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Abstract: MP3 level calculations using pseudo-potentials for the halogens and semidiffuse functions for the heavy atoms indicate 
that in the series CH3X (X = F, Cl, Br, I), the reaction CH3X + e" - * CH3* + X" is a concerted electron transfer-bond breaking 
process in accord with previous experimental findings (gas phase, solid matrixes, electrochemistry in polar solvents). The activation 
barriers and transition-state geometries thus found are in good agreement with the predictions of a recently developed empirical 
Morse curve based model leading to a quadratic activation-driving force relationship and an intrinsic barrier equal to one-fourth 
of the bond dissociation energy. The empirical model thus validated is of general applicability to the kinetic reactivity of the 
vast class of organic and inorganic molecules undergoing dissociative electron transfer upon reaction with homogeneous and 
heterogeneous outer-sphere electron donors. The comparison of the energy profiles obtained by means of full basis set calculations 
for CH3Cl and CF3Cl reveals the existence of an energy minimum in the anionic profile at large C-Cl distances with a much 
larger stabilization energy for CF3Cl". Analysis of charge densities maps indicates that the bond between carbon and chlorine 
is of the electrostatic type and that the large stabilization in CF3Cl" is due to strong polarization of CF3*. Simulation of the 
effect of polar solvents shows the disappearance of the CF3Cl*" minimum. The reductive cleavage thus becomes a concerted 
electron transfer-bond breaking process in accord with previous conclusions derived from the electrochemistry of perfluoroalkyl 
halides in polar solvents. This result emphasizes and rationalizes the role of polar solvents among the parameter that govern 
the occurrence of concerted versus stepwise reductive cleavage mechanisms. 

Alkyl and aryl halides constitute the most widely investigated 
ensemble among organic molecules containing a nucleofugal group. 
Their reactions with homogeneous and heterogeneous (electrodes) 
electron donors or with nucleophiles involve the breaking of the 
carbon-halogen bond. In the case where the homogeneous and 
heterogeneous electron donor, designated by e", is of the outer-
sphere type,2 the global reaction can be formulated as: 

R X + e" — R * + X- (1) 

An important mechanistic and practical issue3 is whether the 
reaction is concerted (i.e., (1) is an elementary step) or stepwise, 
in which case, an anion radical, which will eventually dissociate, 
is formed as a first intermediate: 

RX + e" s=t R X " (2) 

R X " — R*X- (3) 

In all cases investigated so far, aryl halides undergo a stepwise 
reaction in the gas phase,4 in apolar or weakly polar matrixes,5 

(1) (a) Universitat Autonoma de Barcelona, (b) University de Paris 7. 
(2) (a) The outer-sphere/inner-sphere terminology was originally coined 

for electron transfer reactions involving coordination complexes.21" We use 
here the following generalization.2"1 In outer-sphere electron transfer reactions, 
either no bond is cleaved or formed within the time scale of the experiment 
or, in the opposite case, bond breaking and bond formation take place in 
separated steps, distinct from the electron transfer step. Conversely, if electron 
transfer is concerted with one or with the two other steps, one will deal with 
an inner-sphere electron transfer. An outer-sphere electron donor is thus a 
reagent that will not experience bond formation or bond breaking concerted 
with electron transfer during the rate-determining step, (b) Espenson, J. H. 
Homogeneous Inorganic Reactions. In Investigation of Rates and Mecha­
nisms of Reactions (Techniques of Chemistry), Part 2; Bernasconi, C. F., Ed.; 
Wiley: New York, 1986; Vol. VI/4E, pp 487-563. (c) Taube, H. Electron 
Transfer Reactions of Complex Ions in Solution; Academic Press; New York, 
1970. (d) Lexa, D.; Saveant, J.-M.; Su, K. B.; Wang, D. L. / . Am. Chem. 
Soc. 1988, 110, 7617. 

(3) (a) For example, the mechanism and the kinetics of this reaction play, 
together with the electron transfer properties of the radical R", an essential 
role in the possibility to trigger a radical or an ionic chemistry upon reduction 
of organic halides by outer-sphere homogeneous and heterogeneous electron 
donors (for a discussion of this point, see, for example, the introduction of refs 
3b and 3c). (b) Andrieux, C. P.; Gallardo, I.; Saveant, J.-M. / . Am. Chem. 
Soc. 1989, / / / , 1620. (c) Andrieux, C. P.; Grzeszczuk, M.; Saveant, J.-M. 
J. Am. Chem. Soc, in press. 

(4) (a) Wentworth, W. E.; Becker, R. S.; Tung, R. / . Phys. Chem. 1967, 
71, 1652. (b) Steelhammer, J. C; Wentworth, W. E. /. Chem. Phys. 1969, 
51, 1802. 

and in polar solvents (direct or indirect electrochemistry).6 

In the gas phase, alkali-metal reduction of simple aliphatic 
halides does not give rise to the anion radical, but yields directly 
the alkyl radical and the halide ion.7'8 Dissociative electron 
transfer is also observed upon 7-ray irradiation in apolar or weakly 
solid polar matrixes.5 The same is also true for the electrochemical 
reduction in polar solvents as deduced from the observed low values 
of the symmetry factor.6*1'9 

In the case of stepwise reactions, as with aryl halides, the 
electron transfer step is of the outer-sphere type, and therefore 
its dynamics can be approximately described by semiclassical 
models such as Marcus-Hush's.10 The follow-up bond breaking 
step has been qualitatively described as an intramolecular con­
certed electron transfer-bond breaking process.611 

The Marcus-Hush model is not directly applicable to concerted 
electron transfer-bond breaking reactions since it is an inner-sphere 
process from the point of view of the acceptor even though an 

(5) Symons, M. C. R. Pure Appl. Chem. 1981, 53, 223. 
(6) (a) For general reviews on the electrochemistry of organic halides, see 

refs 6b and 6c. For a more recent review and a more detailed discussion on 
the mechanism of the reduction of aryl halides by outer-sphere homogeneous 
and heterogeneous electron donors in polar solvents, see ref 6d. (b) Hawley, 
M. D. In Encyclopedia of the Electrochemistry of the Elements; Bard, A. J., 
Lund H., Eds.; Wiley: New York, 1980; Vol. XIV, Organic Section, (c) 
Becker, J. Y. The Chemistry of Functional Groups, Suppl. D; Patai, S., 
Rappoport, Z., Eds.; Wiley: New York, 1983, Chapter 6, pp 203-285. (d) 
Saveant, J.-M. Adv. Phys. Org. Chem. 1990, 26, 1. 

(7) Compton, R. N.; Reinhart, P. W.; Cooper, C. C. J. Chem. Phys. 1978, 
68, 4360. 

