and r(C-S) = 2.0376 (STO-3G);
r(C-S) = 1.8807 (4-31G). From the comparison it appears
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Table IV. Computed Energies and Geometrical Parameters for the
Planar (¢ = 0°) and Optimum (a = 10°) Conformations of CH,SH

« E,au r(CO) r(OH) r(CH) LCOH .H,CO LH,CO

« E, au r(CS) r(SH) r(CH) LCSH LH,CS LH,CS

0 —114.24435 1.380 0.954 1.083 114.64 118.79 115.55
27 —114.24525 1.382 0.9544 10834 115.03 123.49 11591

0 -436.55264 1.808 1.354 1.068 98.18 121.48 118.2
10 -436.55276 1.812 1.3544 1.06824 98.45 121.19 116.59

2Not reoptimized for this conformation.

that the C-S bond length of this radical will not be repro-
duced well by a minimal basis set, but the 4-31G basis set is
acceptable.

An additional result of the previous investigation!’? is
that there is negligible participation of d-type functions in
the CH,SH radical. This suggests that the 4-31G basis set,
which does not contain d-type functions, will be suitable.
All of these considerations have led to the decision to em-
ploy the 4-31G basis set to obtain theoretical data at a uni-
form level.

2. Geometry Optimization of CH,OH and CH;SH. For
these two radicals, extensive geometry optimization was
performed on conformations 1 and 2, which were found to

H_.)C—X(* X = H/@—H-H

represent respectively the energy minima and the transition
states for rotation about the C-X bonds. The results for
CH,OH are summarized in Table I11.17°

Several aspects of these results are of interest. (i) The
C-O bond length is slightly shorter than that computed for
CH3OH (1.43 A), but substantially longer than that com-
puted for C*H,OH (1.25 A).'8 It can be concluded, on this
basis alone, that conjugative interaction between carbon
and oxygen is much less in the radical than in the cation.

(i) From the C-O bond length optimization, the comput-
ed C-O stretching force constant is 6.72 mdyn/A for
CH,O0OH, while the value for CH3;OH, computed analogous-
ly, is smaller, 5.73 mdyn/A, in agreement with experimen-
tal results (6.25 and 5.22 mdyn/A, respectively).!®

(iii) The COH angle (115°) is larger than that in metha-
nol (104°) and reflects the relaxation of the molecule that
results when H; and Hj; are brought into proximity; the
H,CO angle is, therefore, larger than the HyCO angle.

(iv) The radical is computed to be nonplanar in its most
stable structure, with an out-of-plane angle of 27°,

(v) However, the barrier to pyramidal inversion is only
0.5 kcal/mol. Depending upon the vibrational energy levels
associated with the inversion process, the nonplanarity
could be reduced.??

Table IV summarizes the results for CH,SH. Points of
interest follow.

(i) The C-S bond length in this radical is only slightly
shorter than in the tautomer CH3;S..

(ii) The optimum value of the out-of-phase angle « is
10°, so that in terms of the total energy this radical is non-
planar.

(iii) However, the barrier to inversion of the radical is
only 0.08 kcal/mol, so that it is doubtful whether the non-
planarity could be observed experimentally.20

@Not reoptimized for this conformation.

(iv) As in the oxygen analogue, the C-S force constant in
the radical (3.14 mdyn/A) is higher than in the parent
compound CH3SH (3.02 mdyn/A). The latter value com-
pares favorably with experiment (3.26 mdyn/A).!%

Rotation in CH,OH was investigated by computing the
energy of 2 (X = O) as a function of «. Positive values of «
correspond to the Y conformation 3, negative values to the
W conformation 4, and zero corresponds to the T confor-
mation 5. For each value of a, the energy was minimized

H H

with respect to the C-O bond length and the HCH and
COH angles; the C-H and O-H bond lengths were main-
tained at the values found in the most stable structure 1.
There is only one minimum in this curve, it corresponds to
the Y conformation (a« = +24.7°) and it has the following
additional geometrical parameters: r(C-O) = 1.3849 A;
(HCH = 121.18°;, ZCOH = 115.35°. The rotational bar-
rier of CH,OH is the energy difference between the most
stable conformation and the Y conformation, and is 2.00
kcal/mol.

Pyramidal inversion in 2, when X = §, was computed in a
similar manner, except that only the C-H bond length was
kept fixed at the value optimized for 1. From this work, it is
again evident that only the Y conformation has chemical
significance. The value of « is 5.83° and the additional geo-
metrical parameters have the following values: »(C-S) =
1.8314 A, r(S-H) = 1.3612 A; ZHCH = 121.5°; /CSH =
98.3°. The rotational barrier is the energy difference be-
tween the optimized structure 1 and the corresponding Y
conformation, and is 1.66 kcal/mol.

. The combined hypersurfaces for rotation and inversion in
CH;0H and CH,SH reveal the shallowness of the inver-
sion cross-section as compared to rotation. One also notices
that, in the course of a 360° rotation about the C-X bond,
two inversions must also occur. To pass over the rotational
transition state, the molecule must first invert. After rotat-
ing 180°, the molecule must invert again before passing
over the second rotational transition state. This final 180°
rotation then brings the molecule back to its initial position.
The effect is more pronounced in the CH>OH radical, be-
cause the out-of-plane angles in the ground state and transi-
tion state are larger. These results agree quite well with the
available experimental data on CH,OH. Line width stud-
ies?! indicate a rotational barrier of ca. 4.8 kcal/mol; fur-
thermore, on the basis of '3C splitting constants, it has been
suggested?> that CH,OH is nonplanar. No experimental
data are available for CH,SH. However, radicals derived
from sulfides (CH,SR; R = Me, 7-Bu) are more planar and
display higher torsional barriers (1-2 kcal/mol higher)
than the corresponding oxygen analogues.’> While the
trend in nonplanarity at carbon is in agreement with the
present results, extrapolation of the experimental data leads
to a rotational barrier slightly higher than the 1.66 kcal/
mol barrier computed for CH,SH.

