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The equilibrium geometric parameters determined for XC=Y radicals (HC=O, CH;C=O, NH,C-=0, and
‘HC=CH,) are not characterized by their bond lengths but by their X~-C-Y angles, which are wide compared

with the angles in their parent molecules (XHC=Y).

The %s character of the ¢ orbitals on the C atom in XHG

=Y was found to be conserved in the %s character and the s-orbital spin density of the same atom in XC=Y rad-

icals:

there are linear relationships between them. Some notable features of the unpaired-electron distribution

on the frameworks of XC=Y radicals are also discussed in connection with the electronic properties of the ¢ radicals.

The conformations and electronic structures of para-
magnetic species containing an odd electron in their
o orbitals (e. g., d-type radicals such as vinyl, formyl,
and phenyl) have been the object of only limited
experimental and MO-theoretical investigations. Con-
cerning the conformations of the ¢ radicals, the equilib-
rium geometric parameters have hitherto been given
only for simple ¢ radicals such as HC=O,Y even
though, in connection with the electronic structures of
the ¢ radicals, the nuclear hyperfine constants of several
¢ radicals (CgH;, CH,-CX, or XC=O, where X=H,
CH,;, OCH;, etc.) have already been obtalned by ESR
observatlons %)

On- the other hand, the distribution of unpaired
electrons on the frameworks of ¢ radicals such as
vinyl, formyl, and phenyl has been discussed on the
basis of their electronic structures obtained by the
EHMO,» CNDO,% or INDO? computations with as-
sumed bond lengths and angles; but the first two
methods are not capable of giving a proper account of
the contribution of spin polarization to the unpaired
electron density because they neglect interelectron re-
pulsions '(in the EHMO) or about atomic exchange
integrals (in the CNDO).

“In the present paper, using the semiempirical INDO
method,® ‘the conformations of some ¢ radicals of
XC-Y (HC-O, CH,C-O, NH,C- =0, and HC-CH,)
are characterized by comparing them with those of
the parent molecules of XHC=Y; the unpalred elec-
tron distributions are also discussed in connection
with their conformations and electronic properties.

Method of Calculation

The integrations and parametrizations involved in
the INDO method, which is relatively reliable for bond
angles but less so for bond lengths,>? have been de-
scribed in detail in Ref. 6, so they will not be repeated
here. " In the INDO-UHF computations the annihila-
tion procedure was not carried out, because the an-
nihilation has little effect on the electron density
distribution®) and because, in the conventional evalua-
tion of the hyperfine splitting -constants (ay), the best
fitting proportionality constants ‘to the - experimental
ay values have been determined on the basis of the
computed spin densities without the annihilation.?

The geometric parameters of XC=Y radicals (HC =0,
CH,G-0, NH,C-O, and HC-CH,) shown in Fig.
1 were first determined by changing them in turn

so as to minimize the total energy until they become
identical; then, the optimized conformations of the
XC=Y radicals were recalculated by changing all their
geometric parameters in the magnitude of =+0.01 A
and =*1° as a check on the reliability of the optimiza-
tion results. In the above optlm17at10ns, some as-
sumed bond lengths (ryz=1.0A in NH,C=O and
Ton=1. 08 A in CH,C-O) and angles (ZCNH=120°
in NH,C-O and £HCH=109.5° in CH;C-O) were
used to shorten the computation time. '

Results and Discussion

Optimized Conformations. The computed equi-
librium geometric parameters of the XC=Y radicals
(HC-O, CH,;C-O, NH,C-O, and HC-=CH,) are
summarized in Table 1, together with those (obtained
by the INDO calculations) of the parent molecules of
XHC-Y (HCHO, CH,CHO, NH,CHO, and H,C=
CH,). The difference in the bond lengths between
XC-=Y and XHC-=Y was very small (within 0.04 A)
in their respective frameworks, but the computed bond
angles () of the former were too large (by 7.42—37.4°)
as compared with those of the latter. The optimized
bond angle (f) of XC-=Y seems to be overestimated.
The experimental 6 value, for example, for HC=O
(6=119.5°1) is too small as compared with the calcu-
lated one (6=131°), even though some overestimations
of the bond angle (0) of XHC-=Y have been seen, rang-
ing from 2.1° in NH,CHO (exptl=121.5°9) to 3° in
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Fig. 1. Geometric parameters for the conformational
optimization.
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TaBLE 1. OPTIMIZED GEOMETRIC PARAMETERS FOR THE XC=Y RADICALS