(8) (a) There have also been several photoelectron spectroscopic studies 
of simple aliphatic halides.8b_g (b) Raymonda, J. M.; Edwards, L. O.; Russel, 
B. B. J. Am. Chem. Soc. 1974, 96, 1708. (c) Rebbert, R. E.; Ausloos, P. J. 
J. Photochem. 1975,4,419. (d) Rebbert, R. E.; Ausloos, P. J. /. Photochem. 
1976, 6, 265. (e) Shold, D. M.; Rebbert, R. E. X Photochem. 1978, 9,499. 
(f) Burrow, P. D.; Modelli, A.; Chiu, N. S.; Jordan, K. D. J. Chem. Phys. 
1982, 77, 2699. (g) Benitez, A.; Moore, J. H.; Tossell, J. A. / . Chem. Phys. 
1988,55,6691. 

(9) (a) Andrieux, C. P.; Gallardo, I.; Saveant, J.-M.; Su, K. B. / . Am. 
Chem. Soc. 1986,108,638. (b) Andrieux, C. P.; Gallardo, I.; Saveant, J.-M.; 
Su, K. B. J. Phys. Chem. 1986, 90, 3815. (c) Andrieux, C. P.; Merz, A.; 
Saveant, J.-M. J. Am. Chem. Soc. 1985, 107, 6097. 

(10) (a) Marcus, R. A. J. Chem. Phys. 1956, 24, 4966. (b) Hush, N. S. 
J. Chem. Phys. 1958, 28, 962. (c) Marcus, R. A. Theory and Applications 
of Electron Transfers at Electrodes and in Solution (Special Topics in 
Electrochemistry); Rock, P. A., Ed.; Elsevier: New York, 1977; pp 161-179. 
(d) Marcus, R. A. Faraday Discuss. Chem. Soc. 1982, 74, 7. 
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outer-sphere electron donor is involved. An approximate model 
of the dynamics of such reactions has recently been developed.6*11 

It allows for the contribution of solvent reorganization and changes 
in length and angle of bonds that are not broken in the same 
manner as in the Marcus-Hush model. The contribution of the 
bond that breaks to the dynamics of the reaction is modelled by 
approximating the potential energy of the acceptor, RX, by a 
Morse curve and that of R* + X" by a purely dissociative curve 
taken as identical with the repulsive portion of the RX Morse 
curve. Under these conditions, the quadratic Marcus-Hush ac­
tivation-driving force relationship: 

^ = ^ 1 + ^ 2 ^ 

(A£*, activation barrier, AE0*, intrinsic barrier; -AE, driving 
force) is maintained and the contribution of bond breaking to the 
intrinsic barrier is one-fourth of the bond dissociation energy. 
This model has been successfully applied to the electrochemical 
reduction of primary, secondary, and tertiary butyl and benzyl 
halides in polar solvents and to their homogeneous reduction by 
aromatic anion radicals.11 

The first goal of the work reported in the following sections 
was to investigate the dynamics of concerted electron transfer-
bond breaking reaction by means of ab initio techniques, taking 
as examples the methyl halides, CH3X (X = F, Cl, Br, I), and 
thus to evaluate the validity of the empirical model just described. 
The validation of the empirical model is an important task because 
the generality and simplicity of its predictions will allow one to 
rationalize the kinetic reactivity of an enormous number of organic 
and inorganic molecules, all those that undergo concerted rather 
than stepwise reductive cleavages. 

Ab initio theoretical calculations on alkyl halides dissociative 
electron transfer have been limited to methyl fluoride and chlo­
ride.12 C-X bond cleavage profiles obtained by means of mul-
ticonfigurational MCSCF calculations using the complete active 
space SCF (CAS SCF) method have been reported recently. 12d'f 

In both studies, an avoided crossing is observed between the curves 
of the anion and that of the neutral molecule plus a free electron. 
However, whereas in the first of these studies,12*1 the (RX)'" curve 
presents a minimum at short X-C distances, this minimum is not 
found in the second study,12f the (RX)'" anionic curve being then 
purely repulsive. It has been recently suggested that this type of 
minima, which appear in the zone where the neutral species is 
more stable than the anionic species, originates in the use of very 
diffuse orbital functions that allows the electron to stand so far 
away from the molecule that, practically, the energy is that of 
the neutral ground-state system plus a free electron rather than 
that of a temporary anion radical.13 

Electron attachment to perfluoromethyl halides, CF3X, is quite 
different since it gives rise to the anion radical in the gas phase 
as well as in apolar or weakly polar solid matrixes.7'14 There 
remains some uncertainty as to whether the anion radical is a 
"true" a* radical as seems to be the case in solid matrixes and 
in the gas phase with CF3Br and CF3I

7'14a'b or a weakly bound 
CF3'X" adduct as seems to be the case for CF3Cl in the gas 
phase.14^ 

(11) (a) Saveant, J.-M. J. Am. Chem. Soc. 1987,109,6788. (b) Andrieux, 
C. P.; Legorande, A.; Saveant, J.-M. J. Am. Chem. Soc. in press, (c) SavSant, 
J.-M. In Advances in Electron Transfer Chemistry; Mariano, P. S., Ed.; JAI 
Press: London; Vol. 3, in press. 

(12) (a) Canadell, E.; Karafiloglou, P.; Salem, L. J. Am. Chem. Soc. 1980, 
102, 855. (b) Clark, T. / . Chem. Soc., Chem. Commun. 1981, 515; 1984, 93. 
(c) Clark, T.; Illing, G. / . Chem. Soc., Chem. Commun. 1985, 529. (d) 
Hotokka, M.; Roos, B. O.; Eberson, L. / . Chem. Soc, Perkin Trans. 2 1986, 
1979. (e) Luke, B. T.; Loew, G, H.; McLean, A. D. J. Am. Chem. Soc. 1987, 
109, 1307; 1988,110, 3396. (0 Benassi, R.; Bernardi, F.; Botonni, A.; Robb, 
M. A.; Taddei, F. Chem. Phys. Lett. 1989, 161, 79. 

(13) (a) Bruna, P. S.; Peyerimhoff, S. D. Adv. Chem. Phys. 1987, 67, 1. 
(b) Guerra, M. Chem. Phys. Lett. 1990, 167, 315. 

(14) (a) Hasegawa, A.; Williams, S. Chem. Phys. Lett. 1977, 46, 66. (b) 
Hasegawa, A.; Shiatani, M.; Williams, S. Faraday Discuss. Chem. Soc. 1977, 
157. (c) Kuhn, A.; Illenberger, E. J. Phys. Chem. 1989, 93, 7060. (e) Kuhn, 
A.; Illenberger, E. J. Chem. Phys. 1990, 93, 357. 

On the other hand, the analysis of the kinetics of the electro­
chemical reduction of CF3Br and CF3I in aprotic polar solvents 
indicates that the reduction proceeds along a concerted electron 
transfer-bond breaking pathway rather than through the inter-
mediacy of the anion radical.15 It was suggested13 that the change 
of behavior observed when passing from the gas phase to a polar 
solvent might be related to the acceleration of the cleavage, to 
the point of being concerted with electron transfer, thanks to strong 
solvation of the nucleofugal halide ion. 