3. Geometry Optimization of CH-F and CH,Cl. The com-
putations were performed for various values of ¢, the angle
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Table V. Computed Energies and Geometrical Parameters for the
Planar (« = 0°) and Optimum (a = 29°) Conformations of CH,F

Table VIII. n-Overlap Populations between the Methylene Carbon
and the Adjacent Atom

a E, au r(CF) LHCH o, deg? O.P. (4-31G) O.P. (STO-3G)
0 ~138.22556 1.3698 127.52 CH,0™ 0 -0.0086
29 —138.22639 1.3735 123.04 27k 0.0086
CH,OH 0 -0.0379
288 -0.0267
Table VI. Computed Energies and Geometrical Parameters for the CH,SH 0 ~0.0186
Planar (« = 0°) and Optimum (a = 21°) Conformations of CH,Cl 100 -0.0176
CH,F 0 -0.0204
E 2
o , au r(CCY) LHCH 29b _0.0144
0 —497.90699 1.8045 126.68 CH,C1 0 -~0.0119
21 -497.90716 1.80454 125.20 21b -0.0140
. . . CH,C=CH 0o 0.0727 0.0631
a 2
Not reoptimized for this conformation. 5 0.0724 0.0628
CH,C=CF ob 0.0550 0.0582
Table VIL. Total Energies (au) for Various Values of the Angle & 18 0.0548 882;3
«, deg E(STO-3G) E4-31G) CH,C=N 0b 0:0679
p” 4 0.0675
\C—C,EC\H 0 -113.82612 -115.09141 8 0.0373
v 5 —-113.82604 -115.09130 ; 5 _,
2For a planar CH, group, « is assumed to be 0°, and it increases
He 0 —211.27390 -213.78644 with increasing pyramidalization at carbon (for a tetrahedral angle,
Se—c=cE 5 ~211.27384  -213.78639 @ = 54.8°). bOptimum value.
H 10 -211.27363
H_ 0 —129.65076 which contains only first-row elements, shows very similar
H/Cl-—c_ar\ g —iggggggg energy differences and geometrical parameters at the STO-

4The optimum geometrical parameters at « = 0 are: 7(C,-C,) =
1.3993 4;/(C,-N)=1.2214 A; /(C,H) = 1.0835 A; tHC,H =
118.8°.

between the HCH plane and the C-X bond axis. The C-H
bond length was kept fixed at 1.07 A, and the remaining
geometrical parameters were optimized for each value of a.
The results are summarized in Tables V and VI. Points of
interest follow.

(i) Both radicals are computed to be nonplanar in their
most stable structure, with out-of-plane angles of 29 and
21° for CH,F and CH,Cl, respectively.

(ii) However, the barriers to pyramidal inversion are 0.5
and 0.1 kcal/mol for CH3;F and CH,CI, respectively.
Again, depending on the vibrational energy levels associ-
ated with the inversion process, the nonplanarity could be
reduced.?® The potential energy curves for these two radi-
cals are similar to those of CH;OH and CH,SH.

(iii) The STO-3G structure of CH,F has already been
published;'S the comparison shows a good agreement be-
tween the geometrical parameters computed at the two dif-
ferent levels, except for the HCH angle.

4, Geometry Optimization of CH,C=CH, CH,C==CF,
and CH,C=N. The geometries of the two radicals
CH,C=CH and CH,C=CF were examined in previous in-
vestigations?4 which considered mainly the reactivities of
such radicals. In this section are reported results concerning
the optimum conformation of the methylene group. As be-
fore, the total energy was computed at various values of o,
the angle between the HCH plane and the adjacent C;-C;
bond axis. The results are shown in Table VIIL.

For the CH,C==N radical, convergence in the SCF pro-
cedure at the 4-31G level could not be obtained; for this
reason the results are reported in this case at the STO-3G
level. To check their validity, STO-3G results are also re-
ported for the other two radicals. For these, the angle
HC,H was optimized for each value of «, and the remain-
ing parameters were kept constant at the values computed
previously for the planar conformations.

For CH;~-CN, all geometrical parameters were opti-
mized (at the STO-3G level) at o = 0, 4 and 8°, It had al-
ready been shown?* that a radical such as CH,C=CH,

3G and 4-31G levels. This same observation is made in the
present investigation of the optimum conformation at the
methylene center for the two radicals CH,C=CH and
CH;C=CF and suggests that the STO-3G result obtained
for the CH,-CN radical may be reliable.

The result is that these three radicals are planar, but the
potential curve around « = 0 is very flat.

5. Overlap Population Analysis. All of the radicals inves-
tigated in the present paper are = radicals, i.e., the singly
occupied radical orbital is of = type. The MO rationaliza-
tion of stability and conformations presented in the fol-
lowing sections will make use of the w-overlap populations
between the methylene carbon and the adjacent atom.
These values are listed in Table VIII. In the case of
CH,CN, only the STO-3G results were obtained. For com-
parison, STO-3G results are also given for the radicals
CH,C=CH and CH,C=CF.

III. PMO Rationalization

The MO analysis to be employed for the rationalization
of the relative stabilities and conformations of CH,X radi-
cals and of the rates of radical reactions is based upon per-
turbation theory, utilizes an effective one-electron Hamilto-
nian operator, and neglects overlap. According to perturba-
tion theory, the magnitude of the interaction between two
nondegenerate orbitals is directly proportional to the square
of their interaction matrix element H;;, and inversely pro-
portional to their energy separation (AE).2* In most cases it
is the AE term which dictates a particular trend, and this
will, therefore, constitute the principle focus of our atten-
tion.