XC=Y y/A YA 6/deg w/deg y’ A ¢/deg
HC=0 1.12 1.23 131
(1.12) (1.25) (115)
CH,C=0 1.44 1.23 142 0
(1.44) (1.26) (124) (0)
NH,C=0 1.35 1.26 131 0
(1.343) (1.243) (123.6) 0)
HC=CH, 1.10 1.27 161.7 0 1.12 107.4
(1.11) (1.31) (124.3) (0) (1.11) (111.4)

' Values in parentheses are those for the parent XHC=Y molecules, and the underlined values are the ones fixed

- (taken from Ref. 9) for the calculations.

CH,CHO (exptl=121°9) and H,C-CH, (exptl=
121.3°19)), At any rate, the INDO computations tend
to give overestimated bond angles (0) for the XC=Y
radicals, because the widening of the bond angle (6)
unilaterally decreases the electron and nuclear repul-
sions. For example, the widening of the bond angle in
HC=0O from 6=115° (corresponding to that in HCHO)
to 131° (corresponding to that in HC=O) monoto-
nously decreased the electron and nuclear repulsions
(E;; and Ey respectively) from 28.827 to 28.724
a.u. in Ey and from 13.816 to 13.700 a.u. in E,
with a monotonous decrease in the one-electron
attraction (E;) from —67.441 to —67.229 a.u.
The balance in the repulsions and the attraction
energies, therefore, gave the rather large bond angle
(=131°) for HC=O. In this sense, it can be said that
the underestimation of the electron repulsions, which
is the usual trend of the INDO calculations,’V) gave
bond angles (0) to the XC=Y radicals which were too
large.

Next we discuss the change in the energetical stabili-
ty of the XC-=Y radicals by the internal rotation of
the X or Y group around the C-C bond in CH,C-O
or HC-CH, and around the C-N bond in NH,C-O.
The rotation angle (w) for the energetically most stable
and unstable conformations are given in Fig. 2, together
with the rotation barriers. In the most stable or
unstable conformations of XHC-=Y and XC=Y, the
rotation angles (w) were just-the same between the
respective parent molecules and the ¢ radicals, but the
rotation barriers of the XC=Y radicals were rather low
in comparison with those of the XHC-=Y molecules
(0.345 kcal/mol for CH,CHO, 23.11 kcal/mol for
NH,CHO, and 105.22 kcal/mol for H,C=CH,). The
INDO computations without polycenter interelcctron
repulsions usually result in low rotation barriers (for
instance, the calculated barrier (0.345 kcal/mol) for
CH;CHO was too low as compared with the experi-
mental value of 1.16 kcal/mol'®), but the number
(105.22 kcal/mol) for H,C=CH, (ro,,=1.31 A at ©=0°
was stretched to ro,=1.38 A in the triplet state con-
formation at w=90°) was computed to be too high
in comparison with the experimental number of 65.0
kcal/mol.'® The overestimated: rotation barrier for
H,C-CH, is probably due to the incomplete optimiza-
tion of its geometric parameters, such as 7oz and £ CCH,
atw=90°. The decrease in the E; term by the rotation

Most stable Most unstable Rotation
barrier
(kcal/mol)
H H
CH4C=0 0.08
4 H H
HO o]
w=0° w=60°
NH,,C=0 @ HéH 16.47
HO (o]
w=0° £w=90°
HC=CH2 @ HéH 4.74
HH H
w=0° w=90°

Fig. 2. The most stable and unstable conformers of
CH,C-0O, NH,C=0, and HC=CH,.

from w=0° to ©=90° (or w=60° in CH;C-O and
CH3;CHO) made both species (XC=Y and XHC-Y)
more unstable, and. this seems to be directly related
to the decrease in the contribution of the = conjuga-
tion (including the pseudo one in CH3;C=O or CHj-
CHO) between the C-C or C-N bond to the stabiliza-
tion of XC=Y or XHC=Y (see Table 2).

