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Abstract—An ab initio SCF geometry optimization on the simple cations CH,X, with X =F, Cl, NH, and PH, has
been performed at the split valence shell (4-31G) level. The computed optimum conformations correspond in each
case to a structure in which all atoms lie in the same plane. Comparison of the computed charge distributions reveals
that the third period heteroatom (Cl and P) is a better = electron donor than the corresponding second period

analogue (F and N). This result parallels that obtained recently [Can. J. Chem. §3, 1144 (1975)] for S and O in éHzOH
and CH,SH, but contradicts current notions based on assumed values of the C,-X,, overlap integrals. It is shown

here by explicit calculations of overlap integrals that these assumptions are not always correct. Furthermore, it is
shown that arguments based only on overlap are necessarily incomplete since they neglect terms like the energy
difference between the interacting orbitals which can play a dominant role. The relative importance of such terms is

discussed for these species.

In the past three decades many basic, yet simple concepts
regarding the structure and reactivity of organic
molecules were developed on the basis of intuition rather
than a quantitative theoretical approach. Ab initio
computations,'” which are now possible for molecules of
chemical interest, coupled with PMO theory’ as an
interpretative tool, can be used to reexamine basic
concepts which are currently highlighted in textbooks,
monographs and the literature.

In this communication we shall examine the #-donating

ability of heteroatoms in the simple systems CH.X.
Usually, it is assumed* that a second period heteroatom
(e.g. F or OR) is a better m-electron donor than the
corresponding third period heteroatom (e.g. Cl or SR), and
because of this greater w-donating ability the second
period heteroatom stabilizes the adjacent cationic center
more than the corresponding third period analogue.

However in a recent ab initio investigation' on CH,OH

and CH.SH it was found that sulphur is a better
w-electron donor than oxygen. In order to determine the
w-donating ability of other pairs of heteroatoms, we have

carried out ab initio computations on the CH,X cations
with X=F, Cl, NH; and PH.. In this paper we report
theoretical results that contradict the current notion that a
second period heteroatom is a better m-electron donor
than the corresponding third period analogue.

Ab initio results. For comparative purposes the compu-
tations have been carried out with the same procedure

used in the previous investigation' on CH,OH and
CH,SH. Therefore all computations here have been

carried out with the Gaussian 70 series of programs,’
using a split valence shell (4-3 IG) basis set.® For CH.F’,

CH:CI and CH,PH. we have carried out an optimization
with respect to all the geometrical parameters. For

CH:NH: only the C-N bond length has been optimized,
while the remaining parameters have been kept fixed at
the values obtained in the geometry optimization at a
minimal basis set level.* The computed optimum confor-
mation correspond for each system investigated to a
structure in which all atoms lie in the same plane. The
computed values of the various geometrical parameters
are shown in Table 1.

From inspection of these values the interesting point
emerges that the C-X bond lengths do not vary
significantly for heteroatoms of the same period, while the
variation is significant in the corresponding CH,X species
(1-385, 1-427 and 1-474 A for X = F, O and N respectively’
and 1-784, 1-818 and 1-863A for X=Cl, S and P
respectively’ in CH,X). Furthermore the C-X bond

lengths of the CH.X systems are substantially shorter
than those of the corresponding CH;X systems, suggest-
ing that in the cations the C-X bonds have significant
double bond character. This is confirmed by the overlap
population values for the various C-X bonds listed in
Table 2.

A better understanding of the bonding properties of
these cations can be obtained by a comparative analysis
of the charge distribution. It has already been suggested’
that an informative way to discuss the charge distribution
in these species is to examine the charges of the two
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Table 1. Geometrical parameters (bond lengths in Aand angles in
degrees) computed at the 4-31G level for éH,X cations

X
Parameters®

inCHX NH, PH, OH° SH° F Cl
r(C-X) 1266 1-645 1217  1-653 1263 1-658
r(C-H,.) 1-103° 1072 1084 1068 1.075 1-074
1(X-H;.) 1-038° 1393 0960 1360 —~ -
H,CH, 119-8° 1177 1221 1173 126:1 1207
CXH, 121-85° 1197 1247 1009 - -

“The numbering scheme for the H,C-X system is shown below

*Taken from Ref. 8
“Taken from Ref. 1

Table 2. Total, o- and m-overlap populations of the carbon-
heteroatom bonds in CH»-X

