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the classical and bridged structures for a given Me;Si-X*. MO
calculations suggest that this is the case for HySi-C,H,*.> Another
possibility might be that in comparing bridged with bridged and
nonbridged with nonbridged a fortuitous cancellation of factors
leaves only the methyl groups contributing to the stabilization
energies. This then implies that two methyl substituents in, for
example, the bridged Me;Si-TB* are equally as stabilizing as the
single methyl in Me;Si-P*, High-level MO calculations on these
compounds would help in the elucidation of this topic. If bridged
structures are present in Me;Si-X* (X = E, TB, MB), then the
term S-silicon effect may not be the most appropriate. The silyl
group in these ions has a considerable stabilizing influence, but
it may not be in a position 8 to the carbenium carbon.

The entropy changes for the formation of Me;Si—alkene* are
unusually large; in fact, they are some of the largest that have
been measured in the gas phase for bimolecular association re-
actions. Condensation reactions with covalent products usually
have entropy changes in the range 30-40 cal/K-:mol.?® The
significantly larger value of 49 % 5 cal/K.mol was determined
for the association of Me;C* and benzene.?” It was suggested
that the large changes in translational entropy, because of the
relatively massive particles involved, together with the considerable
loss in external rotational freedom accounted for the majority of
the decrease. Similar considerations should apply to the present
case.

The calculated entropy changes shown in Table I are obtained
by considering changes due to translation and external rotation.
No changes in entropy due to vibration or internal rotation are
considered with the exception that the Me,Si group in the complex
is assumed to behave as a classical free rotor. Moments of inertia
are calculated assuming classical geometries for the complexes
with C-Si = 2.047 A and a tetrahedral Si-C—-C angle. Calcu-
lations are performed as described in ref 28. Because of the
approximation employed, the excellent agreement between ex-

(26) Meot-Ner, M.; Ross, M. M.; Campana, J. E. J. Am. Chem. Soc.
1985, 107, 4839,

(27) Sen Sharma, D. K.; Tkuta, S.; Kebarle, P. Can. J. Chem. 1982, 60,
2328.

(28) Benson, S. W. Thermochemical Kinetics; Wiley: New York, 1976.

periment and calculation is obviously fortuitous, but the calcu-
lations do show that the large experimental entropy changes are
consistent with expectations. In particular, there is no obvious
evidence for a restriction of internal rotations of methyl groups
in the complexes, which would lead to even larger decreases in
entropy for the association reactions than are experimentally
observed. It might be appropriate to point out here that if the
entropy changes had not been so large, measurements of the
temperature coefficients of the equilibrium constants for the more
strongly bound alkenes would have been impossible at tempera-
tures below 600 K.

Conclusion

The considerable stabilization afforded simple carbenium ions
by a B-silicon has been quantified. Although the absolute values
are somewhat uncertain due to uncertainties in the thermochem-
istry of silicon-containing species, especially Me;Si*, the values
obtained are consistent with previously published, calculated values.
The results also show a consistent decrease of ~10 kcal/mol in
the stabilization energy with each successive methyl group sub-
stituted on the carbenium carbon. The data show that even the
very stable MesC* is stabilized by a further 28 kcal/mol by a
Me,Si substituent in the 8-position in Me;SiCH,CMe,*.

MO calculations on Me,Si—alkene* adducts such as those
described in this study would be useful not only in helping elucidate
the structures of the ions but also in providing insight into lig-
uid-phase solvolytic experiments, which invariably involve mol-
ecules with substituents o to the proposed carbenium carbon.
Solvent effects do attenuate the 8-silicon effect in solution, but
even increases in reaction rates of the order of 1010 observed for
the extrusion of Me;SiOH from 4-tert-butyl-2-trimethylcyclo-
hexanol* can be accommodated by the very large effect demon-
strated by our data.