In the discussion which follows, two types of radicals are
distinguished: (a) a “free” radical, by which we mean a rad-
ical generated and observed in its ground electronic state,?6
and assumed to be minimally perturbed by its environment;
(b) an “incipient” radical, by which we mean a species
which exists in the transition state of a reaction, and which
may interact both with an adjacent substituent and with a
second molecular fragment.

It will be clear from these distinctions that azoalkane
thermolysis provides experimental data concerning substit-
uent effects upon “incipient” radicals (eq 1), i.e., upon the
relative stabilities of various transition states 7. It is cus-
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Figure 1. Orbital interactions involved in the stabilization of a radical center by (a) an unsaturated group and by (b) groups such as CHj and

NH;*.

X—C(Me),—N=N—C(Me),—X —>
6

[X—C(Me), N=N-(Me).C—X] — 2MeLX + N, (1)
7

tomary to think of a radical as a species in which a molecu-
lar orbital is occupied by a single electron. However, in the
transition state 7, the occupancy may be equal to, greater,
or less than one electron depending upon the electronic na-
ture of the extrusion fragment Nj. For example, if the N;
fragment should behave as an acceptor toward the “free”
radical Me,CX, the occupancy number of the radical center
will be less than 1; conversely, if the fragment behaves as a
donor toward Me,CX, the occupancy of the radical center
will be greater than 1. As will be seen, the sign of the inter-
action of a radical center with an adjacent group is critical-
ly dependent upon the precise MO occupancy when overlap
is included in the theoretical analysis. Thus, the interaction
of the substituent X with the radical center generated at the
transition state may be stabilizing if the occupancy is less
than 1 and destabilizing if the occupancy is greater than 1.
In general, the relative effect of substituents upon the sta-
bility of an incipient radical will be shown to be indepen-
dent of the particular reaction employed. On the other
hand, whether this relative effect is to be ascribed to in-
creasing stabilization or decreasing destabilization will be
determined by the nature of the molecule employed in the
kinetic study. What this means is that one can rank various
substituents in terms of their relative stabilization of an in-
cipient radical, but cannot a priore predict where to place
hydrogen in the sequence. There are a number of examples
in the literature which indicate that a substituent may have
a stabilizing or destabilizing effect upon an incipient radical
center depending upon the nature of the reactants,’

1. Substituent Effects upon Radical Stability. We begin
this discussion with the assumption that we have an “incipi-
ent” radical in which the orbital occupation number is one.
For unsaturated substituents such as -CH=CH,, -C=CH,

-C=CF, -C=N, etc., interaction is possible between the
singly occupied radical orbital p; and the = and #* MO’s of
the substituent. This is a three-orbital, three-electron inter-
action, and it leads to net two-electron stabilization (Figure
1a). It is evident that the closer the spacing of the interact-
ing energy levels p.-m and p.-m*, the stronger will be the
interaction of the corresponding MO’s and, in general, the
greater the stabilization energy. This conclusion will be
valid provided that the matrix element H;; does not vary ap-
preciably. Also for substituents such as CH; or NH;*, the
interaction diagram has the same form. The orbitals of such
groups which can interact with the singly occupied radical
orbital are " and #*’ (Figure 1b). This is also a three-orbit-
al, three-electron interaction, and it again results in a net
two-electron stabilization. However, the stabilizing effect is
much smaller in this case because the spacing between the
interacting energy levels is greater.

The stabilization by an adjacent first-row heteroatom,
e.g., OR, can be attributed to the interaction of the singly
occupied radical orbital with the doubly occupied nonbond-
ing MO of the heteroatom. This is a two-orbital, three-elec-
tron interaction, and it leads to net one-electron stabiliza-
tion (Figure 2a).

On the other hand, the stabilization of a radical center by
an adjacent second-row heteroatom, e.g., SR, can be due to
the interaction of p. with the doubly occupied nonbonding
MO (NBMO) of the heteroatom as well as the interaction
of pc with low-lying vacant d orbitals of the heteroatom.?8
However, a recent nonempirical SCF-MO computation on
CH,SH, employing an extended basis set containing d-type
functions on sulfur, has shown that the participation of 3d
orbitals in the bonding is negligibly small.'¢ Consequently,
the stabilizing interaction must be considered to be the two-
orbital, three-electron interaction, as in the case of the
«a-oxy radical. The larger stabilizing effect of the second-
row heteroatom is simply a consequence of the greater
proximity of the interacting energy levels pc and X in this
case. This arises because the lone-pair ionization potential
of a second-row heteroatom (i.e., the energy required to re-

Bernardi, Epiotis, Wolfe, et al. / Properties of CH>X Radicals



474

{a) (b)
% » .
99 o

’ mB

ArH ArH..R R

/ WEAKER INTERACTION

LumMe

ArH ArH':R R

STRONGER INTERACTICN

Cx,-

C~—X

CH, -

-

Figure 2. (a) Orbital interactions involved in the stabilization of a radical center by a first- or second-row heteroatom; (b) the dependence of two-

electron stabilization on the energy separation of the interacting levels.

Table IX. Ionization Potentials of First-Row and Second-Row

lengths in each case. The trends appear to be clear, viz.,
that the overlap and, consequently, the matrix element H;

is equal to or greater for the second-row heteroatom, so that

Hydridesa
Molecule IP, eV
HF 15.77
HCl 12.80
H,0 12.61
H,S 10.48
H,N 10.87
H,P 10.10

this effect operates in the same direction as the (more easily
derived) energy separation of the interacting levels.

We may now consider the effect of occupancy of the in-
cipient radical center by more than one or less than one
electron. It seems clear that small deviations from unity will
not affect the general trends just described. An inspection

2Data taken from Natl, Bur. Stand., No. 26 (1969).

