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ABSTRACT: Complexes were formed by pairing ZCl; (Z = P, As, or Sb) with
C,R, (R = H, F, or CN). The first interaction present is a pnicogen bond
between the Z atom and the C=C z-bond. This bond weakens as the H atoms

of ethylene are replaced by electron-withdrawing F and CN, and the potential
above the alkene switches from negative to positive. In the latter two cases,
another set of noncovalent bonds is formed between the Cl lone pairs of ZCl,
and the 7*(C=C) antibonding orbital as well as with the F or CN substituents.
The growing strength of these interactions, coupled with a large dispersion
energy, more than compensates for the weak pnicogen bond in C,(CN),, with its
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repulsion being between areas of positive charge on each subunit, making its
complexes with ZCl; very strong, as high as 25 kJ/mol. The pnicogen bond in C,F, is weaker than in C,H,, and its subsidiary
lone pair—z bonds are weaker than in C,(CN),, thus the complexes of this alkene with ZCl; are the weakest of the set.

1. INTRODUCTION

After a number of early indications that a pnicogen atom, i.e.,
P, As, Sb, might be able to engage in an attractive interaction
with an electronegative atom on another molecule,' "% a
number of papers appeared that elaborated on this concept.
For example, it was found that the physicochemical properties
of the products in some chemical reactions change significantly
due to the presence of such interactions'”'” and they play a
decisive role in some supramolecular self-assembly pro-
cesses.">™"> This idea picked up a head of steam in 2011
when a number of papers appeared that explored various
aspects of this interaction, dubbed the pnicogen bond, more
thoroughly. ™'

The pnicogen bond can be divided into o-hole and 7-hole
interactions according to the distribution of the positive
electrostatic potential on the pnicogen donor atom surface.
The o-hole is an area with positive electrostatic potential along
the extension of a o-bond from the pnicogen atom to a
substituent. The positive electrostatic potential above and
below a planar molecule such as NO,X and PO,X is commonly
referred to as a z-hole.””** The most common electron donor
is a lone pair on a partner molecule, but metal hydrides,”*
radicals,” carbenes,*® and lr—system527_29 can also serve in this
capacity. As an example, the pnicogen—r interaction in the
PCl;---C¢Hg dimer has been confirmed at low temperature by
infrared spectroscopy.”” The same sort of noncovalent bonding
is relevant in biological systems, and it may be involved in a
mechanism of inhibiting Sb-based drugs for treating
leishmaniasis.”® An earlier work® compared the pnicogen
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bonds involving a range of different 7 electron donor
molecules and found that the simple C=C double bond in
ethylene is a stronger donor than acetylene but weaker than
conjugated systems. An examination of substituent effects in
RH,P--C,HM (R = H, OH, H,C, NC, F; M = H, OH, CH,,
Li) revealed that electron-donating groups in the 7 electron
donor amplify the pnicogen bond as do electron-withdrawing
groups in the electron acceptor. These bonds are also subject
to cooperative effects, as in the RH---FH,Y--C,H, (R=OH,
NC, F; Y = P and As) triads.*®

The lone pair—z (lp—7z) designation refers to charge
donation from a lone pair (Ip) of one molecule into the x
system of another, typically into a 7* orbital.”’ The lp—7x
interaction is an important binding mode, occurring in
173 and plays a central role in stabilizing the
structures of nucleic acids and proteins and modulating the
recognition of protein DNA and enzyme substrates;””~*" it has
been recently reviewed in the full context of biological
systems.”” The interaction is currently under extensive
examination with a large number of studies conducted
recently.”**~* As in the case of the pnicogen bond, the
strength of the lp—7z interaction is also sensitive to
substituents. For instance, the lp—7 interaction of water with
hexafluorobenzene (8.8 kJ/mol) is stronger than that with
benzene (2.5 kJ/mol).”°
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The existence of these two interactions raises an interesting
question. Given the ability to engage in either a pnicogen bond
or a lp—r interaction, which of the two would be preferred?
What would be the circumstances that might lead to one or the
other as the preferred binding mode, and are there occasions
where a system could shift from one to the other? Can a set of
rules be formulated that would allow one to predict in advance
which interaction would be more stable?