Acknowledgment. We thank the National Sciences and En-
gineering Research Council of Canada for financial support. The
use of the ZAB-2FQ mass spectrometer at the Ontario Regional
Ion Chemistry Laboratory, University of Toronto, is acknowledged.
We thank Dr. A. B. Young for help and advice with the CAD
studies.

Substituent Effects on the Electron Affinities of
Perfluorobenzenes C¢FsX

Glen W. Dillow and Paul Kebarle*

Contribution from the Department of Chemistry, University of Alberta,
Edmonton, Canada T6G 2G2. Received January 20, 1989

Abstract: The electron attachment free energy and enthalpy AG,° and AH,° corresponding to the reaction e” + B = B™ was
determined by measuring electron-transfer equilibria, A~ + B = A + B, with a pulsed electron high-pressure mass spectrometer
(PHPMS), involving compounds A whose attachment energies are known. Values were obtained for C¢FsX (X = F, Cl, C¢Fs,
CF;, COCHj;, CHO, CN, Br, I, NO,, COC¢Fs). The substituent effects for the o-acceptor/« acceptor substituents were found
to be very similar to those observed for the electron attachment energies of substituted nitrobenzenes: NO,C¢H,X. This
correspondence shows that the extra electron in both systems enters a w*-orbital. The substituent effects for the g-acceptor/x-donor
substituents, X = Cl, Br, I, were found to be very much larger for the C4FsX, relative to the nitrobenzenes, and to increase
greatly in the order F, Cl, Br, I. These results indicate that the extra electron enters a ¢*-orbital, which is localized on the

C-X atoms.

Recent work!® from this laboratory reported electron affinities
of perfluorobenzene C¢Fy and substituted perfluorobenzenes C¢FsX
determined via gas-phase measurements of electron-transfer

(1) (a) Chowdhury, S.; Grimsrud, E. P.; Heinis, T.; Kebarle, P. J. Am.
Chem. Soc. 1986, 108, 3630. (b) Kebarle P. Pulsed Electron High Pressure
Mass Spectrometer. In Techniques for the Study of lon Molecule Reactions;
Farrar, J. M., Saunders, W., Jr.; Wiley: New York, 1988. (c) Kebarle, P.;
Chowdhury, S. Chem. Rev. 1987, 87, 513. (d) Chowdhury, S.; Heinis, T.;
Grimsrud, E. P.; Kebarle, P. J. Phys. Chem. 1986, 90, 2747.

equilibria with a pulsed electron high-pressure mass spectrometer
(PHPMS).!® The electron affinity of C¢Fg was found to be EA-
(C¢Fg) = 0.52 = 0.1 e¢V!2 and is thus some 1.7 eV higher than
that of benzene, EA(C¢H¢) = —1.15eV.2 Since it is known that
fluorine stabilizes o-orbitals more than w-orbitals, it has been
suggested® that multiple fluorine substitution may lead to the singly

(2) Jordan, K. D.; Burrow, P. D. Acc. Chem. Res. 1978, 11, 34.
(3) Yim, M. B.; Wood, D. E. J. Am. Chem. Soc. 1976, 98, 2053.
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Figure 1. Scale of electron capture free energies AG,° based on measurement of electron-transfer equilibria (1): A+ B = A + B~. Values shown

between double arrows correspond to AG,° (at 423 K).

occupied molecular orbital (SOMO) of the negative ion being not
a w*-type orbital, as is the case for benzene, but a o*-type orbital.
Experimentally measured electron spin resonance (ESR) coupling
constants of C¢F¢™ in inert matrices indicate that C¢F¢ is not
planar and have been considered as evidence that the nonplanarity
is due to a o*-character of the SOMQ .3+

Our earlier determinations!® included the electron affinities of
only a few substituted perfluorobenzenes C(F¢X, namely X = CF;,
COCHj;, and CN. These substituents caused electron affinity
changes that were parallel to those observed for substituted ni-
trobenzenes: NO,C4H,X. The observed correlation between the
substituent effects for the perfluorobenzenes and nitrobenzenes
was taken as strong evidence!* that the SOMO of the per-
fluorobenzene anions is of w*-character, since it is known that
the SOMO of the nitrobenzene anions is a w*-orbital.