Table X, n-Overlap Integrals (Scx) and Optimized C—-X Bond

Lengths of CH,—X Radijcals

of Figures 1a and 2a also reveals that changes in the occu-
pancy as a function of the nature of the reactants are ex-
pected to affect the stabilizing influence of heteroatom sub-
stituents to a greater degree than that of unsaturated

Optimized bond

groups.
2. The Rates of Radical Reactions. We consider the reac-

Scx@ length, A ) ! : | :
tion shown in eq 3. If formation of the intermediate should

2pc-2pF 0.1227 1.3735:
2pc—3pc 0.1296 1.8045 ' o . TH RY
2pc—2p0 0.1540 1.38212 ArH + R- — [ArH-'R‘] \Ar/ —
2pc-3ps 0.1540 1.8116 8 _ .
2pe-2pN 0.1668 1.47¢ intermediate
2pc—3pp 0.1865 1.80¢ [ArR--H] — AR + H (3

2Computed with a CNDO/22° program. & Present ab initio
computations. ¢Estimated.

move an electron from a nonbonding “lone pair” AO) is less
than that of the corresponding first-row heteroatom (see
Table 1X).

It is extremely important to emphasize that the foregoing
analysis of a-oxy and a-thio radicals is based upon the ener-
gy separation of the interacting levels. It will lead to the
correct prediction if the interaction matrix element between
the heteroatom NBMO and the singly occupied orbital of
the radical does not vary appreciably. In general, H;; can be
assumed to be proportional to the overlap S;;. The matrix
clement for the 7 interaction of an atom X with an adjacent
carbon radical center will then be given by

Hex = KScex (2)

Table X summarizes the values of the #2pc-2px overlap in-
tegrals of a series of radicals CH»X at the optimized bond

9

be rate determining, then the rate of the reaction will de-
pend upon the relative stabilization of the transition state 8.
Alternatively, we may state that the rate of the reaction will
depend upon the stabilization of the free radical R by ArH.
When the problem is formulated in this way it is seen that
this situation is similar to that found in the stabilization of a
radical by an adjacent unsaturated group. Thus if ¥ is a
carbon 2p, orbital and ArH is an even alternant hydrocar-
bon, the following relationships hold, where « and 8 have
their usual meanings.*°

E(HOMO) = o + mB (4)
E(LUMO) = o -~ m8 (5)
E(C2p,) = a (6)

As illustrated in Figure 2b, the magnitude of the two-elec-
tron stabilization (SE) is inversely proportional to the ener-
gy separation of the interacting orbitals, and is related to
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Figure 3. Relative rates of addition of methyl radicals to aromatic even
alternant hydrocarbons vs. the inverse of the orbital coefficient m.

the coefficient m of eq 4 and 5 by
SE«1/m (7)

If kg and k are the reactivities of benzene and a second aro-
matic hydrocarbon toward a given free radical, we then ar-
rive at

log (kko) & 1/m = 1/m’ (8)

Figure 3 shows that the data of Levy and Szwarc,! on the
reactivities of aromatic hydrocarbons toward methyl radi-
cals, are correlated satisfactorily when plotted according to
eq 8.

For the case in which the intermediate is formed revers-
ibly, and the formation of transition state 9 is rate deter-
mining, relative reactivities will be decided by the relative
stabilization of this transition state. No convenient reactivi-
ty indices exist to treat this situation and it can be expected
that a correlation of the type shown in eq 8 would not exist
because it would be necessary to calculate explicitly the sta-
bilization energy for each substrate. Consequently, a find-
ing that theory and experiment are correlated by eq 8 may
serve to indicate but, obviously, not prove that the reaction
of an even alternant hydrocarbon with a free radical pro-
ceeds by rate-determining formation of the radical interme-
diate.

3 Conformational Preferences of CH;X Radicals. In the
MO interpretation of the stability of substituted methyl
radicals presented above, it has been assumed that the ge-
ometry at carbon remains constant. This assumption per-
mits a simplification of the discussion and does not affect
the qualitative trends revealed by the treatment. We now
consider how the stabilization of the radical center by an
adjacent substituent can be enhanced by geometric distor-
tion of the methylene group.

It is known that while CH3 is planar, replacement of hy-
drogen by a substituent such as fluorine makes the radical
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Table XI. 7-Orbital Energies (au) of CH,X Radicals at the
Optimized (« # 0) and Planar (e = 0) Conformations?

Radical o, deg o ng 1o *(HOMO)
CH,0" 0 -0.2631 -0.0899 +0.0094
27 —0.2574 -0.0919 +0.0077
CH,OH 0 -0.5921 ~0.5012 -0.3326
28 —0.5914 -0.5032 ~0.3453
CH,SH 0  -04850  —0.3877 -0.3113
10 -0.4781 -0.3836 -0.3199
CH,F 0  -06916  -0.6261 -0.3915
29 —0.6953 ~0.6247 ~0.4056
CH,CI 0  -05268 ~0.4611 -0.3796
21 -0.5236 ~0.4609 -0.3832

24-31G computations.

center nonplanar,?? and such observations have been ex-
plained using electronegativity arguments.® However, it has
been found here that, with other types of electronegative
substituents such as -C=CH, -C=CH, -C=CF, and
-C=N, the radical center remains planar. For the discus-
sion of these effects, we consider those CH>X radicals
whose substituent X has a lone pair or is an unsaturated
group with a HOMO-LUMO system that can interact sig-
nificantly with the singly occupied radical orbital.

The radicals subjected to analysis were CH,O0—3?
CHon, CHzF, CstH, CHzCl, CH2CECH,
CH,C=CF, and CH,;C=N, for which the results of
nonempirical SCF-MO computations have been presented
in the previous section.

For the radicals in which the substituent X is a heteroa-
tom, the methylene group is nonplanar, and it can be seen
that first-row heteroatoms (O~, OH, F) cause greater pyra-
midalization of the adjacent carbon center than second-row
heteroatoms (SH, Cl). For the radicals in which the substit-
uent is an unsaturated group, the radical center remains
planar.