Populaton C-N CP CO C§ C-F CdC

Total 0-3220 0-4468 0-2573 03002 0-2182 0-2600
o 01271 0-2374 0-1067 0-1268 0-1207 0-1323
m 0-1949 0-2094 0-1506 0-1734 0-0974 0-1277

moieties CH," and X. These values are shown in Fig. 1.
Since the total charge of the CH," fragment prior to
interaction is +1 and the total charge of the X fragment
prior to interaction is 0, the total charges of the X moiety
quoted in Fig. 1 represent also the amounts of electronic
charge transferred to (or from) the CH;" fragment as the
result of the interaction with the various X fragments. It
can be seen that the groups involving a third period
heteroatom are all “‘good” electron donors, while among
the groups containing a second period heteroatom only
NH, shows a significant electron donating ability. In
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Fig. 1. Gross charges of the éH, and X moieties in éHz-X
together with the o and = electron transfers (values for CH,OH
and CH,-SH were takenfrom Ref. 1).
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CH,0OH, in fact, the electron donation to CH." is

negligible and in CH,F electron donation occurs in the
opposite direction, i.e. from the already positive CH,"
moiety to the F atom.

It is informative to investigate the details of such
electron transfers. To this purpose we have also quoted
in Fig. 1 the ¢ and 7 components of the total electron
transfer between CH," and X. The values for the
a-components have been computed from the gross orbitat
populations of the C,,, orbital. These values measure, in
fact, the amount of electronic charge transferred from the
X,» lone pair to the vacant C,,, orbital and therefore they
are a measure of the m-donating ability of the various
heteroatoms. The values for the o-components are
obtained as the difference between the values of the total
and 7 electron populations. These o populations repres-

+

ent the o electron transfer to (or from) the CH; moiety.

The following interesting observations can now be
made.

(i) With the X groups containing a third period
heteroatom both the o and = electron transfers occur in
the same direction, i.e. from the heteroatom to the
cationic center. The ¢ components of the electron
transfer are in all the cases small and the electron transfer
consists here almost entirely of 7-electron donation from
the heteroatoms. This = electron transfer is decreasing
from P to Cl, i.e. it is in an inverse relationship with the
change in electronegativity.

(i) With the X groups containing a second period
heteroatom there is always a m donation from the
heteroatoms to the cationic center and the o electron
transfer is in the opposite direction. Going from N to F, as
the electronegativity increases, the w-electron transfer
decreases, while the o term increases. However, with
X =NH; and OH the w-component is the dominant term
and the total electron transfer occurs from X to CH;,
while with X =F, the ¢ component becomes larger than
the w-component and the total electron transfer occurs
from CH; to F.

(iii) The computed w-donating abilities of the various

heteroatoms toward an adjacent CH, center follow the
sequence:

P>S=N>0>CI>F.

Consequently, in contrast to current notions*, a third

period heteroatom in such systems as CHrX is a better
m-electron donor than the corresponding second row
analogue.

PMO__analysis. Perturbation theory provides the
framework for discussing orbital interactions. Here we
shall try to provide a rationalization of the unexpected
result stated above, namely that a third period heteroatom
is a better w electron donor than the corresponding
second row analogue and for this reason we shall focus
our attention just on the interaction between the vacant
2p. orbital (¢s) of the CH3 fragment and the p, lone pair
(4) of the adjacent heteroatom X.

Here ¢4 mixes with ¢ in a bonding combination and
this amounts to an electron transfer, q, from a to ¢s
approximated by the expression'

ZHAB 2 Ske
AET = 2K 3 AE? M
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where Has is the interaction matrix element between .
and ¢» and AE is the energy separation between the
vacant ¢5 orbital and the ¥, lone pair. In eqn (1) the usual
approximation, Has = K Sas, has been employed,t where
K is a constant and S, is the overlap integral between ¢s
and ¥a. According to this simple equation, the electron
transfer q increases either as the overlap between ¢p and
Y increases and or the .energy separation of the
interacting levels decreases. We shall refer to the former
as the overlap factor and to the latter as the energy factor.

In comparing a second period and a third period
heteroatom, it will always be true that the energy factor
favours greater electron transfer to the adjacent cationic
center from the third period heteroatoms. This is
necessarily so because the jonization potential of a lone
pair of a second period heteroatom is always greater than
that of a lone pair of a corresponding third period
heteroatom. Typical first ionization potentialsi and AE
values are given in Table 3. The AE values have been
computed from the values of the ionization potentials
listed in the first column of Table 3 and from the orbital
energy e of the vacant C,,, orbital of CH;. This latter value
(e =—7-66¢.v.) has been obtained from an ab initio
computation of CH;" at the 4-3IG level with optimization
of the C~-H bond length.