The present work provides a much wider range of electron
affinities of C¢FsX (X = F, Cl, Br, I, CF;, COCH3, CHO, CN,
NO,). These more extensive data permit a more detailed exam-
ination of the substituent effects to be made. The results have
turned out to be very illuminating and, to us, initially very sur-
prising.

Method of Measurement and Results

The electron affinities were obtained from measurements of elec-
tron-transfer equilibria (1) with a pulsed electron high-pressure mass

A"+B=A+8 1)

spectrometer (PHPMS), which has been described.!®

The conditions used were similar to those in the earlier work' and
need not be described again.

The procedures by which electron affinities are obtained from elec-
tron-transfer equilibria measurements are included in a recent review!s
so that only a very brief outline will be given here. Determination of X,
leads to AG\° = ~RT In K,. When a series of compounds are used, a
scale of AG,° values, obtained at the same temperature (150 °C), is
constructed. The scale obtained in the present work is shown in Figure
1. All the AG,° values shown were obtained in the present work. The
scale includes a number of multiple (redundant) thermodynamic cycles,
and inspection shows that these are generally consistent to ~0.1 kcal/
mol. This is significantly better than that of the earlier more limited
work.'* Problems had been encountered in the earlier work due to re-
actions of the perfluorobenzene radical anions with traces of O,, and in
the present work vigorous measures in sample preparation and gas-han-
dling plant procedures'® were taken in order to exclude traces of oxygen.
Only with C¢FsNO, was an intense ion (OC(F,NO,") observed, which
could be attributed to the presence of O,.

The scale in Figure 1 includes a number of reference compounds,
predominantly substituted nitrobenzenes, whose electron attachment free

energies AG,° (2) were determined in earlier work.!* The primary
e+ B=B" AG,° = AG,° 2)
e + SO, = SO,- 3)

standard used'*? was SO,, whose AG,° could be evaluated from literature
data® The usual stationary electron convention (neglect of translation
energy and entropy of the electron) was applied.'® Due to the similarity

(4) Symons, C. R. M.; Selby, R. C.; Smith, 1. G.; Bratt, S. W. Chem. Phys.
Lett. 1977, 48, 100.

(5) Celotta, R. J.; Bennett, R. A;; Hall, J. L. J. Chem. Phys. 1974, 59,
1740. Hirao, K. J. Chem. Phys. 1985, 83, 1433,
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Table I. Electron Attachment Energies and Electron Affinities of
Perfluorobenzenes and Perfluoropyridine?

~AG, (~AH,04

compd
decafluorobenzophenone  (C¢Fs),CO  36.6 37.1° 35.1
pentafluoronitrobenzene  C¢FsNO, 35.0 33.5
pentafluoroiodobenzene  C¢Fsl 34.1 326
pentafluorobromobenzene CgFsBr 28.0 26.5
pentafluorobenzonitrile ~ C¢F,CN 27.0 27.0° 25.5(25)
pentafluorobenzaldehyde C(FsCHO  26.8 25.3

pentafluoroacetophenone C(FsCOCH; 21.7 21.7° 20.2
octafluorotoluene CeFsCF, 21.3 21.6° 198

decafluorobiphenyl (CFs), 20.5 20.9° 19.0
pentafluorochlorobenzene C¢FsCl 20.3 18.8
pentafluoropyridine CsFsN 17.2 15.7
hexafluorobenzene CyFs 149 14.8% (12.0)%
pentafluorobenzene Cg¢FsH c

