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where Jl is the electric dipole operator. 
The tensor components of the susceptibility, or frequency-de

pendent hyperpolarizability, for sum frequency generation is 
defined by the relation29 

,.(2) («i + - O ) 1 , - U l 2 ) = 

(to, + O)2; -co,, -U)2) Ej- £k- - i hjk'E/E, (A1.2) 

p,(2) is the component of induced polarization in direction /' due 
to the field components in directions j and k, respectively. In 
accordance, the tensor expressions appearing in the text are defined 
in such a manner that the first index always refers to the com
ponent of polarization, the second and third index to the field 
components one and two, respectively. We notice that the first 
two expressions in (A 1.1), in which two-photon resonances may 
occur, will tend to make the predominant contribution in the 
wavelength range of interest. 

Appendix 2 
The susceptibility for the electric field-induced sum frequency 

generation, in particular second harmonic generation (EFISH), 
is a fourth rank tensor. The actual third-order electronic effect 

X(3)(co, + co2; 0, -co,, -co2) = ye 

is in general very small. The temperature-dependent effect due 
to anisotropic averaging 

X(3)(cOi + co2; 0, -Co1, -co2; kT) = yr 

depends on the molecular dipole moment /X0 and the second-order 
hyperpolarizability x(2) = ft30'31,61 Using the expression A2 of 
ref 62 allows one to easily deduce the relevant averaged quantity. 

(61) Kielich, S. IEEE J. Quantum Electron. 1969, QES, 562. 
(62) Wagniere, G. J. Chem. Phys. 1982, 77, 2786. 

If the polarization of both incident beams is parallel to the static 
field, one finds to first order in (kT)~] 

OxPxxx + Moyftw + MOAJZ + A&OxiPxyy + &yxy + 7, [VOxPxxx + Voyftyyy + MOzi 

&ZX2 + 0zzx) + HOyiPyxx + Pxyx + Pxxy + 
5kT 

* + ft 
+ ft,„) + HoMxx + ft ZXX 

1 
5AT 

+ hyy + ->yyt 

W SkT MoP Mo = IMOI (A2.1) 

Ix0 is by definition always positive; n0x, ^0y, and ixQz are the com
ponents of the dipole moment of the molecule (unit cell) with 
respect to the molecule-fixed (unit cell-fixed) axes and may, 
according to the choice of axes, be positive or negative. If one 
chooses the y-axis, say, to be parallel to the dipole moment, 
expression A2.1 reduces to16 

1 
Jr = pMol/ + YiWyxx + 2ft™ + (3y22 + 2/3zzy)\ (A2.2) 

Sk1T 

Use has been made here of the trivial indentity for SHG, that 
xxy and $zyz = /3zzy. If Kleinman's symmetry rule63 is **xyx 

additionally fulfilled (which in general is not, or very approxi
mately, the case), expression A2.2 becomes 

1 
Jr = SkT Mo(P> x ) (A2.3) 

In the absence of z-polarized transitions, such as in many of our 
examples, the terms Pyzz, /3zzy evidently vanish. 

Registry No. 1, 57-13-6; 2, 62-53-3; 3, 98-95-3; 4, 100-01-6; 5, 99-
09-2; 6, 88-74-4; 7, 97-02-9; 8, 610-41-3; 9, 108-96-3; 10, 58064-43-0; 
11, 142-08-5; 12, 4629-58-7; 13, 103367-99-3. 

(63) Kleinman, D. A. Phys. Rev. 1962, 128, 1761. 
(64) Dirk, C. W.; Twieg, R. J. J. Chem. Phys., submitted for publication. 
(65) Zyss, J.; Nicoud, J. F.; Coquillay, M. J. Chem. Phys. 1984, 81, 4160. 
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Abstract: In this paper we report the results obtained in an ab initio SCF-MO study at an extended computational level on 
the effects of first- and second-row substituents upon the stabilities of a-substituted carbocations. Accurate stabilization energies 
have been computed for the various species, and in each case we have decomposed the stabilization energy values into the 
following component terms: (i) the <r-effects; (ii) the nonbonded interaction effects; (iii) the d-orbital effects; and (iv) the 
correlation energy effects. We have found that in the comparison along a column the differences between the stabilization 
energies are small with the only exception of the pair NH2, PH2 where additional effects associated with the planarization 
of the XH2 group must be considered. Futhermore, it has been found that the differences between the stabilization energies 
along a row are more pronounced and that the trend is determined by the ir-donation effects. 