An important feature of the results is that the w-electron
occupancy of the radical is such as to place two electrons in
a m bonding orbital and one electron in a x antiboding or-
bital (X = O~, OH, F, SH, CI) or = nonbonding orbital (X
= CN, C=CH, C=CF).

In addition, the = orbital occupied by a single electron is
the HOMO. Typical energy values of the occupied # MO’s
for planar and pyramidal heteroatom-substituent radicals
are given in Table XI.

It is possible to provide a rationalization of these results
in terms of two equivalent approaches: (a) an “energy” ap-
proach, which examines the variation of the stabilization
energy that results from mixing of the singly occupied radi-
cal orbital ¥ with the MO’s of the adjacent substituent as
the geometry at carbon is changed from planar to pyrami-
dal; (b) a *“charge transfer” approach, which examines the
change in bonding between carbon and the adjacent substit-
uent as the radical center is made nonplanar.

We shall first illustrate the energy approach. The single
electron which occupies a p. carbon AO in the planar struc-
ture occupies an sp? carbon AO in the pyramidal structure.
On the basis of valence state orbital ionization energies,**
an sp? carbon AO is more stable than a p. carbon AO by
3.23 eV. However, the gain in energy which results from
rehybridization at carbon is counterbalanced by a weaken-
ing of the CH bonds and an increase in the nuclear-nuclear
repulsion,® but in those terms the different effects of unsat-
urated and heteroatom substituents upon the geometry at
carbon are not easily rationalized. Therefore, a better ap-
proach seems to be to consider that the actual geometry
adopted by a CH>X radical will be that which maximizes
the stabilizing interaction between the singly occupied radi-
cal AO and the MO’s of the substituent. This criterion will,
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.1

Figure 4. Interaction energy (IE) vs. overlap (S) for a fixed value of
Hy; (=0.5 au) and representative values of H2a.

therefore, be used to compare the effects of unsaturated and
heteroatom substituents upon the geometry at carbon.

Pyramidalization must result in decreased pc-= and
pc—m* overlap (in the case of an unsaturated substituent) or
decreased pc-X overlap (in the case of a heteroatom sub-
stituent), On the other hand, because of the lowering of the
energy of the singly occupied radical orbital which accom-
panies pyramidalization, this process will strengthen the
pc-w interaction and weaken the pc—=* interaction when X
is an unsaturated group, but when X is a heteroatom, only
one interaction {pc-X) is involved, and this is strengthened.
It follows immediately that the combination of effects is
such as to make a radical such as CH;-X (X = unsaturated
substituent) more planar than a radical such as CH>X (X =
heteroatom).

We now adopt the “charge transfer” approach and con-
sider first a CH,-X radical where X is a first- or second-
row heteroatom. According to the interaction diagram of
Figure 2a, the radical has in its planar geometry two bond-
ing and one antibonding = electrons. Thus, one can antici-
pate that a geometric distortion which could reduce the ef-
fective number of 7 electrons will have a beneficial effect by
virtue of eliminating part of the antibonding interaction due
to the third = electron of the radical CH,-X. With substitu-
ents like O, OH, SH, etc., i.e., heteroatoms, the reduction
in the antibonding character in ¥, is obtained through a py-
ramidalization of the methylene group. The pyramidaliza-
tion lowers the symmetry point group of the radical, permit-
ting different basis functions to mix with the 2p, atomic or-
bital (AO). For example, in a pyramidal CH; radical cen-
ter, the singly occupied orbital is no longer a pure 2p; AO;
it also contains a contribution from the 1s AO’s of the two
hydrogen atoms as well as the 2p, and 2s AQ’s of the car-
bon. In other words, pyramidalization of the methylene
group causes a charge shift from the carbon 2p. AO to
other carbon AQ’s of different symmetry (2s, 2p) and also

to the two hydrogen atoms. The result of this charge shift is
a reduction of the 2p, orbital population and, therefore, a
reduction of the antibonding character of ¥,.

The effect of pyramidalization on the population of the
individual MO’s of the system provides additional insights.
Here, one expects that the amount of charge transfer from
Cap, to Cyp, and Cy that is contributed by each MO will be
proportional to the square of the carbon coefficient of the
appropriate MO. Figure 2a illustrates that the bonding MO
will contribute to the total charge transfer less than the an-
tibonding MO. For example, the decrease in the bonding
character of ¥; will be less than the decrease in the anti-
bonding character of ¥; leading to improved net 7 bonding.
This effect will become increasingly pronounced as the
coefficients of Csp,, and Xyp, diverge in magnitude, a situa-
tion which obtains as the electronegativity of X increases.
Hence, the greater the electronegativity of X, the greater
the pyramidalization of the radical center. In other words,
the “charge transfer” approach indicates clearly that elec-
tronegativity arguments are inexorably connected with the
principal orbital interaction which obtains in CH,-X radi-
cals, viz., that between the odd electron and the heteroatom
lone pair. This interpretation is clearly supported by the
w-overlap populations between the methylene carbon and
the adjacent atom listed in Table X. At this point it should
be emphasized that the charge transfer approach supports
the idea that the relative effect of substituents upon the sta-
bility of a radical center will not be crucially dependent
upon conformations. Partly as in the case of the “incipient”
radical, the occupancy of the radical center may be one or
less than one depending upon the degree of planarity of the
radical center and, as long as deviations from unity are not
overwhelming, the relative stabilizing effects of substituents
can be treated on a uniform basis.