9Data from scale of electron-transfer equilibria free energy changes
AG,° shown in Figure 1. AG,? and AH,? are free energy change at 150
°C and enthalpy change for gas-phase reaction ¢ + B = B~ (stationary
electron convention). Values are in kilocalories per mole. Estimated
errors: AG.%, %1 kcal/mol; AH,, 2.5 kcal/mol. ®Previous work from
this laboratory.!* ¢All attempts to detect the radical anion of penta-
fluorobenzene failed. Rapid thermal electron detachment from C¢FsH"
was probably responsible and since this ion could not be detected even
at room temperature a ~AG,> < 10 kcal/mol is indicated. A very
rough estimate can be obtained with the assumption that each F atom
introduced into C¢Hg leads to the same decrease of ~AG,°. The dif-
ference between C¢Hg and CF¢ is ~38.4 kcal/mol and 38.4/6 = 6.4
kcal/mol. Using ~AG,%(C4Fg) = 14.9 kcal/mol, one obtains —AG,°-
(C¢FsH) =~ 8.6 kcal/mol. ¢The AH,® for the substituted perfluoro-
benzenes were estimated from AG.® by assuming AS,% = +3.5 cal/
deg-mol, on the basis of AS,% measured in previous work.!?

of the geometries and internal motions of SO, and SO, the adiabatic
electron affinity, the electron attachment enthalpy,'¢ and free energy'®
are very close as shown in (4).

SO,~ EA =253
0K

-AG.° = 26. kecal /m
a 422311( (kcal /mol) (4)

It should be noted that, within the approximation illustrated in (4),
the ~AH, values correspond to the adiabatic electron affinities, since the
equilibrium method involves high populations of the most stable anions,
i.e., the vibrational ground-state anions.

The AG,° at 423 K for the perfluorobenzenes obtained from Figure
| are summarized in Table I. Also given in Table I are the AG,° values
obtained in the earlier study. The agreement observed is within ~0.1
kcal/mol, except for (C4F;),CO where the difference is 0.5 kcal /mol.

The temperature dependence of several electron-transfer equilibria (1)
involving C¢F¢ was determined in the earlier work!® and via van’t Hoff
plots led to AH,° and AS,° values. These, when connected to the pri-
mary standard, SO,, led to electron attachment values for C¢Fg, AH,°
= ~12 keal/mol and AS,® = 7 cal/deg:mol. It was assumed that the
positive entropy change is due to loss of symmetry and loosening of
normal vibrations on formation of the negative ion. The entropy change
for the lower symmetry number C¢F;CN was lower, AS, = 4 cal/deg:
mol. The estimated AH, for the perfluorobenzenes given in Table I were
obtained from the AG,° of Figure 1 with the simple assumption that
AS,° of all C¢FsX is equal to +3.5 cal/deg:mol.

Discussion

Substituent Effects on the EAs of C¢FsX Molecules and Other
Substituted Aromatic Compounds. The magnitudes of electron
affinities of a related series of compounds are often discussed on
the basis of the energies of the LUMO'’s of the neutral molecules.
The assumption is made that the electron enters the LUMO, which
thus becomes the singly occupied molecular orbital SOMO.
Therefore, the lower the energy of the LUMO, the higher will
be the EA of the molecule (Koopmans' theorem).

The frontier orbital perturbation molecular orbital (PMO)
theory applied by A. Pross and L. Radom® to even electron systems
is very well suited also for qualitative predictions of the relative
energies of the LUMO’s of molecules and relative electron af-
finities. This approach was used recently in a discussion’ of the

(6) Pross, A.; Radom, L. Prog. Phys. Org. Chem. 1981, 13, 1.
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Figure 2. Plot of electron capture free energies AG,° for substituted
perfluorobenzenes and substituted nitrobenzenes: M, g-acceptor/m-ac-
ceptor substituents; @, o-acceptor/w-donor substituents. Value for
~AG,°(C¢FsH) = 8 kcal/mol is an arbitrary estimate; see Table I.

electron affinities of substituted nitrobenzenes NO,CsH,X and
will be used also in the present considerations.