(I) Introduction 
The effect of first- and second-row substituents upon the sta

bilities of a-substituted carbocations is a chemical problem of 
significant interest. In fact carbocations play an important role 
in chemical synthesis as well as in physical organic chemistry.1 

First-row substituents (in particular OR) are known to stabilize 
an adjacent carbocationic center more than the second-row 

(1) March, J. Advanced Organic Chemistry: Reactions, Mechanism and 
Structure; McGraw-Hill: New York, 1977. 

analogue2 (in particular SR). For instance, chloromethyl ethyl 
ether hydrolyzes in aqueous dioxane about 1600 times faster than 
chloromethyl sulfide.3 The reaction was assumed in both cases 

(2) (a) De La Mare, P.B.D.; Ridd, J. H. Aromatic Substitution Nitration 
and Hahgenations; Butterworths: London, 1959. (b) Patai, S. The Chem
istry of the Carbon-Halogen Bond; Wiley: New York, 1973. (c) Stock, L. 
M.; Brown, H. C. Adv. Phys. Org. Chem. 1963, /, 35. (d) Bordwell, F. G.; 
Boutan, P. J. J. Am. Chem. Soc. 1956, 78, 854. (e) Bordwell, F. G.; Cooper, 
G. D.; Morita, H. Ibid. 1957, 79, 376. (f) Jones, T. C; Thornton, E. R., Ibid. 
1967, 89, 4863. (g) Cartledge, F. K.; Jones, J. P. Tetrahedron Lett. 1971, 
2193. 
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to proceed via a carbonium ion intermediate by a unimolecular 
mechanism. 

These trends have been rationalized for many years on the basis 
of the assumption4 that a first-row substituent (e.g., F or OR) 
is a better ir-electron donor than the corresponding second-row 
substituent (e.g., Cl or SR), and because of this greater ir-donating 
ability the first-row heteroatom stabilizes the adjacent cationic 
center more than the corresponding second-row analogue. 
However, in recent ab initio investigations5 it was found that a 
second-row substituent is a better ^-electron donor and stabilizes 
more an adjacent carbocationic center than the corresponding 
first-row substituent. Furthermore, these explanations do not 
rationalize the difference in the solution- and gas-phase trends.6 

It has, in fact, been observed that the trend of the effect of the 
substituents reverses in the gas phase. Therefore, the under
standing of this problem is still limited. 

In this paper we report the results obtained in an ab initio 
SCF-MO study at an extended level, where we have analyzed 
the effect of first- and second-row substituents upon the stabilities 
of a series of a-substituted methyl cations H2

+C-X, with X = 
NH2, OH, F, PH2, SH, Cl. In all cases we have computed 
accurate stabilization energies. Then we have decomposed the 
stabilization energies into the component terms associated with 
the various types of effects that can be assumed to play a certain 
role in the stabilization process. These are (i) cr-effects, (ii) the 
nonbonded interaction effects, (iii) the d-orbital effects, and (iv) 
the correlation energy effects. 

All the component terms associated with the various types of 
effects have been computed in terms of SCF-MO total energy 
values. The contributions associated with the a and the nonbonded 
interaction effects have been computed by using total energy values 
obtained in the absence of the interactions under examination (total 
energy approach), while those associated with the d-orbital and 
correlation energy effects have been determined by using total 
energy values obtained with and without the d-orbitals in the basis 
set or the correlation energy corrections. 

(II) Computational Methods 

All the computations reported in this paper have been performed with 
the GAUSSIAN so series of programs7 appropriately implemented for the 
evaluation of the total energy in the absence of nonbonded interactions.8 

In addition to the series of a-substituted methyl cations mentioned 
above, the related series of H3C-X neutral molecules has also been 
considered. 

The geometries of all the a-substituted methyl cations have been fully 
optimized with the gradient method at the 3-21G9a level, while in the case 
of second-row substituents, optimum geometries have been determined 
also with the 3-2IG* ,b basis set. For the neutral molecules we have used 
geometries similarly optimized.10 

(3) Bolune, H.; Fischer, H.; Frank, R. Liebigs Ann. 1949, 54, 563. 
(4) Price, C. C; Ose, S. Sulphur Bonding: Ronald Press: New York, 

1962. 
(5) (a) Bernardi, F.; Csizmadia, I. G.; Schlegel, H. B.; Wolfe, S. Can. J. 

Chem. 1975, 53, 1144. (b) Bernardi, F.; Csizmadia, I. G.; Epiotis, N. D. 
Tetrahedron 1975, 31, 3085. (c) Bernardi, F.; Mangini, A.; Epiotis, N. D.; 
Larson, J. R.; S. Shaik, S. J. Am. Chem. Soc. 1977, 99, 7465. (d) Bernardi, 
F.; Bottoni, A.; Epiotis, N. D. J. Am. Chem. Soc. 1978, 100, 7205. 

(6) (a) Lias, S. G.; Eyler, J. R.; Ausloos, P. Int. J. Mass. Spectrom. Ion 
Phys. 1976,19, 219. (b) Field, F. H. Weeks, D. P. J. Am. Chem. Soc. 1970, 
92, 1600, 6521. (c) Pau, J. K.; Ruggera, M. B.; Kim, J. K.; Caserio, M. C. 
Ibid. 1978,100, 4242. (d) Pau, J. K.; Kim, J. K.; Caserio, M. C. Ibid. 1978, 
100, 3838. 

(7) GAUSSIAN 80: Binkley, J. S.; Whiteside, R. A.; Krishnam, R.; Seeger, 
R.; De Frees, D. J.; Schlegel, H. B.; Topiol, S.; Kahn, L. R.; Pople, J. A. 
QCPE 1981, 13, 406. 

(8) (a) Bernardi, F.; Bottoni, A.; Epiotis, N. D.; Guerra, M. / . Am. Chem. 
Soc. 1978,100, 6018. (b) Bernardi, F.; Bottoni, A. Theor. Chim. Acta 1981, 
58, 245. 