The overlap integral S.s can be computed for the

al initio optimized geometry of CH,-X. Typical results
are given in Table 4. We report here three sets of
two-center overlap integrals computed using three differ-
ent types of atomic orbitals: (i) SCF atomic orbitals from
a minimal basis set of Slater type functions {STO), with
the exponential parameters optimized by Clementi and
Raimondi;" (ii) single Slater atomic orbitals (STO) with
the exponential parameters optimized again by Clementi
and Raimondi® and (iii) single Slater atomic orbitals, with
the exponential parameters given by the Slater’s rule. In
all cases, the overlap factor favours Cl over F, it does not
distinguish between S and O, and it favours N over P.
The combination of the energy and overlap factors
indicate unequivocally that the w-electron transfer to the

carbocationic center CH; will be larger for Cl than for F,
and for SH than for OH and these predictions are in
agreement with the ab initio results reported in Fig. 1. In
the case of NH, and PH, the two factors act in opposite
directions, since the energy factor favours P, but the
overlap factor favours N. Since our ab initio results (see
Fig. 1) show that the = electron transfer is greater for P
than it is for N, we must conclude that in the PMO
terminology the energy factor in this case is dominant
over the overlap factor.

The same line of reasoning can be used also for
discussing the 7 stabilization of the cationic center due to
the conjugative interaction with the adjacent heteroatom.
For nondegenerate orbitals, the = stabilization energy
(SE) resulting from such an interaction is given by the
expression

—oHh_,piShe
SE=2722 =2k 282 @

where the various symbols have been defined in

tOther approximations of the matrix element are also possible.

$1he values of all molecules except HF were determined by a
photoionization method, while the value for HF was determined
by a retarding potential method:"'
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Table 3. Typical first molecular ionization
potentials (IP)* and related AE values®

Lone pair

containi

molecule LP.(eV) AE (eV)
HF 1577 811
HCl 12-80 5-14
H.0 1261 495
H.S 10-48 282
H,;N 10-87 321
H,P 10-10 2:44

“Taken from Ref. 12.
* AE = TP(Xionepaic) + €200 (CH).
Table 4. Two-center C,,, —X,, overlap

integrals (Sas) computed at the optimum
C-X bond iength in CH.X

SAI

Bond Set1* Set2* Set3°
C-N 0-259% 02596  0-2454
C-p 0-2442 0244  0-2355
c-0 02169 02169  0:203)
C-§ 02120 02106 0-2017
C-F 0-1680  0-1680  0-1571
Cc-Cl 0-1802  0-1786  0-1703

“Minimal SCF atomic orbitals.

*Single STO with exponential parameters
from Clementi and Raimondi.

“Single STO with exponential parameters
from Slater rules.

connection with eqn (1). Again the combination of the
energy and overlap factors indicate unequivocally that Cl
and SH will stabilize the carbocationic center more than F
and OH, respectively and these predictions are in good
accord with the experimental results of Taft et al.” Again,
from such a qualitative approach, a clear prediction
cannot be made for the case of X = NH; and PH,, since
the two factors act in opposite directions. This approach
could be used again for rationalizing the experimental
result, but unfortunately only the stabilization energy of

CH;i-NH; is available.”

CONCLUSIONS

To summarize, the current notion that a second period
heteroatom is a better w-electron donor than the third
period analogue and that F and OR are correspondingly
better « stabilizing groups than C! and SR with respect to
an adjacent carbocationic center are in contradiction with
theoretical results. This current notion is based on the
assumption that the two cénter w-overlap integrals
Cy, —X,, are larger when X is a second period
heteroatom. As we have already seen this assumption is
not supported by the explicit calculations of the overlap
integrals for F and Cl, and 0 and S.

In addition, arguments based only on overlap are
necessarily incomplete since they neglect the AE term in
the denominator of eqns (1) and (2). In fact AE the
difference between the energy of a filled orbital and the
energy of an empty orbital, is important in all processes
where charge transfer is taking place. We have, in fact,
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shown that it is the energy factor which dictates the trend
of the 7-donating ability for N and P, while the overlap
factor acts in the opposite direction.

In view of the results presented here it becomes very
interesting to reexamine those cases where a superiority
of F over Cl or of OR over SR as conjugative stabilizers
on an adjacent cationic center was postulated in order fo
account for the experimental observations. For example
chloromethyl ethyl ether hydrolizes in aqueous dioxane
about 1600 times faster than chloromethyl sulphide.” The
reaction was assumed in both cases to proceed via a
carbonium ion intermediate by a unimolecular mechanism
and the effect of substituents on the rates was accounted
for on the basis of the assumption that RO- stabilizes an
adjacent carbocationic center more than RS- through a
greater conjugative effect. In view of the present results,
it is clear that, much remains to be done before a
satisfactory understanding of the mechanism of such
reactions is achieved.
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