To our knowledge, no ab initio calculation study has been so 
far devoted to the reductive cleavage of perfluoromethyl halides. 
The second part of work described below is devoted to an ab initio 
analysis of the reductive cleavage of CF3Cl, showing that it follows 
the stepwise mechanism in the gas phase in contrast with CH3Cl 
for which dissociative electron transfer takes place. The effect 
of polar solvents on the bond breaking profile will then be analyzed 
by means of a dielectric continuum applied directly within the 
quantum chemical calculations. The results show that the presence 
of the polar solvent completely changes the mechanism of the 
reductive cleavage of CF3Cl from stepwise to concerted, thus 
unravelling, with the example of this model reaction, the role of 
the solvent among the parameters that drive reactions of this type 
toward one or the other mechanisms. 

Methodology 
AU the calculations used for the analysis of the reductive 

cleavage of CH3X (X = F, Cl, Br, I) were done by using pseu­
do-potential techniques for chlorine, bromine, and iodine atoms 
in order to get rid of the core orbitals. A full basis treatment is 
possible for chlorine atom, but this calculation is beyond the 
present computer capabilities for bromine and iodine atoms. A 
full basis treatment was performed for the comparison between 
the reductive cleavage of CF3Cl and that of CH3Cl. We employed 
a double-zeta (f) basis set for all atoms including a set of d 
polarization functions on heavy atoms (C and X) and p polari­
zation functions on hydrogens. Semidiffuse functions were in­
cluded on carbon and halogen atoms. All the calculations were 
done within the unrestricted Hartree-Fock formalism.164 This 
treatment may raise some difficulties in the case of singlet 
molecules because of spin contamination from triplet and higher 
multiplicities. However, it was noted that this contamination is 
unimportant in the present case. Correlation energy was also 
introduced by using the Moller-Plesset perturbative treatment 
up to second (MP2) and third order (MP3).16b The result of a 
few configuration interaction calculations including all single and 
double excitations (CISD) will also be presented. We did not 
attempt to use multiconfigurational MCSCF techniques similar 
to those employed in the latest works on methyl fluoride and 
chloride, 12d'f since they are not presently extendable to the case 
of methyl bromide and iodide. However, comparison of our results 
with the previous MCSCF results12d>f and with the experimental 
values will demonstrate that the present level of calculation 
produces satisfactory results. Geometry optimization with in­
clusion of the correlation energy is beyond the present computer 
capabilities. For this reason, all the results were obtained by using 
Hartree-Fock optimized geometries. 

The basis parameters were the following. 
Carbon and Hydrogens. Standard 4-3IG basis set17a plus d 

polarization functions on C (exponent = 0.50) and p polarization 
functions on H (exponent = 0.50). 

(15) Andrieux, C. P.; Gelis, L.; Medebielle, M.; Pinson, J.; Saveant, J.-M. 
J. Am. Chem. Soc. 1990, 112, 3509. 

(16) (a) Pople, J. A.; Nesbet, R. K. / . Chem. Phys. 1974, 22, 571. (b) 
Pople, J. A.; Binkley, J. S.; Seeger, R. Int. J. Quantum Chem. Symp. 1976, 
10, 1. 

(17) (a) Clark, W. W.; DeLucia, F. C. / . MoI. Struct. 1976, 32, 29. (b) 
Kerr, J. A. Chem. Rev. 1966, 66, 465. (c) Berry, R. S.; Rice, S. A.; Ross, 
J. / . Physical Chemistry; Wiley: New York, 1980. (d) Duncan, J. L. J. MoI. 
Struct. 1970, 6, 447. (e) Weissman, M.; Benson, S. W. J. Phys. Chem. 1983, 
87, 243. (f) Handbook of Chemistry and Physics, 59th ed.; Weast, R. C , 
Ed., CRC Press: Boca Raton, FL, 1982-83. (g) Ferguson, K. C; Okafo, E. 
N.; Whittle, E. J. Chem. Soc., Faraday Trans. 1 1973, 69, 295. (h) Bowen, 
H. J. M. Trans. Faraday Soc. 1954, SO, 444. (i) Coomber, J. W.; Whittle, 
E. Trans. Faraday Soc. 1967, 63, 1394. 
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Table I. Results of the ab Initio Calculations for the Neutral CH3X 
Molecules 

level 

HF' 
MP2/ 
MP3* 
CISD' 
theor' 
exp 

HF' 
MP2' 
MP3' 
CISD' 
theor* 
theor̂  
exp 

HF' 
MP2/ 
MP3* 
CISD' 
exp 

HF' 
MP2' 
MP3« 
CISD' 
exp 

rc-x 

1.36 

1.40 
1.3817a 

1.80 

1.79 
1.82 
1.7817d 

1.96 

1.9317f 

2.15 

2.14,7f 

D" 
X = F 
69.4 

111.7 
105.1 

104.1 
108.117b 

X = Cl 
53.2 
83.8 
79.4 
78.4 
78.9 
68.9 
83.517e 

X = Br 
42.4 
73.2 
68.9 

70.0'7* 

X = I 
33.2 
62.5 
58.4 

56.317b 

EA(X)' 

24.4 
73.4 
62.6 
60.9 
62.4 
79.617c 

57.7 
76.0 
73.8 
72.4 
72.7 
50.6 
83.217c 

54.3 
70.3 
68.5 
67.1 
77.617c 

53.9 
67.0 
65.4 
64.3 
70.6l7c 

A£<* 

45.0 
38.2 
42.6 

41.7 
28.5 

-4.5 
7.8 
5.6 
6.0 
6.2 

18.3 
0.3 

-12.0 
2.9 
0.4 

-7.6 

-20.7 
-4.5 
-7.0 

-14.3 

"Ground-state C-X distance in A. 'H3C-X bond dissociation en­
ergy in kcal/mol. 'Electroaffinity of the halogen in kcal/mol. 
d Driving force of the reaction CH3X + e" (zero energy) -* CH3' + X", 
A£ = D - EA(X). ' Hartree-Fock calculations. ^Second-order 
Moller-Plesset perturbation calculations. 'Third-order Moller-Plesset 
perturbation calculations. 'Single and double excitation configuration 
interaction calculations. 'Previous ab initio results from ref 12d. 
J Previous ab initio results from ref 12f. 

Halogens. Standard 4-3IG basis set17a for fluorine and chlorine 
when no pseudo-potentials are used. Pseudo-potential parameters 
are taken from ref 17b for chlorine, bromine, and iodine. The 
basis set is also of double-£ quality (similar to the 4-31G) and 
was also taken from ref 17b. A set of standard d polarization 
functions was also added for the halogens in all the calculations 
(exponents: F, 0.80; Cl, 0.50; Br, 0.36; I, 0.27). 

Semidiffuse Functions. At the best level of calculation, standard 
semidiffuse sp functions on C (exp 0.0438) and semidiffuse p 
functions on halogens (exp: F, 0.055; Cl, 0.049; Br, 0.044; 1,0.040) 
were introduced. 