The theoretical analysis that has been presented involves
neglect of overlap; this simplifying assumption does not af-
fect qualitative the various trends that have been discussed.
On the other hand, inclusion of overlap leads to additional
insights and provides for a better theoretical model. The im-
portance of inclusion of overlap in theoretical treatments
dealing with three-electron interaction problems has been
stressed by Hudson?® and Salem.?” In the following section,
we illustrate how inclusion of overlap in the theoretical
analysis can lead to a better understanding of the nature of
three-electron interactions and their control of conforma-
tional preferences.

We consider the radical CH,-X, where X is a heteroa-
tom such as F, Cl, OH, SH, etc., as the prototype system to
illustrate the key principles involved. Attention is focussed
upon the interaction between the heteroatom lone pair, X,
and the singly occupied carbon orbital pc. The magnitude
of this interaction can be computed by solving the secular
determinant for the two-orbital problem including overlap.

H, — ESy, Hy»— ESyp
Hj - ES3) Hs; — ES»x»

The various symbols have their usual meaning with 1 refer-
ring to the heteroatom orbital and 2 to the carbon orbital,
and with the interaction matrix element H taken to be
proportional to the overlap integral S12 (H12 = KS)2). The
interaction energy, 1E, is then given by the expression

=0 9)

IE=2E,+E;—2H  — H» (10)

A negative [E amounts to stabilization energy and a posi-
tive IE to destabilization energy. The quantity IE is plotted
as a function of overlap for a fixed H; and representative
values of H,» in Figure 4. Two important conclusions are
reached on the basis of these plots.
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(i) For constant energy separation the stabilization ener-
gy reaches a maximum at a value of the overlap denoted by
Sm, and then declines, eventually becoming destabilization
energy as overlap increases. This is a result which can be
obtained only when overlap is included in the analysis, and
it points out that one can increase stabilization (or decrease
destabilization) by reducing the overlap between the two in-
teracting orbitals. Specifically, if the overlap between the
carbon 2p, orbital and the lone pair of the heteroatom is
sufficiently greater than Sp, then pyramidalization of the
carbon center can lead to reduced overlap and greater stabi-
lization (or smaller destabilization), assuming that the en-
ergy separation of the interacting levels remains constant.
In the case of neglect of overlap, the quantity IE for the in-
teraction of a doubly occupied orbital ¢; and a singly occu-
pied orbital ¢; which are nondegenerate is given simply by
the expression?®

.2 2Q..2
IE = Hu = K §U—‘ (11)

This quantity is always negative and amounts to a stabiliza-
tion energy, e.g., the three-electron interaction is predicted
to give rise to = bonding between the two centers.

(ii) For constant overlap, the stabilization energy in-
creases if the energy separation between the interacting lev-
els decreases. This result is also obtained when overlap is
not included in the analysis. Pyramidalization leads to a de-
crease in the energy separation of the interacting orbitals,
since the energy of an sp? orbital is 3.25 eV lower than that
of a p, orbital.>* For example, upon pyramidalization, the
energy of the singly occupied carbon 2p, orbital tends to
approach the energy of the heteroatom lone pair. Hence py-
ramidalization can lead to greater stabilization assuming
that overlap remains constant.

The simultaneous variation of the energy of the singly oc-
cupied carbon AO and overlap between the carbon AO and
the heteroatom lone pair orbital will in most cases lead to
better = bonding. Figure 4 clearly shows that, excluding
cases where a geometry distortion results in a slight reduc-
tion of the energy separation of the energy levels and a very
large reduction of the overlap,’® pyramidalization of the
radical center will result in increased stabilization or de-
creased destabilization. For example, in Figure 4, the
change in the stabilization energy upon pyramidalization
which changes H;; from —0.3 to —0.4 and reduces the
overlap from 0.2 to 0.1 will be given by the difference of the
ordinates of points A and B. Since point A lies on the curve
for Hy> = 0.3 and B lies on the curve for Hy; = —0.4 and
always to the left of point A, it will always be true that for
overlap of chemical significance, e.g., S > 0.05, the stabili-
zation energy will increase upon pyramidalization.

Similar conclusions are reached when H,; is fixed at
—0.4 or ~0.3 au. We conclude that, in radicals of the type
CH;-X, pyramidalization will result in increasing stabiliza-
tion, converting destabilization to stabilization or decreas-
ing destabilization depending upon where the planar and
pyramidal structures lie on the three-dimensional surface of
IE as a function of Hy; and §;. The preferred geometries
of CH;-X radicals as well as the differences in the Cp.-Xp,
overlap populations between the planar and the most stable
pyramidal forms are shown in Tables III-VIII. The results
demonstrate unequivocally that pyramidalization leads to
better = bonding by reducing the = antibonding character
between the two centers. An INDO calculation, on the
same radicals at the ab initio optimized geometry, gives
quite different results. In this case, neglect of overlap as-
sures that the three-electron interaction will be net bonding
as found by the actual INDO calculation. Furthermore, the
balance between the numerator and denominator terms in
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the second-order perturbation (eq 11) leads to increase in
bonding upon pyramidalization. In other words, both the
overlap and the energy separation of the interacting orbitals
decrease but the rate of change of the latter term is faster
than that of the former and it is the energy proximity of the
interacting levels which ultimately dictates the preferred
conformation. Qur conclusions concerning the origin of py-
ramidalization in radicals of the type CH,-X at the two
levels of theory are summarized below: (a) theory excluding
overlap, pyramidalization occurs in order to maximize a
stabilizing three-electron interaction; (b) theory including
overlap, pyramidalization occurs in order to maximize a
stabilizing three-electron interaction or minimize a destabi-
lizing three-electron interaction.

The above discussion illustrates a point that may not
have been obvious, i.e., that a two-center three-electron
bond may not be a bond at all but rather an antibond. The
w overlap populations of Table VIII show that this is indeed
the case for CH,OH, CH,SH, CH,F, and CH,Cl in their
stable conformations. This could be a basis set dependent
result. It should be pointed out that although the one-elec-
tron analysis matches the ab initio trends, one cannot defi-
nitely exclude the possibility that this agreement is coinci-
dental and is due to one particular choice of approximating
the interaction matrix element; i.e., H;;. However, on the
basis of previous experience, we consider this possibility as
unlikely.