The substituents included in this study may be classified into
two categories:® (i) g-acceptor/w-acceptor substituents (NO,,
CHO, COCHj;, CN, CF,); (ii) o-acceptor/w-donor substituents
(F, Cl, Br, I). In Figure 2 a comparison is made of the EAs
(-AG,®) of the C¢FsX molecules versus the EAs (-AG,°) of the
corresponding para-substituted nitrobenzenes. It is seen that with
g-acceptor/w-acceptor substituents there is a straight line rela-
tionship between the two sets of EAs with a high degree of cor-
relation (coefficient of correlation 0.998) and a slope slightly
greater than one (1.25). It is clear that these substituents influence
the EAs of C¢FsX and p-NO,C4H, X molecules in a very similar
manner. In contrast, with g-acceptor/w-donor substituents, there
is a dramatic divergence between the two sets of EAs, indicating
that w-donor substituents influence the EAs of C¢FsX and p-
NO,CsH4X molecules by distinctly different mechanisms. For
this reason, the two substituent classes will be discussed separately.

(i) o-Acceptor/m-Acceptor Substituents. With frontier orbital
PMO the energy of the LUMO of a benzene carrying a o-ac-
ceptor/w-acceptor substituent is derived from the interaction of
the LUMO of the substituent and the LUMO of the benzene, the
two being considered initially as separate entities.® This interaction
leads to the LUMO of the substituted benzene, which is of lower
energy than either of the above LUMO’s. The energy difference
between the lower of the above LUMO’s and the new LUMO
is the stabilization energy. The stabilization energy is the frontier
orbital counterpart of the delocalization or resonance energy.®
Further stabilization of the LUMO is induced by a “deshielding”
effect® where electrons in the aromatic system are drawn to the
substituent due to the local dipole produced by the substituent,
which generally contains electronegative atoms. The deshielding
effect is the PMO counterpart of the “field-inductive” effect.® Both
of these effects stabilize the LUMO and increase the EAs of
molecules bearing o-acceptor/w-acceptor ‘substituents. These
effects have been discussed in more detail in the examination of
substituent effects on the EAs of substituted nitrobenzenes.” Given
the similar influences of s-acceptor/w-acceptor substituents on
the EAs of C¢FsX and p-NO,C¢H, X molecules demonstrated by
Figure 2, much of the previous discussion’ is directly applicable
to the C¢FsX molecules and need not be repeated. The important
point to note is that electron capture by the C4FsX molecules

(7) Chowdhury, S.; Kishi, H.; Dillow, G. W.; Kebarle, P. Can. J. Chem.,
in press.
(8) Taft, R. W.; Topsom, R. D. Prog. Phys. Org. Chem. 1987, 16, 1.
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Table II. Substituent Coefficients Determined by Multiple
Regression Fits to ~5AG,? Values for Substituted Benzenes,

Para-Substituted Benzonitriles, and Para-Substituted Nitrobenzenes
to (5)

substituent coeff

coeff of
substituted syst PR PF correlatn
CeH;sX 149.6 = 14.6 312+ 49 0.996
p-CNC¢gHX 89.4 £ 16.1 209 = 5.1 0.982
p-NO,C{H X 460 % 5.0 190 % 1.6 0.996

bearing g-acceptor/m-acceptor substituents most likely occurs into
a m*-LUMO, as happens with p-NO,C4H,X molecules.