All calculations were done by means of the GAUSSIAN 82 
and 86 series of programs.184 The effect of solvent was treated 
by means of a dielectric continuum method, namely, the ellipsoidal 
cavity method,18b introduced directly within the quantum chemical 
calculations. 

Results and Discussion 
Methyl Halides. The results of the ab initio calculations on 

the neutral CH3X molecules are listed in Table I together with 
previous theoretical and experimental data. They include the 
carbon-halogen bond distance (rc-x), the dissociation energy of 
the alkyl halide (D), the electron affinity of the halogen (EA(X)), 
and the total driving force of the process, AE, calculated at the 
Hartree-Fock level (HF) and at the MP2, MP3, and CISD (when 
available) levels, keeping, however, the HF geometries unchanged. 

The importance of polarization functions is readily seen when 
comparing the equilibrium geometries of the minima. For in-

(18) (a) Frisch, M. J.; Binkley, J. S.; Schlegel, H. B.; Raghavachari, K.; 
Melius, C. F.; Martin, R. L.; Stewart, J. J. P.; Bobrowicz, F. W.; Rohlfing, 
C. M., Kahn, L. R.; DeFrees, D. J.; Seeger, R.; Whiteside, R. A.; Fox, D. J.; 
Fleuder, E. M.; Pople, J. A. GAUSSIAN 86; Carnegie-Mellon Quantum 
Chemistry Publishing Unit: Pittsburgh, PA, 1984. (b) Rinaldi, D.; Ruiz-
Lopez, M. F.; Rivail, J. L. J. Chem. Phys. 1983, 78, 834. 

stance, the optimized C-halogen distances are, for Cl, Br, I, 
1.90/2.05/2.20 A without polarization functions and 1.80/ 
1.96/2.15 A with the full basis set. The experimental values are 
1.78/1.93/2.14 A, respectively. The importance of the correlation 
energy is also clearly seen. When one compares the dissociation 
energy of CH3X and the electroaffinity of the halogen at different 
levels of calculation, Hartree-Fock results are always a poorer 
approximation to the experimental data than the MP2, MP3, and 
CISD results. Previous theoretical data are also available from 
literature12 for CH3F and CH3Cl. No previous ab initio work has 
been devoted to methyl bromide and iodide. The results of the 
latest ab initio results on CH3F and CH3Cl systems12df are also 
included in Table I for comparative purposes. 

Before examining the results obtained at the different ab initio 
levels, it should be noted that the experimental values of the 
dissociation energies, D, and of the electron affinities derive from 
different experiments. Thus, in the ensuing estimation of the 
values of the thermodynamic driving forces, obtained from dif­
ference between these two quantities, errors can accumulate giving 
rise to poorly reliable data. It is clear from Table I that the 
Hartree-Fock (HF) energies do not reproduce satisfactorily the 
experimental data, whereas the Moller-Plesset perturbation theory 
up to second (MP2) and third order (MP3) and the configuration 
interaction method, including all single and double excitations 
(CISD), lead to more reliable results. The EA of the halogens 
is, however, clearly underestimated in all cases. The difficulty 
for ab initio methods to quantitatively reproduce EA values has 
been noted previously.19a It also appears in the previous theoretical 
results reported in Table I12d'f where results similar to ours were 
obtained even though more powerful methods were used. 

The driving force data are equally affected by the EA errors. 
It is, however, worth noting that the relative experimental values 
along the series are very well reproduced by the theoretical results 
in spite of the absolute error. This is an important observation 
since our main purpose is to compare the theoretical prediction 
experiments, particularly, electrochemical experiments, where, 
for each halide molecule, the driving force can be varied at will 
by adjusting the electrode potential in the electrochemical case 
and by selecting the reducing power of the electron donor in the 
homogeneous case. 

In this framework, MP2 and MP3 results compare equally well 
to the experimental data and produce similar bond breaking 
profiles. The reason that we prefer the MP3 level to analyze the 
reaction further is that it gives results that are very close to the 
CISD results, when available, and that MP2 results are known 
to overestimate the effect of correlation. 19b'c 

After this preliminary check of the methods, we investigated 
the electron transfer and bond breaking processes by calculating 
the energy of CH3X, on the one hand, and of CH3X*", on the other, 
as a function of the distance C-X taken as reaction coordinate. 
For the neutral CH3X molecule, a free electron that does not 
contribute to the total energy of the system is assumed to be also 
present. Emphasis was laid on the calculation of the points of 
each curve that are located in the vicinity of the crossing point. 
The resulting energy profiles are depicted in Figure 1. 

It appears that, in all cases, the CH 3 X" anion radical is not 
stable with respect to the breaking of the C-X bond. In other 
words, the CH3* + X" profile is repulsive. It was noted, in this 
connection, that no minimum is found in the anion radical 
structure at large distance. This point was investigated in more 
details in the case of CH3Cl showing that no such minima, which 
could result from a weak charge-induced dipole interaction, appear 
at this level of calculation. 

The crossing point between the two profiles thus corresponds 
to the transition state of what should be viewed as a concerted 
electron transfer-bond breaking reaction in agreement with the 
gas-phase, solid matrix, and electrochemical experimental results. 

(19) (a) Duning, H. T.; Hay, P. J. In Methods of Electronic Structure 
Theory; Schaefer, H. F., Ed., Plenum Press: New York, 1977; Vol. 3, p 1. 
(b) Scheiner, S.; Szczesniak, M. M.; Bigham, C. D. Int. J. Quantum Chem. 
Symp. 1978, 23, 739. (c) Moreno, M.; Lluch, J. M.; Oliva, A.; Bertran, J. 
Phys. Chem. 1988, 92, 4180. 
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C • X DISTANCE (A) C X DISTANCE (Al 

Figure 1. MP3 calculated energy profiles of CH3X (•, solid lines) and of CH3* + X* (X, dashed lines). 

Table II. Transition-State Characteristics of the Dissociative 
Electron Transfer 

CH3X + e" — CH3* + X-

A£' Ar* 

MP3 
calculations 

empirical 
model MP3 _ 

calculations c 

empirical 
model 

F 
Cl 
Br 
I 

49.1 
23.5 
15.9 
9.5 

51.9 
22.7 
17.5 
14.6 

43.2 
19.3 
12.5 
7.8 

0.59 
0.42 
0.37 
0.33 

0.67 
0.48 
0.45 
0.41 

0.56 
0.42 
0.36 
0.30 

"Activation energy in kcal/mol. In the empirical model, AE* is 
calculated from eq 4. * Increase of the C-X distance from the ground 
state, in A. In the empirical model Ar' is calculated from eq 5 and 0 
is obtained from the following stretching frequencies: 1048.2 (CH3F), 
732.1 (CH3Cl), 611 (CH3Br), 532.8 (CH3I) cm"1 (Herzberg, G. In­
frared and Raman Spectra; Van Nostrand: New York, 1945; p 314). 
CD and AE from the MP3 calculations. ''From the experimental D and 
AE values. 