The experimental results of Table 1 which show that all
substituents stabilize a radical center might be construed as
evidence in favor of the above suggestion. However, it must
be noted that the experimental results refer to “incipient”
radicals while the calculations refer to “free” radicals. Fur-
thermore the progressive substitution of a methyl radical by
fluorine is known to lead to a decreasing stabilization of the
radical center and eventual destabilization in the case of
CF;. Typical C-H bond dissociation data are shown
below.40

H,C-H 104.0 kcal/mol
FH,C-H 101.0 keal/mol
F,HC-H 101.0 keal/mol
F,C-H 106.0 kcal/mol

Thus, we suggest that a study of substituent effects upon
the stability of free radicals may well reveal that certain
heteroatomic groups have a destabilizing influence rather
than a stabilizing one as is the commonly accepted view-
point.

Finally, the origin of the rotational barrier of CH,-XH,
in which X = O, S, can also be understood in a simple way
in terms of the OEMO theoretical model. In conformation
1, the interaction between the singly occupied carbon AO
with the adjacent Xp. lone pair is more stabilizing (or less
destabilizing) than the interaction between the singly occu-
pied carbon AO with the adjacent HOMO of the XH frag-
ment in conformation 2 due to the lower ionjzation poten-
tial of the Xp, lone pair as compared with the ionization
potential of the HOMO of the XH fragment.

Acknowledgment. The authors would like to acknowledge
the sponsorship of the NATO research grants program and
the financial support of the Italian CNR. Two of us (F.B.
and N.D.E.) also acknowledge some useful discussions with
Professor J. A. Pople. Finally, we thank the donors of the
Petroleum Research Fund, administered by the American
Chemical Society, and the Research Corporation for partial
support of this research.

References and Notes

(1) (a) Universita di Bologna; (b) University of Washington; (¢) Queen’s Uni-
versity.

Bernardi, Epiotis, Wolfe, et al. /| Properties of CH2X Radicals



478

(2) (a) Standard Oil Predoctoral Fellow; (b) Holder of a National Research
Council of Canada 1967 Science Scholarship; (c) Holder of a National
Research Council of Canada Studentship.

(3) (a) P. S. Engel and D. J. Bishop, J. Am. Chem. Soc., 94, 2148 (1972);

{b) J. C. Roy, R. R. Williams, J. R. Nach, and W. A. Harnill, ibid., 78, 519

(1956); (c) J. R. Sheiton, C. K. Liang, and P. Kovacic, ibid., 90, 354

(1968); (d) S. F. Nelson and P. D. Bartlett, ibid., 88, 137 (1966).

(a) J. W. Timberlake, A. W. Garner, and M. L. Hodges, Tetrahedron

Lett., 309 (1973); (b) J. C. Martin and J. W. Timberlake, J. Am. Chem.

Soc., 92, 978 (1970); (c) A. Ohno and Y. Ohnishi, Tetrahedron Lett.,

4405 (1969); (d) J. W. Timberlake and M. L. Hodges, ibid., 4147 (1970).

(5) These observations refer specifically to experimental studies of the

rates of thermolysis of azoalkanes. It is generally believed that polar ef-

fects are absent from the transition states of these reactions so that
these reflect the relative stabilities of the radicals themseives.

Various attempts to rationalize the interesting relationship between the

conformation of a radical center and the nature of an o substituent

have appeared in the literature. For example, see: M. J. S. Dewar and

R. C. Bingham, J. Am. Chem. Soc., 95, 7180, 7182 (1973); L. Pauling,

J. Chem. Phys., 51, 2767 (1969); J. A. Claxton and N. A. Smith, ibid.,

52, 4317 (1970); A. Begum, J. H. Sharpe, and M. C. R. Symons, ibid.,

53, 3756 (1970). These approaches have focussed attention on special

types of radicals, such as halomethyl, cyclopropyl, vinyl radicals, etc.,

and do not constitute general theories of substituent effects on radical
conformations.

(7) J. A, Pople and R. K. Nesbet, J. Chem. Phys., 22, 571 (1954).

(8) W. J. Hehre, W. A. Lathan, R. Ditchfield, M. D. Newton, and J. A. Popile,
Quantum Chemistry Program Exchange, Indiana University, Biooming-
ton, ind.

(9) C. C.J. Roothaan, Rev. Mod. Phys., 32, 179 (1960).

(10} A discussion of the charges and spin distributions in these radicals will
be presented elsewhere.

(11) W. J. Hehre, R. F. Stewart, and J. A. Pople, J. Chemn. Phys., 51, 2657
(1969).

(12) R. Ditchfield, W. J. Hehre, and J. A. Pople, J. Chem. Phys., 54, 724
(197 1).

(13) G. W. Robinson and V. E. Di Giorgio, Can. J. Chem., 36, 31 (1958); J.
Chem. Phys., 31, 1678 {1959).

(14) F. Bernardi, M. Guerra, and G. F. Pedulli, J. Phys. Chem., 78, 2144
(1974).

(15) W. A, Lathan, L. A. Curtiss, W. J. Hehre, J. B. Lisle, and J. A. Pople,
Prog. Phys. Org. Chem., 11, 175 (1874).

(16) F. Bernardi, |. G. Csizmadia, H. B. Schlegel, M. Tiecco, M. H. Whangbo,
and S. Wolfe, Gazz. Chim. ial., in press.

(17) (a) These computations'® were carried out at a fixed C-S bond length
more appropriate for the corresponding carbanion, and only a few geo-
metrical parameters were optimized. (b) The STO-3G structure of this
radical has already been reported;’S the comparison between the STO-
3G and 4-31G values reveals that bond lengths agree but bond angles
differ significantly.