In a manner similar to that described for the substituted ni-
trobenzenes’ and following the example of Taft and co-workers,%®
the relative EAs of the C¢FsX molecules bearing g-acceptor/x-
acceptor substituents were fitted to (5) by a multiple regression

—0AG,® = pror t pFoF 5

procedure. In (5), -6AG,° = 0 keal/mol for X = H, of, and of
are system-independent substituent parameters, which have been
compiled by Taft et al.®® and which rank the resonance (R) and
field (F) capacities, respectively, of the various substituents; pg
and p are system-dependent substituent coefficients, which give
a measure of the magnitude of resonance and field effects on
—-AG,° in a given system such as C¢FsX or p-NO,C¢H X mole-
cules. From the multiple regression procedure, it was determined
that the EAs of the C¢FsX molecules relative to —6AG,° = 0
kcal/mol for C¢FsH may be described with a high degree of
correlation (coefficient of correlation 0.989) by (6). This rela-

-3AG,° = (559 £ 10.2)0g + (23.5 £ 3.2)0f (6)

tionship confirms that the influence of g-acceptor/m-acceptor
substituents on the EAs of C4FsX molecules may be accounted
for well in terms of the established resonance and field effects of
the substituents. In this system, the interaction between the
substituent LUMO and the aromatic LUMO is the primary
determinant of the EAs, but field stabilization of the LUMO is
also substantial.

It is informative to compare the pg and pr values obtained from
the above analysis with the substituent coefficients obtained from
a similar analysis of the EAs of other substituted benzene systems.
Table II lists the pg and pf values determined from the EAs of
substituted benzenes,'? para-substituted benzonitriles,"!! and
para-substituted nitrobenzenes!’ bearing s-acceptor/m-acceptor
substituents. While the uncertainties in pg and pf are somewhat
large in some cases due to small data sets, up to £25% in the worst
instances, the important trends are still clearly evident. In par-
ticular, it is seen that pg is quite system dependent, varying from
150 in substituted benzenes to 46 in para-substituted nitrobenzenes,
whereas pr is much less system dependent.

The variation of pgr amongst the four series of substituted
aromatic molecules is inversely related to the EA of the unsub-
stituted (X = H) member of each series, as shown in Figure 3.
Thus, py is highest for the series where the unsubstituted molecule
has the lowest EA, i.e., the monosubstituted benzenes. This trend
may be understood readily in terms of the stabilization energy
expected from the interaction of the substituent LUMOs and the
aromatic LUMO, the latter staying constant in a given series.
Schematic representation is shown in Figure 4, where the nitro
group has been chosen to represent a typical w-acceptor substituent
and ~AG,° has been taken as an approximate guide to the energy
levels of the various orbitals. This figure shows that the nitro group
LUMO lies at a much lower energy than the LUMO of benzene,
so that when a nitro group is added to benzene and the two
LUMOs are combined, the nitro group will make the dominant

contribution to the new nitrobenzene LUMO. That is, much of

(9) Taft, R. W.; Abboud, J. L. M,; Anvia, F.; Berthelot, M.; Fujio, M.;
Gal, J.-F.; Headley, A. D.; Henderson, W. G.; Koppel, 1; Qian, J. H; Mi-
shima, M.; Taagepera, M.; Vegi, S. J. Am. Chem. Soc. 1988, 110, 1797.
70 (10) Wentworth, W. E.; Kao, L. W.; Becker, R. S. J. Phys. Chem. 1975,

, 1161,

(11) Chowdhury, S.; Kebarle, P. J. Am. Chem. Soc. 1986, 108, 5453.
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the LUMO will be located on the nitro group.

Upon passing from benzene to pentafluorobenzene, benzonitrile,
and nitrobenzene, the aromatic LUMO becomes progressively
more stable and therefore makes a progressively greater contri-
bution to the combined LUMO in C4FsNO,, p-CNC,HNO,, and
p-NO,CHNO,, respectively. Conversely, the contribution of
the added nitro substituent to the combined LUMO will decrease
as the aromatic LUMO becomes more stable. The same trend
will occur with the other w-acceptor substituents as well. In other
words, the resonance effects of the substituents will be attenuated
as the aromatic LUMO becomes more stable, and this is reflected
in the decreasing py values. This type of effect has been observed
previously with substituted naphthalenes and anthracenes.!?