The energies and geometries of the transition state are summarized 
in Table II. 

Qualitatively we see that the results accord with the Evans-
Polanyi principle20* and the Hammond postulate.20b From a 
quantitative viewpoint, it is interesting to compare the results of 
the ab initio results to the predictions of the empirical model 
evoked in the introduction. For this, we have computed the values 
of AE* from eq 1, taking for AE and D either the MP3 calculated 
values or the experimental values. The same was done for the 
geometry of the transition state, calculating, in the same manner, 
the increase of the C-X distance from the ground state to the 
transition state, Ar*, according to11 

* . . ! In 2 - In 1 
_ AEX 

D I (5) 

(b = V0(IiT2IiZD)1/2, P0 = stretching frequency, n = reduced mass). 
The resulting values are listed in Table II. We see that there is 

(20) (a) Evans, M. G.; Polanyi, M. Trans. Faraday Soc. 1936, 32, 1340. 
(b) Hammond, G. S. J. Am. Chem. Soc. 1955, 77, 334. 

Table III. 

X 
F 
Cl 
Br 
I 

Negative Charge on the 

reactant 
CH3X 
0.503 
0.162 
0.114 
0.027 

Halogen Atom" 
crossing point 

CH3X 
0.584 
0.373 
0.269 
0.189 

CH3X-
0.827 
0.784 
0.769 
0.765 

product 
CH3* + X-

1.000 
1.000 
1.000 
1.000 

" In atomic units. 

a quite satisfactory agreement between the results of the ab initio 
calculations and the predictions of the empirical model both 
concerning the activation energies and the transition-state geom­
etries. 

Further insights into the nature of the dissociative electron 
transfer reaction can be gained by inspecting the variation of the 
charge borne by the halogen atom along the bond breaking process 
(Table III). As expected, in the neutral molecule, the halogen 
charge diminishes along with the electronegativity in the series 
F-Cl-Br-I. When the C-X bond distance increases, the charge 
on the halogen also increases so that it is bigger at the crossing 
point where electron transfer takes place. A comparison of the 
charge distributions in the neutral and anionic species at the 
crossing point shows that only a fraction of the additional charge 
is initially located on the halogen atom. It may seem surprising, 
at first sight, that the halogen charge increment at the crossing 
point increases from fluorine to chlorine, bromine, and iodine. 
However, it must be taken into account that the more electro­
negative fluorine and chlorine atoms already possess a large 
electronic charge at the neutral crossing point structure so that 
a further increase is more difficult to achieve. During the electron 
transfer reaction, we observe that the charge difference between 
the four halogens, which is 0.5 au (atomic units) in the ground 
state, gently decreases, reaching 0.4 au at the neutral side of the 
crossing point, whereas in the anionic state at the crossing point, 
it decreases abruptly to 0.06 au. Thus, electronic differences 
between the four halogens show up principally in the zone where 
the neutral molecule is more stable than the anionic state, i.e., 
before the electron transfer takes place. After this has occurred, 
the C-X bond progressively breaks, being accompanied by a small 
and smooth increase of the negative charge on the halogen atom. 
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Figure 2. Contour plots of the last occupied a molecular orbital for the 
methyl chloride anion at the geometry of the ground-state minimum 
using a basis set, without semidiffuse functions (a), with the standard 
semidiffuse functions on carbon and chlorine (b), and with the diffuse 
function exponents multiplied by 1/10 (c). The solid lines stand for 
positive values of the wave function, whereas the dashed lines refer to the 
negative values. The positions of the atoms used to define the drawing 
plane are also indicated. 

The use of semidiffuse functions is worth some additional 
comments. The necessity of including semidiffuse functions in 
the basis set in order to have a good description of the expanded 
electronic density of anionic systems has long been recognized.21 

However, when the radical anion lies energetically above the 
neutral ground-state system, the more stable position of the electon 
is to go away as far as possible from the molecule so that the same 
energy as that of the neutral molecule plus a free electron is 
obtained. The use of basis set with very diffuse functions tends 
to reproduce the latter situation. Evidence of this behavior can 
be found in literature for CH3F, CH3Cl, and related systems.12*13-22 

It follows that the lowering in energy is not a reliable criterion 
to justify the use of a given basis set but rather is its ability to 
reproduce the temporary anion state. In other words, we must 
find evidence that the anionic profiles presented in Figure 1 provide 
satisfactory representations of the diabatic profiles for the C-X 
bond cleavage process. In order to assess this point, additional 
calculations were carried out for the chloromethane anion at the 
fixed geometry of the ground-state minimum. Figure 2 depicts 
the wave-function contour plots of the last occupied a-molecular 
orbital in the anion for three different basis sets. This orbital can 
be viewed as a picture of the region of space where the additional 
electron is located. 

The antibonding a* character of the orbital can be clearly seen 
in Figure 2a which shows the contour plot obtained without 
semidiffuse functions. It is, however, likely that this basis set does 
not provide a completely adequate description of the electronic 
density in the antibonding orbital239 resulting in a vertical electron 
affinity, 115.7 kcal/mol, that is most probably too high.23b The 
incorporation of standard semidiffuse functions on the heavy atoms 
as described in the methodology section leads to a molecular orbital 

(21) Radom, L. In Modern Theoretical Chemistry, Schaefer, H. F., Ill, 
Ed.; Plenum Press: New York, 1977; Vol 4, pp 333. 

(22) (a) Falcetta, M.; Jordan, K. D. / . Phys. Chem. 1990, 94, 5666. (b) 
Perez, V.; Lluch, J. M.; Bertran, J. / . MoI. Struct., in press. 

(23) (a) Chandrasekhar, J.; Khan, R. A.; Schleyer, P. v. R. Chem. Phys. 
Lett. 1982, 85, 493. (b) A similar value, 109.2 kcal/mol, of the vertical 
election affinity is obtained at the 6.31G* level.12f (c) Again in good agree­
ment with the previous 6.31+G* basis set result (56.0 kcal/mol).I2f 
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Table IV. CH3Cl and CF3Cl: Characteristics of the Neutral Molecule 
and of the Transition State of the Reaction RCl + e" (zero energy) -* R* 
+ Cl-

/•c-x" 0» EA(Cl)' AEd AE" A ^ 

CH3Cl 
pseudo-potentials (MP2) 1.80 83.8 76.0 7.8 23.3 0.42 
full basis (MP2) 1.80 81.3 77.9 5.6 24.2 0.40 
experimental 1.78,7d 83.517e 83.2,7c -0.3 

CF3Cl 
full basis (MP2) 1.75 812 76.0 5.2 16.3 0.38 
experimental 1.7517h 86.117i 83.217c 2.9 
previous calculations'2' 1.75 83.0 62.5 20.5 