(9) (a) Binkley, J. S.; Pople, J. A.; Hehre, W. J. / . Am. Chem. Soc. 1980, 
102, 939. (b) Binkley, J. S.; Pople, J. A.; Hehre, W. J.; Gordon, M. S.; Pietro, 
W. J. J. Am. Chem. Soc. 1982, 104, 2797. 

(10) In the case of substituted methanes we have used the 3-2IG optimized 
geometries reported in the following: Carnegie-Mellon Quantum Chemistry 
Archive; Whiteside, R. A.; Binkley, J. S.; Krishnan, R.; De Frees, D. J.; 
Schlegel, H. B., Pople, J. A.; Department of Chemistry, Carnegie-Mellon 
University, Pittsburgh, PA. And we have performed the full optimization at 
the 3-21G* level. 

Chart I 

fragment 1 fragment 2 fragment 1 fragment 2 

H 

\ « 

/ 
H 

Chart II 

Il V 

P, 

H,„ U <+> 

For both H2
+C-X and H3C-X species single-point SCF-MO calcu

lations have been performed at the 6-31G"a level with use of the 3-21G 
optimized geometries. Similar computations have also been carried out 
at the 6-31G* " b level without and with second-order Moller-Plesset 
(MP2) correlation energy corrections.12 The geometries used in this case 
have been those obtained with the 3-2IG basis set in the case of first-row 
substituents and those obtained with the 3-2IG* basis set in the case of 
second-row substituents. 

In order to compare the effect of a first-row vs. the corresponding 
second-row substituent upon the stability of the a-substituted carbocation 
H2

+C-X, we have computed the various stabilization energies (SE) on 
the basis of the following equation'3 

SE = [£T(H3C-X) + ^ T ( H 3
+ C ) ] - [£T(H2

+C-X) + £T(CH4)] (1) 

where E7 represents the total energy values obtained from the SCF-MO 
computations. 

Equation 1 allows us to compare the stabilizing effect of the X sub
stituent upon the cationic center with respect to H, more precisely a 
positive value of SE indicates that a given substituent is more stabilizing 
than H and a negative value less stabilizing than H. 

In addition to the computations of the Er values we have also carried 
out calculations of the total energies in the absence of the nonbonded 
interactions occurring between the component fragments of the molecular 
system under examination (£T°). 

In the present study the two fragments are, in the case of the neutral 
molecules, the X substituent and the H3C-methyl group, and in the case 
of the a-substituted cations, the X substitutent and the H2

+C group (see 
Chart 1). 

In order to perform the computations of Ej0 we have first defined, for 
every molecular system, an appropriate basis representation of fragment 
molecular orbitals. The fragment orbitals we have chosen here are the 
localized fragment orbitals which have been obtained with the procedure 
described in ref 8b and 14. Thus for a H3C group, within a minimal basis 
set scheme, we have (i) three doubly occupied orbitals uCH associated 
with the three C-H bonds and bonding between C and H, (ii) a singly 
occupied hybrid orbital ac pointing toward the X fragment, and (iii) 
three empty orbitals <r*CH associated with the three C-H bonds, but 
antibonding between C and H. 

(11) Hehre, W. J.; Ditchfield, R.; Pople, J. A. J. Chem. Phys. 1972, 56, 
2257. Hariharan, P. C; Pople, J. A. Theor. Chim. Acta 1973, 28, 213. 
Francl, M. M., Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S.; De 
Frees, D. J.; Pople, J. A. J. Chem. Phys. 1982, 77, 3654. 

(12) Mailer, C; Plesset, M. S. Phys. Rev. 1934, 46, 618. Binkley, J. S.; 
Pople, J. A. Int. J. Quantum Chem. 1975, 9, 229. 

(13) Lathan, W. A.; Hehre, W. }.; Pople, J. A. J. Am. Chem. Soc. 1970, 
92, 4796. Apeloig, Y.; Schleyer, P. v. R.; Pople, J. A. J. Am. Chem. Soc. 1977, 
99, 1291. 
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Table I. Total Energies (au) of Substituted Methanes H3C-X and Related Methyl Cations H2
+C-X Computed at the 6-31G, 6-31G*, and 

MP2/6-31G* Levels 

H3C-X H2
+C-X 

6-31G 6-31G* MP2/6-31G* 6-3IG 6-31G* MP2/6-31G* 

H 
NH2 

PH2 

OH 
SH 
F 
Cl 

-40.180 55 
-95.170 24 

-381.423 10 
-114.987 60 
-437.647 53 
-138.99412 
-499.056 34 

-40.195 17 
-95.208 43 

-381.486 22 
-115.03321 
-437.700 38 
-139.033 38 
-499.092 87 

-40.332 42 
-95.504 59 

-381.73192 
-115.34542 
-437.962 86 
-139.33543 
-499.363 77 

-39.21621 
-94.347 48 

-380.52081 
-114.096 24 
-436.735 13 
-138.029 46 
-498.09154 

-39.230 64 
-94.383 07 

-380.58791 
-114.154 37 
-436.807 04 
-138.09142 
-498.14991 

-39.325 11 
-94.658 71 

-380.825 22 
-114.44262 
-437.057 26 
-138.368 11 
-498.403 82 

H H 
\ 120.20 122.17 / 

FJ— 
/ - ^ 1.2' 

(1.076 

*f (121.34) (12I.O5) / 
\ V 120.« \30.tf / . 1 . 3 8 6 , 

,1.656, 
(1.617) 

1.072 \ "6 .08 
1.074, *) (118.34) , . 