(12) Chowdhury, S.; Heinis, T.; Kebarle, P. J. Am. Chem. Soc. 1986, 108,
4662,
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In contrast, the field effects of the substituents on the LUMO
are attenuated only moderately upon passing from substituted
benzenes to para-substituted nitrobenzenes. Indeed, py is almost
the same for the C¢F X, p-CNCyH X, and p-NO,C¢H,X series.
This is a consequence of the similar size of these molecules. The
field effect of the substituents is primarily a through-space
electrostatic effect, which diminishes as a function of distance from
the substituent.® Hence, as each of these series of molecules are
of comparable size, the field effects of the substituents are also
comparable from series to series. The largest field effect is ob-
served with the substituted benzenes because the substituent in-
teracts directly with the aromatic LUMO. Conversely, in the
para-substituted nitrobenzenes, much of the LUMO is located
on the nitro group away from the substituent, and hence the lowest
field effects are observed with this series.

It is the different rates of attenuation of resonance and field
effects that is responsible for reversals in the EA of cyano- and
acetyl-substituted systems, which has been noted previously.!? The
cyano group is a moderate-resonance, high-field substituent (og
= 0.10, o = 0.60) whereas the acetyl group is a high-resonance,
moderate-field substituent (og = 0.17, o = 0.26).>* Thus, when
attached to systems such as benzene with a high-lying LUMO
where resonance effects are most pronounced, the acetyl-sub-
stituted molecule has a higher EA than the cyano-substituted
molecule. However, upon passing to systems with a more stable
LUMO where the resonance effect of the substituents is attenu-
ated, the field effect becomes more important and the cyano group
becomes the more stabilizing substituent: -AG,° (kcal/mol);
C¢HCN (5.5), C¢HsCOOCH,; (7.7), p-NO,C,H,CN (38.7),
p-NO,C,H,COCHj; (34.8).

It is noteworthy that Taft and co-workers have identified
qualitatively similar trends in the effects of substituents on the
gas-phase acidities of aromatic acids such as phenols and anilines.’

The causes for the close similarities between the substituent
effects on the even-electron systems studied by Taft and co-workers
and the odd-electron radical ions resulting from electron capture
were examined from the standpoint of PMO theory in our recent
discussion of the electron affinities of substituted nitrobenzenes.’

(ii) o-Acceptor/=-Donor Substituents. The substituents in this
group are characterized by the presence of a lone pair of electrons,
which may be donated to aromatic systems. It has been shown®’
that when attached to nitrobenzene, these substituents destabilize
the LUMO by donation of the lone-pair electrons to the aromatic
w-system, especially when located ortho or para to the nitro group,
but also stabilize the LUMO through their field effect. Depending
on whether the resonance donation or the field withdrawal of
electrons is dominant, these substituents may decrease or increase
the EA relative to nitrobenzene."” It is apparent from the plot
of ~AG,°(C4FsX) versus —AG,°(p-NO,C¢HX) in Figure 2 that
halogen substituents do not influence the EAs of C¢FsX molecules
in the same way. In p-NO,C¢H X, replacement of X = F with
I leads to a small increase in —AG,° of 4.6 kcal/mol,7-“ whereas
the same substitution in C4gHsX leads to a giant —AG,° increase
of 19.2 kcal/mol.

It has been shown, using ESR spectroscopy,®!? that electron
capture by the perhalogenated C4FsX compounds (i.e., X = F,
Cl, Br, I) in solid matrices at low temperature (77 K) leads to
addition of an electron into a o*-orbital rather than a =*-orbital.
This produces a o*-anion where the electron is localized on the
C-X bond.!3 Theoretical support for this has been provided by
semiempirical (MNDO-UHF) calculations,'# indicating that
although the LUMO of the C;FsX (X = ClI, Br, I) molecules is