"Ground-state C-X distance in A. 1C-Cl bond dissociation energy in 
kcal/mol. 'Electroaffinity of chlorine in kcal/mol. ''Driving force of the 
reaction RCl + e" (zero energy) — R* + Cl", AE = D - EA(Cl). 
'Activation energy in kcal/mol. ^Increase of the C-X distance from the 
ground state, in A. 

that has the shape depicted in Figure 2b. The electronic density 
is significantly decreased as compared with the previous results 
(Figure 2a). However, the antibonding <r* character in the region 
between carbon and chlorine is still clearly apparent, indicating 
that this basis set provides an adequate representation of the anion 
radical state. The vertical electron affinity drops down to 44.5 
kcal/mol at the SCF level.230 In the case where the diffuse 
character of the semidiffuse functions is largely increased as in 
Figure 2c where their exponents were multiplied by 0.1, the energy 
of the anion radical state drops dramatically, being only 7.8 
kcal/mol above the ground state. As seen in Figure 2c, where 
the contour plots values have been divided by 100 with respect 
to the two previous cases, the additional electron does not fall into 
a a* antibonding orbital but rather into a very diffuse w-type 
orbital that possesses only a very slight bonding character. It 
follows that this basis set does not lead to a correct representation 
of the diabatic bond cleavage at the anion radical state. 

The fact that the anion curves in Figure 1 provide a correct 
representation of the diabatic bond breaking is further confirmed 
by the analysis of the evolution of the last occupied a-molecular 
orbital with the C-X distance. We have found that, whereas, 
initially, the main contribution to this orbital comes from the 
carbon s and p semidiffuse orbitals, the contribution of the chlorine 
semidiffuse and valence p orbitals smoothly increases with the 
C-X distance. At the distance corresponding to the crossing point, 
the orbital density is thus mainly located on the chlorine side. A 
quite different picture arises when largely diffuse functions are 
used. At short C-X distances, the orbital is ir bonding. As the 
C-X distance increases, an orbital crossing occurs and the *-
bonding orbital suddenly changes to a a* antibonding orbital. 

The fact that the energy of the anion at short C-Cl distances 
drops near the energy of the neutral molecule when the diffuse 
character of the basis set is increased indicates that, in the reactant 
zone, the use of very diffuse orbital functions leads to the concept 
that the anion is then equivalent to the neutral molecule plus a 
free electron. We thus have a means of describing the adiabatic 
profile of the reductive cleavage reaction and to locate precisely 
the transition state. This aspect of the problem was investigated 
on the example of CH3Cl*" by adding to the standard basis 
previously employed a set of very diffuse sp functions (exponent, 
0.001) on the carbon atom. We thus found a minimum located 
at a C-Cl distance of 1.8 A with an energy close to that of the 
neutral molecule (0.65 kcal/mol), the additional electron being 
mostly located in the most diffuse s function of the carbon atom. 
As the C-Cl distance increases, the energy increases, reaches a 
maximum, and then decreases along the profile of the diabatic 
curve of the anion radical as the additional electron density tends 
to concentrate on the chlorine atom. 

Accurate localization of the transition on the adiabatic curve 
reveals that the corresponding C-Cl distance is practically the 
same as that of the crossing of the two diabatic curves. The 
transition-state energy thus calculated is only 1 kcal/mol below 
that of the diabatic crossing point. This value is a measure of 
the resonance energy between the two diabatic states. Its smallness 
falls in line with the outer-sphere character of the electron donor. 
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Figure 3. Comparison of the neutral (solid lines) and anion (dashed lines) energy profiles of CH3Cl and CF3Cl obtained by using full basis sets and 
of the anion geometries at the large distance energy minimum. 

These results validate the strategy based on diabatic curve crossing 
employed for the comparison with the empirical model, one im­
portant interest of which is the possibility to predict variations 
in the activation barrier triggered by an external change of the 
driving force. 

Perfluoromethyl Chloride. The comparison between methyl-
and perfluoromethyl chlorides does not require the use of pseu­
do-potentials. We have thus re-examined the case of CH3Cl using 
a full basis set. Table IV compares, at the MP2 level of calcu­
lation, the results obtained with the latter method to those pre­
viously gained using a pseudo-potential. We note that the use 
of this more powerful methodology improves only slightly the 
results that are, in both cases, in close agreement with the ex­
perimental data. This applies to the characteristics of the neutral 
molecules and to the energy and geometry of the transition states, 
thus justifying the use of pseudo-potentials for obtaining the results 
described in the preceding section. The energy profiles obtained 
with the full basis set calculations are depicted in Figure 3. In 
the range of small and medium C-Cl distances, the profiles are 
very similar to those previously obtained with the use of a pseu­
do-potential (Figure 1). There is, however, a slight but noticeable 
difference between the anion profiles at large distances. We indeed 
noted the presence, in the anion curve, of a very shallow energy 
minimum (0.8 kcal/mol below the final products, CH3* + Cl") 
at a C-Cl distance of 4.1 A.24a The full geometry of this state 
is depicted in Figure 3. At first sight, the presence of this min­
imum may give the impression that the stepwise mechanism is 
followed in that case. However, at the level of free energies, this 
very small minimum will be wiped out by the counteracting en­
tropy term. In addition to this, long-range interactions are usually 
overestimated in standard ab initio calculations due to the neglect 
of the basis set superposition error (BSSE).25a This error ori­
ginates in the fact that the size of the basis used for describing 

(24) (a) Energy minimization procedures by means of the Standard 
Schlegel Modified Conjugate Gradient Algorithm was used to exactly de­
termine the position and energy of the minimum.246 (b) Schlegel, H. B. J. 
Comput. Chem. 1982,3, 214. (c) When attempting to use a pseudo-potential 
for chlorine, we found no minimum in the anion profile indicating, as in the 
case of CH3Cl, that effective core potential methods are unable to find in­
termediates in the bond breaking process at large C-X distances. It is worth 
noting in this connection that a recent high level ab initio calculation for 
hydrogen chloride anion indicates the existence of a minimum at large H-Cl 
distances.2*1 (d) Astrand, P. O.; Karlstrom, G. Chem. Phys. Lett. 1990,175, 
624. 

(25) (a) Vos, R. J.; Hendriks, R.; Van Duijneveldt, F. B. / . Comput. Chem. 
1990, / / , 1. (b) Boys, F. S.; Bernardi, D. MoI. Phys. 1970, 19, 553. 

the radical anion minimum is greater than that of the basis used 
for each of the two separate fragments, CH3* and Cl". A simple 
method to deal with the BSSE is the counterpoise method.25b The 
energies of the product are then calculated in the full minimal 
basis set of the two fragments and substracted from the total 
energy of the minimum. Using this approach we found that the 
minimum practically disappears since it falls only 0.03 kcal/mol 
below products. 