(1.076) \ 117.63 ( l . |0«) 

/ 122.31 123.07 \ 
H H 

1.074 \ + 1,262 

C; F 

2) vf 
,1.07S, / 1 2 3 . 3 1 100.73, \ ,1366 
(1.075) J (123.72) (»860) \ (l.32«) 

" H 

(119.72) 
118.7« 

,1.076, 
(1.076) ,1,663, 

(1.695) 

Figure 1. Geometrical parameters for the various a-substituted methyl 
cations computed at the 3-21G and 3-21G* (values in bracket) compu
tational level. 

In the case of a H2C+ group, the corresponding set of localized orbitals 
is formed by (i) two double occupied aCH orbitals, (ii) a singly occupied 
hybrid orbital ac analogous to that found for H3C, (iii) an empty 2p„ 
orbital orthogonal to the HCH plane (see Chart II), and (iv) two empty 
ff*CH orbitals. 

The situtation is slightly more complicated within an extended basis 
set scheme like that employed in this paper. At this level in fact, because 
of the introduction of polarization type functions in the atomic basis set, 
there are additional empty orbitals of higher energy with respect to those 
previously described. 

The localized orbitals of the H3C group are depicted in detail in ref 
14b together with those of the X fragment where X = NH2, PH2, OH, 
SH. A representation of the orbitals when X = F or Cl can be found in 
ref 14a. 

The availability of quantitative expressions for the fragment localized 
orbitals now makes it possible to compute the total energy of a system 
in the absence of the orbital interactions under examination. To this 
purpose we transform the Fock matrix of the composite system in the 
localized representation, we set to zero all the matrix elements between 
the orbitals of interest belonging to different fragments, and we diago-
nalize the resulting new matrix. In a second stage we evaluate the density 
matrix R0 from the canonical MOs obtained from the previous diago-
nalization, and we compute the total energy value on the basis of the 
following expression 

£T° = Tr [(h0 + H°)R°] (2) 

where all the matrices are defined in the localized representation. In 
particular H0 is the new Fock matrix obtained from R0, and h° is the 
one-electron hamiltonian matrix. 

(Ill) Results and Discussion 

The computed geometrical parameters of the various a-sub-
stituted methyl cations are summarized in Figure 1 and those of 
the related substituted methanes in Figure 2, while the corre-

(14) (a) Bernardi, F.; Bottoni, A. In Computational Theoretical Organic 
Chemistry; Daudel, R., Csizmadia, I. G.; Eds.; Reidel: Holland, 1981. (b) 
Bernardi, F.; Bottoni, A. In Molecular Structure and Conformation, Recent 
Advances; Csizmadia, I. G., Ed.; Elsevier; New York, 1982. (c) Bernardi, 
F.; Bottoni, A.; Venturini, A.; submitted for publication. 

(15) Taft, R. W.; Martin, R. H.; Lampe, F. W. J. Am. Chem. Soc. 1965, 
87, 2490. 
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Figure 2. Geometrical parameters for the various substituted methanes 
computed at the 3-21G and 3-21G* (values in brackets) computational 
level. 

Table II. Optimized C-X Bond Lengths (A) of Substituted 
Methanes and Related Methyl Cations and Corresponding Bond 
Length Differences (AR)" Obtained at the 3-21G and 3-21G* Levels 

CH3-X +CH,-X AR 

X 

NH2 

PH2 

OH 
SH 
F 
Cl 

3-21G 

1.4716 
1.9093 
1.4402 
1.8940 
1.4035 
1.8919 

3-21G* 

1.8576 

1.8254 

1.8116 

3-21G 

1.2673 
1.6558 
1.2516 
1.6606 
1.2619 
1.6626 

3-21G* 

1.6166 

1.6078 

1.5946 

3-21G 

0.2043 
0.2535 
0.1886 
0.2334 
0.1416 
0.2293 

3-21G* 

0.2409 

0.2176 

0.2172 

"The term AR is defined, for a given computational level, as the 
difference between the C-X bond length value in the substituted 
methane and that in the corresponding a-substituted cation. 

Table III. Substituent Stabilization Energies SE (kcal/mol) of 
a-Substituted Methyl Cations Computed at the 6-3IG, 6-3IG*, and 
MP2/6-31G* Levels 

X 

H 
NH2 

PH2 

OH 
SH 
F 
Cl 

6-31G 

0 
88.84 
38.94 
45.79 
32.59 
-0.20 
-0.29 

H2 

6-31G* 

0 
87.33 
41.55 
53.77 
44.67 
14.16 
13.53 

+C-X 

MP2/6-31G* 

0 
101.30 
63.13 
65.58 
63.82 
25.09 
29.72 

exptl" 

0 
95 
-

60 
64 
26 
32 

"See ref 15. 

sponding total energy values are given in Table I, the values of 
the C - X distances in Table II, and the stabilization energies in 
Table III. 