To answer these questions, ethylene is taken as a very simple
prototype m—electron system. Its z-system could donate
electrons into a pnicogen bond, as has been shown
previously,” or could serve as a sink of density from the
lone pairs of a partner molecule. To examine substituent
effects, the four H atoms of ethylene are replaced, first by the
simple F atom, and then by the C=N group, both strong
electron-withdrawing agents. As a partner molecule, PCl; could
participate in either of the two interactions under study. The P
atom is expected to contain three o-holes, one opposite each
P—Cl bond, so can form a pnicogen bond with the alkene 7-
system. Each Cl atom contains three lone pairs, any of which
can engage in a lp—x interaction with the alkene. It is widely
accepted that as the strength of a pnicogen bond varies
according to the size of the pnicogen atom, the P is replaced
alternately by its heavier congeners As and Sb. There are thus a
total of nine complexes examined here. Each of three ZCl,
molecules (Z = P, As, Sb) is paired with each of three alkenes
C,H,, C,F,, and C,(CN),.

2. COMPUTATIONAL METHODS

The complexes and their monomers were first optimized at the
MP2/aug-cc-pVDZ level and their nature as minima on the
potential energy surface was confirmed by frequency
calculations at the same level. To obtain more reliable results,
these structures were then reoptimized at the MP2/aug-cc-
pVTZ level. For the Sb atom, aug-cc-pVDZ-PP and aug-cc-
pVTZ-PP pseudopotential basis sets were applied to account
for relativistic effects.”’ The interaction energy was calculated
as the difference in energy between the complex and the sum
of the two monomers frozen in the same geometry as in the
complex. This quantity was corrected for basis set super-
position error by the counterpoise procedure proposed by
Boys and Bernardi.*” All calculations were performed using
Gaussian 09 software.>

Molecular electrostatic potentials (MEPs) on the 0.001 au
isosurface were calculated at the MP2/aug-cc-pVTZ(PP) level,
and their extrema were determined usin§ the wave function
analysis-surface analysis suite procedure.”® AIM2000 software
was used to analyze the topological properties at each bond
critical point (BCP).>® Natural bond orbital (NBO) analysis
was performed at the HF/aug-cc-pVTZ(PP) level by the NBO
program contained within the Gaussian software.’® Non-
covalent interaction (NCI) maps were plotted using the
Multiwfn and visual molecular dynamics programs.””>® The
localized molecular orbital-energy decomposition analysis
method®” using the general atomic and molecular electronic
structure system program® was used to decompose the
interaction energy into electrostatic, exchange, repulsion,
polarization, and dispersion components.

3. RESULTS AND DISCUSSION

3.1. MEP of Monomers. The character of the molecular
electrostatic potential (MEP) provides strong indications as to
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how molecules will arrange themselves relative to one another
within a dimer. The MEP of each of the monomers under
study here is displayed in Figure 1. The most positive regions
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Figure 1. MEP maps of ZCl (Z = P, As, and Sb) and C,X, (X=H, F,
and CN). Color ranges in au are: red, greater than 0.02; yellow,
between 0.02 and 0; green, between 0 and —0.02; blue, smaller than
—0.02.

are indicated by red, and negative by blue. There is one o-hole
lying directly opposite to each of the Z—ClI bonds of ZCl;, with
values at their maximum, V.., varying from 0.04S au for PCl,
up to 0.073 au for SbCl;. The electron-withdrawing nature of
the CI substituents draws density out of the Z lone pair, such
that the MEP in its vicinity is positive, albeit much less than
the respective o-hole of each molecule. For this reason, it is
anticipated that a nucleophile ought to be drawn toward a o-
hole, rather than the less positive Z lone pair area.

Turning next to the R,C = CR, systems on the right side of
Figure 1, there is an interesting reversal of charge associated
with changing R substituents. As noted earlier,”’ ethylene
contains a negative blue region above the molecular plane, with
Vimin = —0.027 au. But, the replacement of the four H atoms
by the electron-withdrawing F or CN substituents pulls
electron density out of this z-region, turning the blue region
red, ie., imparting to this area a positive MEP. CN is more
effective than is F in this regard, leading to a larger red area,
which would tend to repel an incoming positive o-hole of
another molecule.