(13) Symons, M. C. R. J. Chem. Soc., Faraday Trans. 1981, 177, 783.
(14) Glidewell, C. Chem. Scr. 1985, 25, 145.
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a w*-orbital, upon electron capture a reorganization of the orbitals
occurs causing the added electron to reside in a o*-SOMO strongly
localized on the C—X bond. This theoretical study also indicated
that the SOMO density at X decreases in the order I > Br > Cl.
The reliability of the MNDO-UHF results may be questioned,
and it would be very interesting to await predictions based on ab
initio calculations with large basis sets. Nevertheless, the cal-
culations,!* taken together with the uniequivocal ESR results!?
for the localized character of the SOMO of C¢FsX" in the C-X
bonds, are strong indications that the “anomalous” substituent
effects of the w-donor substituents observed in the present work
(Figure 2) are due to a localization of the SOMO in the C-X
bond. An important component in the stabilization of these
localized negative ions will be the polarizability of X, which
increases greatly from F to I.

When we recall that the dihalogens (F,, Cl,, Br,, I,, CII, Brl)
all have relatively high electron affinities'® of ~2.5 ¢V where the
SOMO is o*, a certain analogy may be seen with the electron
affinities of the C4¢FsX molecules where the C-X carbon heavily
“deshielded” by the neighboring F atoms acts as a quasi halogen
atom.

The position of C¢FsX (X = F) in the substituent effect plot
(Figure 2) does not provide a clear indication whether the C¢F¢~
SOMO is of w*- or o*-character. The spin coupling constants
obtained in the ESR studies* of C¢F¢~ in condensed-phase matrices
indicated a SOMO that was delocalized over a nonplanar C¢Fy".
Symons* assumed a o*-orbital and a nonplanar carbon structure
similar to the chair form of cyclohexane. However, later theo-
retical work by Shchegoleva et al.'® pointed out that a planar
carbon structure with C—F bonds bent in and out of the plane fits
the coupling constants better. Such a structure can be considered
to indicate a 7*-SOMO for C¢F¢~. Bending of the C-F bonds
reduces greatly the destabilization of the negative ion due to
w-donation while the stabilizing s-withdrawal is reduced only a
little, and this leads to a more stable 7*-SOMO. Since bending
of these bonds amounts to a =/¢ mixing, the 7*-SOMO will
acquire some o*-character.

The low EA(C¢Fg) =~ 12 keal/mol (see Table I) obtained from
the electron-transfer equilibria provides at least a partial expla-
nation for the “anomalous temperature dependence” of the electron
attachment coefficient, 8, of C4F¢ reported by Adams et al.!’
These authors observed that 3 decreases rapidly above 350 K, while
8 is found to be temperature independent for other compounds.
However, the authors assumed that EA(C¢F;) ~ 41 kcal/mol on
the basis of the then available literature values.!® Furthermore,
it is obvious from the preceding discussion of the geometry of C¢F,~
that the vertical electron affinity will be appreciably lower than
the adiabatic value equal to 12 kcal/mol. It is possible that the
temperature dependence of 8 is somehow related with these low
electron affinities. Adams et al.!” were unable to observe electron
attachment to C¢FsH. This result is in line with the lower EA
of C¢FsH implied by the present work (see Figure 2 and footnote
cin Table I) and the fact that C¢FsH™ could not be observed in
the present work also.

Acknowledgment. This work is supported by a grant from the
Canadian Natural Sciences and Engineering Research Council
(NSERC).

(15) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R.
D.; Mallard, G. W. Gas Phase Ion Neutral Thermochemistry. J. Phys. Chem.
Ref. Data 1988, 17, Supplement 1.

(16) Shchegoleva, L. N.; Bilkis, 1. I; Schastner, P. V. Chem. Phys. 1983,
82, 343,

(17) Adams, N. G.; Smith, D.; Alge, E. Chem. Phys. Lett. 1985, 116, 460.

(18) Lifshitz, C.; Tiernan, T. D.; Hughes, B. M. J. Chem. Phys. 1973, 59,
3182.