The analysis of the computed geometries shows that with these 
substituents, i.e., substituents with jr-type lone pairs, the removal 
of a hydride ion from the methyl group of the neutral species to 
form the corresponding cation is accompanied in all cases by a 
planarization of the molecule and by a significant shortening of 

file:///30.tf
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Table IV. Contributions to the Stabilization Energies SE (kcal/mo!) 
of Methyl Cations Associated with the ff, Nonbonded Interactions 
(NB), the d-Orbita! (d), and the Correlation Energy (CE) Effects 

X 

NH2 

PH2 

OH 
SH 
F 
Cl 

SE(<r) 

36.44 
-56.22 

33.93 
6.97 

-31.87 
-31.12 

SE(NB) 

52.4 
95.16 
11.86 
25.62 
31.67 
30.83 

SE(d) 

-1.51 
2.61 
7.98 

12.14 
14.36 
13.83 

SE(CE) 

13.97 
21.50 
11.81 
19.09 
10.93 
16.19 

SE 

101.30 
63.13 
65.58 
63.82 
25.09 
29.72 

Table V. Total Energies Ex (au) of Substituted Methanes (H3C-X) 
and Related Methyl Cations (H2

+C-X) Computed at the 6-3IG 
Level in the Absence of the ir Interactions (Ex*) and in the absence 
of the Nonbonded Interactions (£T°) 

X 

NH2 

PH2 

OH 
SH 
F 
Cl 

H3C-X 

-95.52917 
-381.696 28 
-115.260 34 
-437.82815 
-139.10049 
-499.102 39 

H2
+C-X 

E/ 

-94.217 61 
-380.368 82 
-113.998 92 
-436.634 27 
-137.970 35 
-498.029 96 

£T° 
-94.622 90 

-380.642 35 
-114.35007 
-436.87492 
-138.085 36 
-498.088 46 

the C-X bond length, as it is shown by the trends of the C-X 
values in Table H. It can be observed that the shortening is always 
larger for a second-row substituent than for the corresponding 
first-row analogue and along a row it increases with the decrease 
of the electronegativity. 

The analysis of the stabilization energies shows that the values 
computed at the most accurate level, i.e., MP2/6-31G*, agree 
very well in all cases with the stabilization energies experimentally 
estimated. All these substituents have a stabilizing effect (positive 
SE), and in particular it is found that NH2 has a larger stabilizing 
effect than PH2, OH and SH have similar stabilizing effects, while 
F has a slightly smaller stabilizing effect than Cl. It is also found 
that the stabilization energy increases along a row with the de
crease of the electronegativity. 

The main purpose of this investigation is to rationalize the trends 
of the stabilization energies. To obtain a detailed understanding 
of this problem we have decomposed the SE values into the 
components associated with (i) a-effects, (ii) nonbonded interaction 
effects, (iii) d-orbital effects, and (iv) correlation energy effects. 
The values of these components are listed in Table IV. 

The components associated with the d-orbital and correlation 
energy effects have been obtained by using the SE values computed 
at the 6-31G, 6-31G*, and MP2/6-31G* levels (see Table III), 
while the components associated with the a and the nonbonded 
interaction effects have been computed by using the ET° and ET

W 

values, which are listed in Table V; Ex
a has been computed with 

the same procedure used for Ex
0 and represents the total energy 

of a system in the absence of the ^-interactions only. 
We proceed now to discuss in detail the trends of the various 

components. 
(i) a Effects. The energy components of SE associated with 

the er-effects have been computed by using eq 1 where the E1 

values for the species H3C-X and H2
+C-X have been replaced 

by the corresponding ET° values. The resulting SE(o-) values, listed 
in Table IV, show that this component is stabilizing when X = 
NH2, OH, SH and destabilizing when X = PH2, F, Cl. 

Furthermore, it can be seen that this component favors NH2 

over PH2 and OH over SH, while the values for F and Cl are of 
similar order of magnitude. 

To understand these trends, it is convenient to decompose 
further the SE(cr) values into two energy contributions, one as
sociated with the variation of the a inductive effect which ac
companies the transformation from H3C-X to H2

+C-X and the 
other with the variation of the C-X bond energy which accom
panies the shortening of the C-X bond. Information about the 
inductive effect has been obtained by computing the SE(<r) values 
for the cations at the C-X bond distance of the corresponding 
monosubstituted methanes. In all cases this contribution is found 

Figure 3. Trend of the variation of total energy computed in the absence 
of the nonbonded interactions (£T°) vs. the variation of the C-X bond 
distance for the pair H3C-OH, H3C-SH. 

to be largely destabilizing and of similar order of magnitude for 
each pair. Therefore, the important term in all cases is the 
contribution associated with the C-X bond energy variations which 
is always stabilizing. 