(18) F. Bernardi, |. G. Csizmadia, H. B. Schlegel, and S. Wolte, Can. J.
Chem., in press.

4

6

=

(19) (a) M. E. Jacox and D. E. Milligan, J. Mol. Spectrosc., 47, 148 (1973); (b)
I. W. May and E. L. Page, Spectrochim. Acta, Part A, 24, 1605 (1968).

{20) Investigations to assess the extent of the vibrational effects are in prog-
ress.

(21) J. K. Kochi and P. J. Krusic, Chem. Soc., Spec. Publ., 24, 147 (1970).

(22) A. J. Dobbs, B. C. Gilbert, and R. O. C. Norman, J. Chem. Soc. A, 124
(1971).

(23) A. Hudson and J. T. Waffen, Tetrahedron, 28, 867 (1972).

(24) F. Bernardi, C. M. Camaggi, and M. Tiecco, J. Chem. Soc., Perkin
Trans. 2, 518 (1974); Gazz. Chim. Hal., in press.

(25) Perturbation theory is discussed in most quantum mechanics texts. For
applications to chemical problems, see: R. Hoffmann, Acc. Chem. Res.,
4, 1 (1971); E. Heilbronner and H. Bock, ‘‘Das Hickel MO Model and
Seine Anwendung”, Verlag Chemie, Weinheim/Bergstr., Germany,
1968.

(26) R. O. C. Norman, Chem. Br., 6, 66 (1970).

(27) For example, see: L. E. Walker and P. D. Bartlett, J. Am. Chem. Soc.,
95, 150 (1973), and references cited thersin.

(28) (a) C. C. Price and S. Oae, "'Sulfur Bonding’, Ronald Press, New York,
N.Y., 1962; (b) Y. Yano and S. Oae, Mech. React. Suifur Compd., 167
(1969).

(29} J. A. Pople and D. L. Beveridgse, "‘Approximate Molecular Orbital Theo-
ry"’, McGraw-Hill, New York, N.Y., 1970.

(30) A. Streitwieser and J. I. Brauman, "‘Supplementai Tables of Molecular
Orbital Calculations’’, Pergamon Press, Eimsford, N.Y., 1965. These au-
thors have given values of the coefficient m of eq 4 and 5 for a variety
of even alternant hydrocarbons.

(31) M. Levy and M. Szwarc, J. Am. Chem. Soc., 77, 1949 (1955).

(32) C. U. Pittman, L. D. Kispent, and T. B. Patterson Jr., J. Phys. Chem., 77,
494 (1973); D. L. Beveridge, P. A. Dobosh, and J. A. Pople, J. Chem.
Phys., 48, 4802 (1968).

(33) The 4-31G structure for CH,O™ has been published elsewhere; see ref
14,

(34) J. Hinze and H. H. Jaffe, J. Am. Chem. Soc., 84, 540 (1962).

(35) For instance, for CH.OH, the nuclear repulsion energy is 35.00857 au at
o = 0° and increases to 35.01702 au at o = 28°; furthermore the
overlap populations of the C~H bonds are 0.38898 and 0.37764 at o« =
0° and become 0.38575 and 0.36913 at 28°. The same trend is ob-
served for the other radicals.

(36) R. F. Hudson, Angew. Chem., Int. Ed. Engl., 12, 36 (1973).

(37) L. Salem, personal communication.

(38) In this case, the well-known approximation H; = KS;, where Hj is the
off-diagonal matrix element, S; the overlap integral, and K a constant, is
made.

(39) The values of Hyy, Hap, and S1gyutilized in this study were chosen in
such a way as to correspond closely to situations of chemical signifi-
cance. Thus the values of Hqy were fixed at —0.5, —0.4, and —0.3 au
because the ionization potentials of various heteroatom lone pairs range
between 0.579 and 0.371 au. The values of S;, for the heteroatoms
studied range between 0.1 and 0.2. Finally, the values of Hy typically
range from —0.36 au (planar radical) to —0.48 au (tetrahedral radical).

(40) See footnote b of Table I.

The Temperature Dependence of Carbon-13 Nuclear
Magnetic Resonance Shifts. Limiting Factors and
Stereochemical Applications!

Hans-Jorg Schneider* and Wolfgang Freitag

Contribution from the Universitat des Saarlandes,
Fachrichtung Organische Chemie, D66 Saarbriicken, Germany.

Received February 19, 1975

Abstract: With conformationally homogenous alicyclic hydrocarbons, a linear deshielding of up to 0.006 ppm/K with in-
creasing temperature is observed. In contrast upfield shifts as large as —0.02 ppm/K are found with functionally substituted
carbon atoms. These findings are compared with solvent dependences and discussed mainly on the basis of square electrical
field effects. In sterically inhomogenous compounds carbon atoms which are involved in gauche/trans equilibria are charac-
terized by upfield shifts nonlinear with temperature. The temperature dependence can be used for stereochemical and 13C
NMR spectroscopic assignments, as illustrated with n-pentylcyclohexane. The methyl carbon shifts in n-butane are comput-
er simulated with gauche/trans differences of 300 to 700 cal/mol (enthalpy) and of 2.5-4.7 ppm (shifts). Other hydrocar-
bons show shift dependences for which empirical parameters are given, reflecting the number of gauche conformations oc-

curring.

Although chemical shifts are known to be intrinsically
temperature dependent,? there is a paucity of pertinent data
on 13C NMR shieldings.? For many molecules carbon shifts
can be determined more accurately than proton shifts;

knowledge of their temperature dependence is a prerequi-
site particularly in investigations of equilibria and rates of
chemical reactions which are fast on the NMR time scale.
Besides holding promise for practical applications including
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