Electron Distribution and Spin Density. . - The po-
larization (charge distribution) in the XC=Y radi-
cals was not so markedly different from that in the
XHC-Y molecules, as seen from the computed atomic
charge densities and dipole moments of XC=Y and
XHC-=Y in Table 3, but one slight difference is that
XC=Y have a less positively charged C' atom and a
less negatively charged O, C, or N atoms attached to
the C!, in comparison with XHC=Y. This was
mainly caused by the electron shift from the neighbor-
ing atoms to the C! through the.n-bonding orbitals
during the widening of the bond angle (0) in the XC-
Y radicals. The hybridizations (sp™) of the ¢ orbitals
on the C! atom, n=1.35 (HC-O) —1.75 (HC=CH,)
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TaBLE 2. ENERGY CONTRIBUTION TERMS AND OVERLAP POPULATIONS FOR THE MOST STABLE AND UNSTABLE
CONFORMERS OF THE XC=Y RADICALS

XC=Y Conformer  Ejfa.u. Ejp/a.u.

Overlap population

of m conjugation

Ey/a.u. Total/a.u.

C-C(or C-N) C=0
CH,C=0 a —119.781 52.270 34.228 —33.282; 0.0632 0.1866
(—130.451) (57.100) (39.156) (—34.195,) (0.0641) (0.1851)
b —119.774 52.265 34.226 —33.282, 0.0634 0.1863
(—130.440) (57.094) (39.151) (—34.194,) (0.0642) (0.1850)
NH,C=0 a —127.473 56.225 34.439 —36.809 0.1204 0.1462
(—139.746) (61.780) (40.247) (—37.719) (0.1081) (0.1706)
b —127.430 56.237 34.410 —36.783 0.0571 0.1779
(—139.558) (61.683) (40.194) (—37.681) (0.0578) (0.1899)
HC=CH, a —53.617 22.122 15.891 —15.604 0.3018
(—61.445) (25.507) (19.370) (—16.568) (0.2835)
b —53.612 22.125 15.891 —15.596 0.2770
(—60.446) (25.145) (18.901) (—16.400) (0.0978)

Values in parentheses are those for the parent XHC=Y molecules.

TaBLE 3. CHARGE AND SPIN DISTRIBUTIONS AND PHYSICOCHEMIGAL CONSTANTS FOR THE XC=Y RADICALS

Dipole G
HC=Y Atom g;?;tg; morlr)lent Os Op Total /——iN'(v)——-\
(D) calcd obsd
HC=0 G 3.846(3.789) 1.49(2.10) 0.1726 0.3932 0.5658 141.58 134.5
o 6.152(6.188) 0.0051 0.2742 0.2793 4.54
H 1.002(1.011) 0.1549 0.1549 83.63 136.5
HC=CH, G 4.085(4.003) 0.33(0.0) 0.0661 0.8171 0.8832 54.24 107.57
(o) 3.965(4.003) —0.0368 —0.2059 —0.2427 —30.15 —8.55
H 0.948(0.999) —0.0281 —0.0281 —15.16 13.39
H? 1.007(0.999) 0.2245 0.2245 121.20 65.0
H? 0.995(0.999) 0.1630 0.1630 87.99 37.0
CH;C=0 G 3.861(3.674) 2.59(2.86) 0.1276 0.4918 0.6194 104.67
C2 3.973(4.011) 0.0080 0.0007 . 0.0087 6.56 5.3
o 6.210(6.286) 0.0062 0.2747 0.2809 5.48
H! 1.002(0.995) 0.0796 0.0796 42.99
H? 0.977(0.985) 0.0057 0.0057 3.05
H3 0.977(0.985) 0.0057 0.0057 3.05
NH,C=0 (0 3.809(3.550) 3.71(3.90) 0.1647 0.3034 0.4681 135.06
N 5.163(5.236) 0.0308 0.0151 0.0459 11.67 21.6
o 6.270(6.384) 0.0058 0.4124 0.4182 5.18
H! 0.876(0.876) —0.0026 —0.0026 —1.40 1.15
H? 0.882(0.871) 0.0704 0.0704 38.01 30.45

Values in parentheses are those for the XHC=Y molecules.