Information about the behavior of this energy contribution has 
been obtained by computing the ET° values for the H3C-X 
molecules at various values of the C-X bond length. The results 
for the pair OH,SH are shown in Figure 3, and similar results 
have been obtained for the other pairs of substituents. The abscissa 
of Figure 3 represents the difference A[rc_x - >c-x0] where rc_x 

denotes a given C-X bond length and rc_x° the optimum C-X 
distance of the H3C-X species, while the ordinates represent the 
difference A[^7Vc-X) - -EV(Tc-X0)] between the £T° values 
computed at rc_x and at /"c-x0- It can be seen that a decrease of 
the C-O and C-S bond lengths from the corresponding reference 
values rc_x° is accompanied by a stabilization, while an increase 
is accompanied by a destabilization. Furthermore, for the same 
decrease the stabilizing effect is larger for the first-row substituent, 
while for the same increase the destabilizing effect is again larger 
for the first-row substituent, and the preferential stabilization or 
destabilization associated with first-row substituents increases with 
the increase of the C-X bond length variation. These trends can 
be explained on the basis of the fact that the orbital of the sub
stituent X involved in the C-X bond is more contracted when X 
is a first-row substituent. 

In the a-methyl cations under examination the shortening of 
the C-X bond length is always larger when X is a second-row 
substituent. The difference (see Table II) is small for the pairs 
NH2, PH2 and OH, SH and significantly larger for the pair F, 
Cl. Thus for the pairs NH2 , PH2 and OH, SH the C-X bond 
energy variation remains larger for the first-row substituent and 
consequently the SE(o-) values favor NH2 over PH2 and OH over 
SH. On the other hand, for the pair F, Cl, the C-X bond energy 
variations become of similar order of magnitude and the SE(<r) 
values for F and Cl are almost identical. 

The C-X bond energy variation determines the sign of SE(cr) 
for X = NH2, OH, SH, while for F and Cl it is the inductive 
contribution that prevails. Also the SE(<r) value of PH2 is negative, 
but in this case the sign is determined mainly by the additional 
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Table VI. Energy Effects (£T 
Nonbonded Interactions4 

• £T
0)a Associated with the 

X 

NH2 

PH2 

OH 
SH 
F 
Cl 

H3C-X 

Ej ~ £T° 

225.23 
171.42 
171.14 
113.34 
66.74 
28.90 

E7 - £T° 
172.83 
76.26 

159.28 
87.72 
35.07 
-1.93 

H2
+C-X 

Er - E1" 

-81.50 
-95.38 
-61.07 
-63.29 
-37.09 
-38.64 

£ / " £T° 

254.32 
171.64 
220.35 
151.01 
72.17 
36.71 

"Values in kcal/mol.4 4In the case of cations the overall effect is 
decomposed into a repulsive contribution (£T°/ - E1

0Y and a x-dona-
tion contribution (E1 - £T°V 

destabilizing contribution associated with the planarization of the 
PH2 fragment. 

(ii) Nonbonded Interaction Effects. In each case the energy 
component of SE associated with the nonbonded interactions, 
denoted here as SE(NB), has been computed as the difference 
between the energy effects of the nonbonded interactions in the 
H3C-X and related H2

+C-X species. For each molecular species, 
the energy effect associated with the nonbonded interactions has 
been computed as the difference E1 - E1

0, so that SE(NB) is given 
by the following expression 

SE(NB) = (E1 - £T°)H3CX - (E1 - £T°)H2 + CX (3) 

The resulting SE(NB) values, which are listed in Table IV, are 
all positive and large. This component favors PH2 over NH2 and 
SH over OH and has similar values for F and Cl and therefore 
exhibits a trend opposite to that of the SE(cr) component. 

To understand these trends it is convenient to analyze the trends 
of the E1 - E1

0 values, i.e., the energy effects associated with the 
nonbonded interactions. In all neutral molecules this effect is 
always destabilizing, while in the cations it is again destabilizing 
in all cases except when X = Cl where this effect becomes very 
slightly stabilizing. Furthermore, in all cases this effect is more 
destabilizing in the neutral molecule than in the corresponding 
cation. While the E1 - E1

0 values of the neutral species are almost 
exclusively determined by repulsive effects, those of the cations 
are determined by repulsive effects as well as by the ir-donation 
effects. Thus to assess the relative importance of these terms, we 
have further decomposed the E1 - E1

0 value of the cations into 
two contributions, one associated with the repulsive effects (E1

0, 

- E1
0) and the other with the 7r-donation effect (E1 - E1

0). These 
values are all listed in Table VI. On the basis of this decom
position it is possible to express SE(NB) in the following way 

SE(NB) = 

[(E1 - £T°)H3cx - (Ej0' - £T°)H2*CX] - (E1 - £T° ')H2 + CX (4) 

where the term in the square brackets represents the contribution 
associated with the variation of the repulsive effects and the other 
that associated with the ir-donation effect. 

The comparative analysis of the values (E1 - £'T0)HJCX and (E1
0" 

- £,T°)H2
+CX shows that in all cases in passing from the substituted 

methane to the corresponding a-methyl cation there is a significant 
increase of the repulsive effects, so that the related contribution 
to SE(NB) is large. This contribution is larger for NH2 (29.09 
kcal/mol) than for PH2 (0.22 kcal/mol), for OH (49.21 kcal/mol) 
than for SH (37.67 kcal/mol), and for Cl (7.81 kcal/mol) than 
for F (5.43 kcal/mol). 