3.2. Geometrics and Interaction Energies. Figure 2
depicts the general structures of the heterodimers derived from
each of the different pairings of the monomers. The ZCl,
molecule sits above the R,C=CR, plane, with the Z atom
being somewhat closer to one C atom (C;) than to the other
(C,). C, lies approximately along the extension of the Z—Cl,
bond, i.e, along its o-hole. R, refers to the Z—C; distance,
whereas the distances of the two other Cl atoms from C, are
denoted R, and R;, as illustrated in Figure 2. The angle
between the C=C bond and the C,—Z axis is termed q,
whereas f refers to the alignment of C,; along the Z—Cl, axis,
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Figure 2. Schematic diagram of the molecular structure of the
complex.

0(Cl,—Z--C;). All nine of the heterodimers are displayed
more explicitly in Figure SI.

These geometrical parameters are reported in Table 1,
where several trends are apparent. Despite the very different
vdW radii of the three Z atoms, R; is fairly insensitive to the
identity of Z and even becomes smaller as Z grows larger for
H,C=CH,. Cl, and Cl, lie a bit over 3 A from C,, and these
distances contract a small amount in the order P > As > Sb. R,
and R; are nearly equal for C,F, and C,(CN),, but there is
much more asymmetry for ethylene, where these two distances
differ by more than 0.2 A. The a angle is less than 90° for
H,C=CH,, placing the Z atom somewhat toward the C=C
midpoint but larger than 90° for the other two alkenes. This
pattern is consistent with the negative region over the C=C
midpoint for ethylene, which would tend to attract the PCI; o-
hole, and it is the opposite for the two substituted alkenes with
their positive MEP in that location. Note also the greater
deviation of a from 90° for C,(CN), with its more extensive
positive 7 MEP. The f angles all place the C; atom roughly
along the extension of the Z—Cl, axis. The largest deviations
from linearity tend to occur for the smaller Z atoms, which are
the weakest pnicogen bonds, as detailed below.

The interaction energies contained in the second column of
Table 1 manifest some interesting and perhaps even counter-
intuitive trends. On one hand, replacement of the four H
atoms of H,C=CH, with the electron-withdrawing sub-
stituent F reduces the interaction energy, whereas the CN
substituent, also electron-withdrawing, increases this quantity.
Another distinction arises with respect to the dependence on
the size of the Z atom. The interaction energy for H,C=CH,
climbs in the order P < As < Sb, whereas the exact opposite
pattern is associated with the other two alkenes. It is possible

to reconcile these orders with the MEPs in Figure 1. The MEP
above H,C=CH, is negative, so its attraction for the Lewis
acid ought to grow along with its increasing o-hole. In contrast,
the 7 MEPs of F,C=CF, and (NC),C=C(CN), are positive
so they can be expected to more strongly repel a growing
positive o-hole. In other words, the two types of alkenes
behave in an opposite fashion simply because they have
opposite charges in their z-regions. The latter argument based
on repulsion, however, is unable to explain the overall
attractive interaction energy, particularly the large E™ for
(NC),C=C(CN),.

3.3. Decomposition of Interaction Energy. Partitioning
of the total interaction energy into physically meaningful
components provides some insights into some of the trends
above. Five such components, electrostatic (E®), exchange
(E™), repulsion (E™P), polarization (EP!), and dispersion
(E%P), are reported in Table 2 for the nine heterodimers. Of
greatest interest are the three attractive terms E EPOl and
E%P with their percentage contribution to their sum indicated
in parentheses.

First, with respect to the electrostatic attraction, E°
accounts for nearly 50% of the total for H,C=CH, but this
contribution drops to only about 25% for F,C=CF, and still
lower, below 20% for (NC),C=C(CN),. This diminution is
consistent with the growing positive MEP in the z-regions and
its inability to attract a o-hole as mentioned above. There is
little to distinguish one complex from another with regard to
EP as this quantity remains in the 13—20% range for all
structures. Dispersion, on the other hand, is evidence for a real
difference between H,C=CH, and its substituted derivatives.
For any alkene, the absolute value of E rises as the pnicogen
atom grows in size, consistent with the greater number of
electrons. But more importantly, while E**P makes up no more
than 43% for ethylene, its contribution is much larger for
substituted R,C=CR,, where it accounts for more than 60%
and even as high as 73% for C,(CN),-SbCl,.