The full basis set results concerning CF3Cl are given in Table 
IV. Correlation energy has been included only up to the second 
perturbation level (MP2) since the third level is not reachable at 
present time and since, as noted before in the case of CH3Cl, MP2 
and MP3 levels lead to similar results. The energy profiles for 
CF3Cl are shown in Figure 3. Comparison with CH3Cl (Table 
IV, Figure 3) shows that the C-Cl distance is slightly smaller with 
CF3Cl than with CH3Cl and that the activation barrier is sig­
nificantly smaller in the first case than in the second. This latter 
finding falls in line with previous electrochemical data showing 
that, for the same leaving halogen ion, perfluoroalkyl halides are 
easier to reduce than alkyl halides.9"15 

The CF3Cl anion energy profile also exhibits a minimum at 
large C-Cl distances (Figure 3J,26 but the energy decrease vis-a-vis 
the final products is much larger (-9.8 kcal/mol) than in the case 
of CH3Cl and the C-Cl distance significantly shorter (3.1 A versus 
4.1 A). In this case the BSSE calculated by means of the 
counterpoise method has no practical effect on the stabilization 
energy of the minimum which decreases very slightly down to -8.9 
kcal/mol. The full geometry of this state is depicted in Figure 
3. The existence of this clearly marked minimum in the anion 
profile is in agreement with gas-phase and solid matrix experi­
mental data.7,14 

Besides the change in the C-Cl length, the geometries of 
(CF3Cl)*" and (CH3Cl)*" at the long distance energy minimum 
also exhibits significant differences in the bond angles. Whereas 
the hydrogens of the methyl fragment bend toward the chloride, 
the fluorines of the CF3 fragment point in the opposite direction. 
A Mulliken population analysis of the atomic charges reveals that 
in both case the Cl" anion has been already formed (-0.99 au on 
Cl in the case of CH3Cl and -0.93 au in the case of CF3Cl). The 
computation of the atomic charges in the radical fragments shows 

(26) (a) Bader, R. F. W.; TaI, Y.; Anderson, S. G.; Nguyen-Dang, T. T. 
Isr. J. Chem. 1980, 19, 8. (b) Bader, R. F. W.; Essen, H. / . Chem. Phys. 
1984,80, 1943. (c) Umeyama, H.; Morokuma, K. / . Am. Chem. Soc. 1977, 
99, 1316. 
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Figure 4. (a) Isodensity contour plots of the electronic densuy, p(r), for 
the minima of the anionic states. The numbers indicate the value of p(r) 
at the bond critical point between carbon and chlorine, (b) Isodensity 
contour plots to the Laplacian of the electronic density, V2p(r), for the 
minima of the anionic states. Solid lines, V2p > 0, dashed lines, V2p < 
0. The numbers indicate the values of V2p(r) at the critical point between 
carbon and chlorine. 

that, whereas, in the case of CH3Cl, a slight positive charge lies 
on the hydrogens (+0.07 au), the carbon bearing a small negative 
charge (-0.2 au), in the case of CF3Cl, the fluorines are negatively 
charged (-0.40 au) owing to their strong electronegativity and 
the carbon bears a large positive charge (+1.13 au). 

This simple analysis of the atomic charges provides an expla­
nation of the differences between the stabilization energies and 
geometries of the two energy minima. In the case of CF3Cl, the 
stabilization arises essentially from a C+-Cl" electrostatic inter­
action and is therefore much stronger than in the case of CH3Cl, 
where Cl" interacts mainly with the inverted and slightly positively 
charged hydrogens. 

What the nature of the "bond" between the chlorine and carbon 
atoms is in each case is a question that we have investigated by 
means of a topological analysis of the charge density. Figure 4a 
depicts the isodensity contour plots of the charge density, p(r), 
in the plane containing the chlorine, the carbon, and one hydrogen 
(or fluorine). In both cases, a bond critical point appears between 
carbon and chlorine. The value of p(r) at the critical point is a 
measure of the bond order.268 It is clearly larger in the case of 

GAS PHASE 
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CF3Cl than in the case of CH3Cl, indicating, as expected, that 
the bond is stronger in the first case than in the second. In both 
cases, this bond is considerably weaker than in the ground state 
of the neutral molecules (p(r) = 0.13 and 0.17 for CH3Cl and 
CF3Cl, respectively). 

The simple analysis of the charge density maps does not, 
however, uncover the exact nature of the bond. To investigate 
this point, we have computed the maps of the Laplacian of the 
charge density, *v*2p(r). As previously discussed,26* a negative value 
of V2p(r) in the internuclear region indicates that the interactions 
arise from the sharing of charge density resulting in a contraction 
of the electronic charge and therefore that a covalent or polar bond 
is present. On the opposite, V2p(r) > 0 indicates that the electronic 
charge is depleted in the interatomic region pointing to the presence 
of an ionic or a van der Waals bond.261" The V2p(r) contour plots 
for the two minima, in the same molecular plane as in Figure 4a, 
are depicted in Figure 4b. It is seen that the two plots are very 
similar. In both cases, V2/>(r) > 0 in the bond critical point region 
indicating that the bond between the radical and the chloride ion 
is of the electrostatic type. 

Confirmation of the latter conclusion was obtained by means 
of an estimation of the interaction energy, A£INT, between the 
radical and the chloride ion fragments at the two minima. The 
global stabilization energy, A£s, can be expressed as: 

AEs ~ Ai?DEF + A£[NT 

where A£DEF is the intramolecular deformation energy. The 
interaction energy, A£INT can then be shared in an ionic (elec­
trostatic with polarization) and a covalent (charge transfer) 
contribution.260 We found, as expected, that the deformation 
energy is small in both cases and therefore that the interaction 
energies are close to the total stabilization energies. In order to 
assess the ionic or covalent character of the bond, the anionic 
fragment was replaced by a point charge. The interaction energy 
is then an approximate measure of the ionic stabilization. In both 
cases, energies very close to the total interaction energies were 
obtained, the charge transfer interaction energies being below 1 
kcal/mol. These results show that no covalent interactions are 
present in both systems. It follows that the larger stabilization 
of CF3Cl*" as compared to CH3Cl'" derives essentially from the 
larger polarization of CF3* as compared to CH3V 

The next question we wish to discuss is the effect of a polar 
solvent on the energy profiles in the case of CF3Cl and, in par­
ticular, to see whether or not the CF3Cl*" energy minimum found 
in the gas phase is maintained. In this purpose we used a con­
tinuum ellipsoidal cavity model'8b introduced directly into the 
quantum chemical calculations. The dielectric constant was taken 
as equal to 37, a value suited to solvents, such as acetonitrile, 
dimethyl sulfoxide, and W1JV'-dimethylformamide, currently used 
in the electrochemistry of alkyl halides. From the results depicted 
in Figure 5, it is seen that the energy profile of the neutral molecule 
is not significantly affected, whereas the anionic state is consid­
erably stabilized. The stabilization increases along with the C-Cl 
distance, leading to an energy profile that decreases monotonically 

SOLVENT ( E = 37 ) 

C - Cl DISTANCE (Al C • Cl DISTANCE (A) 