The trends of the stabilizing contributions associated with the 
ir-donation effect (see the (E1 - E1

0") values in Table VI) agree 
with the results of previous investigations.5 In all cases the TT-
orbital interaction between the heteroatom lone pair and the 
LUMO of the H2

+C fragment is controlled by the variation of 
the energy gap. Thus this interaction favors the second-row 
substituent as the heteroatom is changed along a column and the 
less electronegative substituent as the heteroatom is changed along 
a row. 

From this analysis it follows that for the pairs NH2, PH2 and 
OH, SH both contributions concur to determine the trend of 

SE(NB), while for the pair F, Cl, where the two contributions 
favor one F and the other Cl, the trend of SE(NB) is determined 
by the variation of the repulsive effects. 

(iii) d-Orbitals and Correlation Energy Effects. The energy 
components of SE associated with the 3d-orbital and the corre
lation energy effects have been computed according to the fol
lowing expressions 

SE(3d) = S£(6-31G*) - SE(6-31G) (5) 

SE(CE) = SE(MP2/6-31G*) - SE(6-31G*) (6) 

The resulting values are listed in Table IV. Both these types 
of energy components can be considered as polarization effects, 
in one case arising specifically from the low-lying d-orbitals and 
in the other case from the low-lying excited states involving, in 
addition to the d-orbitals, also other types of low-lying empty 
orbitals such as u*c_x and <T*X-H- The two types of values are 
of similar order of magnitude and quite large. The only exception 
is the d-orbital contribution in the case of the pair NH2, PH2, 
which is small. 

We can see that the correlation energy component favors in 
all cases the second-row substituent, while the 3d-orbitals com
ponent favors the second-row substituent for the two pairs NH2, 
PH2 and OH, SH and slightly the first-row substituent for the 
pair F, Cl. 

This behavior is roughly in agreement with the trend of po-
larizabilities of the atoms X and of the bonds C-X which are much 
larger when X is a second-row heteroatom. In the case of the 
d-orbital effect the preference varies from ~ 4 kcal/mol for the 
pairs NH2, PH2 and OH, SH to ~0.5 kcal/mol for the pair F, 
Cl, while in the case of the correlation energy effects the preference 
is almost constant (~5-7 kcal/mol). 

(IV) Conclusions 
In this paper we have attempted to rationalize the trends of 

the stabilization energies of a series of a-subtituted methyl cations 
with substitutents belonging either to the first or the second row. 
We have first computed accurate values of the stabilization en
ergies at the MP2/6-31G* level. Then we have decomposed the 
stabilization energies into the component terms associated with 
the (7-effects, nonbonded interaction effects, and polarization 
effects. All these components have been computed in terms of 
total energy values. 

The analysis of the various components has shown that all the 
various terms are large and have to be considered explicity. 
Furthermore, to obtain reliable estimates of these components, 
one has to compute the proper energy differences between the 
values of the substituted methanes and the related cations and 
not consider only the energy effects of the cations. 

In a comparison along a column, it appears that the differences 
between the stabilization energies are small. In this case, in fact, 
the d-effects favor NH2 over PH2 and OH over SH and are almost 
identical for F and Cl, while the nonbonded interactions and the 
polarization effects show the opposite trend: for each pair the 
preference in the two cases is of similar order of magnitude, so 
that the overall preference is small. The only exception is the pair 
NH2, PH2 where the stabilization energy of NH2 is significantly 
larger than that of PH2. However, in this case the preference is 
due to an additional effect specific of this type of substituent, i.e., 
the planarization of the XH2 group, which favors largely NH2 

over PH2, as suggested by the values of the inversion barriers of 
NH3 (5.80 kcal/mol)16a and PH3 (37.2 kcal/mol).16b 

The differences between the stabilization energies along a row 
are more pronounced. In this case the trend is determined by the 
7r-donation effect, which changes significantly along a row favoring 
the less electronegative substituent. The exception is again rep
resented by PH2, where we have to take into account also the 
additional destabilizing contribution of the planarization energy 
which makes the SE value of PH2 smaller than that of SH, even 
if the 7r-donation effect has an opposite trend. 

(16) (a) Snaken, J. D.; Ibers, J. A. /. Chem. Phys. 1962, 36, 1914. (b) 
Woston, R. E.; Jr. J. Am. Chem. Soc. 1954, 76, 2645. 
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The analysis has shown that the small differences between the 
stabilization energies along a column arise from large cancellations 
of effects of similar order of magnitude. We should also point 
out that the values of the various components depend critically 
on the geometry of the cation. Solvation will certainly change 
the geometry of the cation, and thus also the values of the various 
components, so that also the overall preference might change. 