in XC-Y and rn=1.62 (HCHO) —1.80 (H,C-CH,)
in XHC-Y, were also almost the same magnitude in
the radicals and the parent molecules. Strictly speak-
ing the order of the %s character of the C! g-orbitals
in XC-Y, HC-0(42.509%,) > NH,C=-0(41.43%,) >
CH,C-0(38.69%,) >HC-CH,(37.629%,), was well re-
flected in that in XHC-Y, HCHO(38.10%)>
NH,CHO(37.50%,) > CH;CHO(36.769,) > H,C=CH,
(35.69%), and there is a completely linear correla-
tion between the above 9%s characters of XC-=Y
and XHC-Y (Fig. 3). Thus, the 9%s chracter of
the o-orbitals on the C! atom in XHC=Y was con-
served in the same C! atom of XC=Y, and this is in
harmony with the fact that the %s character of the C

atom in XYZCH molecules (X, Y, or Z=substituent)
is conserved in the same atom of XYZC radicals.!®
In regard to the spin distribution in the XC-=Y
radicals, the total spin densities (Table 3) chiefly spread
over the Cl atom (46.6% in NH,C=O —61.9%, in
CH,C-0O) and the Cl-bound oxygen or carbon (C2)
atom (15.79 in HC-CH, —41.6% in NH,C-0).
Such a spin distribution was predominantly recognized
on the p orbitals (especially, on the p orbital conjugat-
ing with the C! unpaired-electron orbital) of the O or
C2 atom or of the C! atom per se, and the spin densities
on the C! p-orbitals, p,, follow the order of HC-CH,
>CH,;C-0O>HC-O>NH,C-O. The above order is
just the same as that in the bond order of the
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5 0.20 orbital on the C! atom in HC-CH,, CH,C-O, or
NH,C-O was considerably larger than that of the

ma Jo1s hydrogen c¢is to the above orbital. This trend was

. also seen in the ESR observations: the ay value of
I 43f Jo1s the #rans hydrogen in HC-CH,, NH,C-O, or H,C-
g > CCHj (trans H=(+) 57.89 G'® and c¢is H=(+)32.92
5 2r Jo‘u c”) G19) is larger than that of the cis hydrogen. In view
- " of the fact that the internal rotation from w=0° to
g 4f Ho12 g ©=90° monotonously decreased the spin density of
g B the trans hydrogen in HC-CH, or NH,C-O, with
R oo o equivalent spin densities for H2 and H3 in HC-CH2H?
2 8 or for H! and H? in NH'H2C-O at ©»=90°, the pre-
o sr o0 dominant interaction of the C! unpaired-electron orbi-
O tal with the frans H s-orbital rather than with the cis
Br 0% H s-orbital presumably caused the spin polarization

a7 77, L \ 008 to be stronger for the #rans H atom. Such circum-

35 36 37 38 39" stances of the spin polarization (or of the spin delocaliza-

C! 9s character of XHC=Y
Fig. 3. Linear relationship of the C! 9%s character
of XHC=Y with the C! %s character of XC=Y and
with the pg of C! in XC=Y.

Fig. 4. Spin density contour maps for HC-CH, and
NH,C-O.

pseudo z-orbital between the C! and O (or C2) p-
orbitals; that is, HC=-CH,(0.472) >CH,C-0(0.375) >
HC-0(0.359) >NH,C=0(0.352), where the values
in parentheses are the bond orders. This suggests
that the direct spin polarization from the C! atom
to the neighboring one through the =-type bonding
decreases with increasing the bond order. In this
respect, the internal rotation increasing the bond order
of the pseudo m-conjugation in the C1-C? (HC-CH,)
or CI-N (NH,C-0O) bond resulted in the increase of
the spin density of the C! atom (especially, that on the
C! p-orbital).

On the other hand, the spin density of the C! s-

orbital, p,, was directly related to the hybridization on.

the C1 c-orbitals.
linear dipendence on the %s character
orbitals (Fig. 3) and follow the order of HC-O>
NH,C-O>CH;C-O>HC-CH,. This is also in har-
mony with the fact that the hyperfine splitting con-
stant, ay, (reflecting the p, value) of the carbon atom
in the XYZC radical correlates linearly with the [y
coupling constant (reflecting the- %s character of the
C1% atom) of the XYZCH molecule.’®

It should be noted that the computed spin density
of the hydrogen trans to the site of the unpaired-electron

Specifically, the p, values show a
of the C! o-

tion) may also be understandable from the contour
map of the spin distribution in HC=-CH, or NH,C=-0O
(Fig. 4).

Finally, we will briefly point out the hyperfine split-
ting constants, ay, of the present XC=Y radicals
(Table 3). The ay values computed with the best
proportionality constants®) did not show satisfactorily
good coincidence with the observed ay values, and
those for H, 13C, N, and O had almost the same
accuracy of agreement with the observed ones. Here,
no characteristic feature of the calculated ay values for
the present XC-=Y radicals was recognized in terms of
a coincidence between the INDO computation results
and the ESR observations.
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