Figure 5. Comparison between the energy profiles of CF3Cl (solid lines) and CF3Cl'" (dashed lines) in the gas phase and in a polar solvent. 
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along this reaction coordinate. The CF3Cl + e" - • CF3* + Cl" 
reaction therefore appears, in polar solvents, as a concerted electron 
transfer-bond breaking process in agreement with what was 
previously suggested from the analysis of the kinetics of the 
electrochemical reduction of the perfluoroalkyl halides.15 

Conclusions 
The following conclusions emerge from the results described 

in the preceding sections. MP3 calculations using pseudo-po­
tentials for the halogens and semidiffuse functions in the carbon 
orbital set indicate that in the series CH3F, CH3Cl, CH3Br, CH3I, 
the reaction CH3X + e~ -* CH3* + X" is a concerted electron 
transfer-bond breaking process in accord with previous experi­
mental observations pertaining to the reductive cleavage of alkyl 
halides in the gas phase, in apolar or weakly polar solid matrixes 
and in their electrochemical reduction in polar solvents. The 
magnitudes of the activation barrier and the geometries of the 
transition state thus found are in good agreement with the ap­
plication of a previously developed empirical model based on Morse 
curves approximation, in which the activation barrier is quad-
ratically related to the driving force and the intrinsic activation 
barrier is equal to one-fourth of the CH3-X bond dissociation 
energy. This validation of the empirical model reinforces the 
confidence in its general applicability to a vast class of organic 
and inorganic reductive cleavage reactions. 

The comparison of the energy profiles obtained by means of 
full basis set calculations for CH3Cl and CF3Cl reveals that a 

Classic examples of bond alternation in benzenoid structures 
are seen experimentally in the central ring of triphenylene (I)2 

and starphenylene (2) (Figure I).34 Speculation has been made 
that similar bond alternation exists in simple triannelated benzenes 
like tricyclobutabenzene.5 Computations at the ab initio 3-2IG 
level and below support these notions,6 although the low-tem­
perature X-ray analysis of perfluorotricyclobutabenzene (3) reveals 

(1) (a) San Diego Supercomputer Center, (b) University of California, 
San Diego. 

(2) Filippini, G. J. MoI. Struct. 1985, 130, 117. 
(3) (a) Dierks, R.; Vollhardt, K. P. C. J. Am. Chem. Soc. 1986,108, 3150. 

(b) Mohler, D. L.; Vollhardt, K. P. C; Wolff, S. Angew. Chem., Int. Ed. Engl. 
1990,29, 1151. 

(4) Similar but less dramatic localization is seen in angular-terphenylene. 
See: (a) Dierks, R.; Vollhardt, K. P. C. Angew. Chem., Int. Ed. Engl. 1986, 
98, 268 (X-ray), (b) Nambu, M.; Hardcastle, K.; Baldridge, K. K.; Siegel, 
J. S. J. Am. Chem. Soc. 1992, 114, 369 (ab initio LDF calculations). 

(5) (a) Stanger, A. / . Am. Chem. Soc. 1992, 113, 8277. (b) For the 
synthesis of tricyclobutabenzene, see: Nutakul, W.; Thummel, R. P.; Taggart, 
A. D. J. Am. Chem. Soc. 1979, 101, 770. 

(6) (a) Faust, R.; Glendening, E. D.; Streitwieser, A.; Vollhardt, K. P. C. 
In press, (b) Maksic, Z. B.; Eckert-Maksic, M.; Kovacek, D.; Hodoscek, M.; 
Poljanec, K.; Kudnig, J. J. MoI. Struct. 1991, 234, 201. (c) Eckert-Maksic, 
M.; Kovacek, D.; Hodoscek, M.; Mitic, D.; Poljanec, K.; Maksic, Z. B. J. MoI. 
Struct. 1990, 206, 89. (d) Apeloig, Y.; Kami, M.; Arad, D. In Strain and 
Its Implications in Organic Chemistry; de Meijere, A., Blechert, S., Eds.; 
Kluwer Academic: Dordrecht, The Netherlands, 1989; 457. 

shallow minimum appears on the anion profiles at large C-Cl 
distances in both cases. The stabilization energy vis-a-vis R* + 
Cl" is, however, much larger with CF3Cl than with CH3Cl. 
Analysis of the charge density maps of these states shows that 
the bond between carbon and chlorine is of the electrostatic type 
and that the larger stabilization found with CF3Cl'" essentially 
derives from the polarization of the CF3' fragment as compared 
to the CH3' fragment. 

Simulation of the effect of polar solvents on the energy profiles 
of CF3Cl and CF3Cl'" shows that the energy minimum on the 
CF3Cl'" disappears. The CF3Cl + e — CF3' + Cl" thus appears 
as a concerted electron transfer-bond breaking process in 
agreement with the conclusions previously derived from the kinetics 
of the electrochemical reduction of perfluoroalkyl halides in polar 
solvents. These results emphasize and rationalize the role of the 
solvent among the parameters that drive reductive cleavage re­
actions toward either the concerted or the stepwise mechanism. 
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no such alternation (Figure 2).7 Ab initio 6-3IG(D) computations 
provide a structural data base consistent with experiment. Dis­
secting this set into cyclic ir and "Mills-Nixon" components dispels 
some notions and generates new speculations. From this vantage 
point, the present investigation begins. 

Methods 
The molecular structures of all stationary points have been 

determined with both the semiempirical AMI method8 and the 
split valence 6-31G(D) basis set at the restricted Hartree-Fock 
(RHF) self-consistent field (SCF) level of theory.9 This basis 
set includes a set of six d polarization functions on all heavy atoms. 
For illustration purposes, several calculations were also performed 
using the 3-21G basis set10 in order to supplement available lit­
erature calculations and, at the ab initio level, using the local 
density functional (LDF) approach.11 Geometry optimizations 

(7) (a) Thummel, R. P.; Korp, J. D.; Bernal, I.; Harlow, R. L.; Soulen, R. 
L. J. Am Chem Soc. 1977, 99, 6916. (b) Cobbledick, R. E.; Einstein, F. W. 
B. Acta Crystallogr. 1976, B32, 1908. 

(8) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P. J. Am. 
Chem. Soc. 1985, 107, 3902. 

(9) (a) Hariharan, P. C; Pople, J. A. Theor. Chim. Acta 1982, 28, 213. 
(b) Gordon, M. S. Chem. Phys. Lett. 1980, 76, 163. 

(10) Pietro, W. J.; Francl, M. M.; Hehre, W. J.; Defrees, D. J.; Pople, J. 
A.; Binkley, J. S. J. Am. Chem. Soc. 1982, 104, 5039. 
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Abstract: The structures of a number of triannelated benzenes are calculated at the ab initio 6-31G(D) and local density 
functional levels of theory. Their structures are discussed in terms of ring strain and cyclic ir effects. The results offer no 
evidence for the "Mills-Nixon" postulate in simple annelated benzenes. A new motif in bond-alternating benzenes is proposed. 
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