The remarkable chemistry and physics of multiply charged, 
gaseous cations is of considerable interest to both experimentalists 
and theoreticians.1 Salient features of the dications which can 
be conveniently generated from monocations in the gas phase by 
charge stripping (CS) mass spectrometry2 are the following ones: 
(1) reversal of stability order of dicationic isomers when compared 
with their mono-charged or neutral counterparts; (ii) significant 
structural changes which often favor anti-van't Hoff geometries 
for the dications;3 and (iii) highly exothermic charge separation 
reactions which in the gas phase, however, are prevented by 
significant barriers to occur spontaneously. Thus, observation of 
the intrinsically thermochemically unstable dications is feasible, 
while in solution proton transfer to the solvent shell or transfer 
of negatively charged species to the dication will take place with 
avidity thus making it unlikely to generate under these conditions 
small organic dications as viable species. Larger organic dications 
or species which are stabilized intramolecularly can, of course, 
be generated as stable systems in solution.4 

High-level ab initio molecular orbital (MO) calculations play 
a decisive role in the description and characterization of the species 
of interest in that they not only allow comparison of theoretically 
predicted and experimentally evaluated ionization energies but 
also provide information on the energetics of the ions, their 
electronic structures and their isomerization/dissociation char
acteristics. 

While the potential energy surface of the CH3N*+ system, which 
is believed to play an important role in the interstellar production 
of organic molecules,5 is now quite well understood,6 to the best 
of our knowledge no high-level ab initio MO calculations have 
been reported on the corresponding dicationic CH3N2+ system, 
which is the subject of the present paper. For the monocations 
the aminomethylene cation (2) is predicted to be 8.8 kcal/mol 
(MP2/6-31G(d)//4-31G) more stable than the methyleneimine 
radical cation (1) (Chart I). A high-energy barrier (57 kcal/mol 
(MP2/6-31G(d)//4-31G)) for the reaction 1 — 2 largely prevents 
the two ions from isomerizing prior to the microsecond frag-

f Dedicated to Professor Edgar Heilbronner, Basel, on the occasion of his 
65th birthday. 
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Thus it can be expected that solvation might change the trend 
of the SE values along a column, while along a row the change 
is less likely. 

Registry No. H2
+CNH2, 54088-53-8; H2

+COH, 17691-31-5; H2
+CF, 

35310-31-7; H2
+CPH2, 84005-10-7; H2

+CSH, 20879-50-9; H2
+CCl, 

59000-00-9. 

Chart I 
H 

\ / N C 
C = N / 

/ H / 

1 2 

C * 

V 
3 

mentation. A third isomer 3, which was not included in the earlier 
publications,6 is calculated to lie 60.5 kcal/mol (MP4/6-31IG-

(1) For reviews and exhaustive literature compilation for gaseous dications 
see: (a) Schleyer, P. v. R. Am. Chem. Soc. Div. Petrol. Chem. 1983, 28, 413. 
(b) Koch, W.; Heinrich, N.; Maquin, F.; Stahl, D.; Schwarz, H. Int. J. Mass 
Spectrom. Ion Proc. 1985, 67, 305. (c) Koch, W.; Maquin, F.; Stahl, D.; 
Schwarz, H. Chimia 1985, 39, 376. 

(2) (a) Jennings, K. R. Int. J. Mass Spectrom. Ion Phys. 1965, /, 227. (b) 
Seibl, J. Org. Mass Spectrom. 1969, 2, 1033. (c) Cooks, R. G.; Beynon, J. 
H.; Ast, T. / . Am. Chem. Soc. 1972, 94, 1004. (d) Ast, T.; Porter, C. J.; 
Proctor, C. J.; Beynon, J. H. Bull. Soc. ChIm. Beograd. 1981, 46, 135. (e) 
Morgan, R. P.; Beynon, J. H.; Bateman, R. H.; Green, B. N. Int. J. Mass 
Spectrom. Ion Phys. 1978, 25, 171. (0 Levsen, K.; Schwarz, H. Mass 
Spectrom. Rev. 1983, 77. 

(3) (a) Pople, J. A.; Tidor, B.; Schleyer, P. v. R. Chem. Phys. Lett. 1982, 
88, 533. (b) Lammertsma, K.; Barzaghi, M.; Olah, G. A.; Pople, J. A.; Kos, 
A. J.; Schleyer, P. v. R. J. Am. Chem. Soc. 1983, 705, 5252. (c) Koch, W.; 
Frenking, G.; Schwarz, H.; Maquin, F.; Stahl, D. Int. J. Mass Spectrom. Ion 
Proc. 1985, 63, 59. 

(4) For reviews see: (a) Prakash, G. K. S.; Rawdah, T. N.; Olah, G. A. 
Angew. Chem. 1983, 95, 356. (b) Pagni, R. M. Tetrahedron 1984, 40, 4161. 
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Abstract: High level MP4/6-31 lG(d,p)//6-31G(d)+ZPVE ab initio MO calculations predict two stable CH3N2+ isomers; 
the global minimum corresponds to the aminomethylene dication, H2NCH2+ (5), which at the highest level of theory is predicted 
to be 49 kcal/mol more stable than H3NC2+ (6), which can be viewed as a donor/acceptor molecule. Both isomerization 
and dissociation pathways were studied, and the two isomers are prevented by significant barriers from isomerization as well 
as dissociation (charge separation). Vertical and adiabatic ionization energies for removing an electron from the corresponding, 
as yet unknown, monocations are estimated as are the heats of formation of the resulting dictations. For 5, AHf is estimated 
to 644 kcal/mol, and for 6 a value of 700 kcal/mol has been obtained. 