In summary, the energy component profile for the H,C=
CH, dimers fits the profile of a strongly electrostatic
interaction, with a sizable secondary dispersion attractive
energy. For the other two R,C=CR, alkenes, however, their
positive z-region reduces the electrostatic attraction to a small
percentage and the complexation relies instead on dispersion
as its primary origin.

3.4. AIM and NCI Analyses. The strength of specific
intermolecular interactions can be assessed via analysis of the
topology of the electron density, through atoms in molecules
(AIMs) and NCI. The AIM molecular diagrams are exhibited
in Figure S2, which indicate in all cases a pnicogen bond. The

Table 1. Interaction Energy (E™, kJ/mol), Distances (R, A)“, and Angles (°) in C,R,+ZCl,

Eint Rl 1{2
C,H,+PCl, 1228 3.341 3477
C,H,AsCl, -15.53 3249 3.407
C,H,SbCl, —19.67 3225 3.372
C,F,-PCl, ~10.61 3201 3.373
C,F,+AsCly —-9.89 3210 3.335
C,F,~-SbCl, —9.10 3.294 3312
C,(CN),PCl, —24.68 3230 3.394
C,(CN),AsCl, —22.81 3353 3.360
C,(CN),--SbCl, —21.87 3.491 3.353

“R, is the distance between C,
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Ry R, — Ry a B
3.209 0.268 84.0 165.7
3.145 0.262 82.3 166.9
3.122 0.250 82.6 170.2
3.372 0.001 93.4 167.1
3.385 0.050 92.4 170.4
3.392 0.080 91.7 176.2
3.396 0.002 97.5 172.6
3.371 0.011 99.2 176.3
3.355 0.002 100.7 167.2

and Z, whereas R, and R; are respectively the distances from C, to Cl, and Cl;.
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Table 2. Electrostatic (E®), Exchange (E™*), Repulsion (E*?), Polarization (EP*'), and Dispersion (E**?) Energy Components

in C,R,**ZCl,, all in kJ/mol

Eelea Ee=
C,H,-PCl, —22.91(43%) —58.98
C,H,-AsCl, —35.36(47%) —81.34
C,H,-SbCl; —48.24(48%) —107.68
C,F,-PCl, —11.87(26%) —46.19
C,F4+AsCl, —10.99(23%) —48.95
C,F,+-SbCl, —10.49(20%) —55.55
C,(CN),PCl, —13.33(17%) —-76.03
C,(CN),+AsCl, —9.78(13%) —76.54
C,(CN),-SbCl, —7.98(10%) —80.55

EreP Epol Edisp
99.44 —7.36(14%) —22.95(43%)
140.74 —12.92(17%) —26.92(36%)
188.39 —23.03(23%) —29.18(29%)
80.21 —5.68(13%) —27.55(61%)
85.86 —7.15(15%) —28.97(62%)
97.90 —10.16(20%) —30.89(60%)
131.08 —12.46(16%) —54.67(67%)
131.63 —12.21(16%) —56.43(71%)
138.36 —13.67(17%) —58.23(73%)

“Values in parentheses are the percentage of E™%, EP?, and EP to the sum of these three terms.

bond path begins at the Z atom and terminates either at C, or
at a point close to it along the C,—C, axis. The values of the
density, its Laplacian, and energy density for these paths are
compiled in Table 3. The trends in these data are only partially

Table 3. Electron Density (p), Laplacian (V?p), and Energy
Density (H) at the Intermolecular BCP, all in au

P A%p H
C,H,PCl, 0.0095 0.0246 0.0009
C,H,AsCl 0.0124 0.0284 0.0006
C,H,--SbCl, 0.0151 0.0295 0.0001
C,F,+PCl, 0.0107 0.0287 0.0006
C2F4---ASC13 0.0114 0.0285 0.0005
C,F,SbCl, 0.0118 0.0263 0.0003
C,(CN),+PCl, 0.0098 0.0290 0.0009
C,(CN),+AsCl, 0.0077 0.0240 0.0009
C,(CN),+SbCl, 0.0068 0.0209 0.0009

consistent with the energetics in Table 1. For the unsubstituted
ethylene, the increasing values of p and V?p in the P < As < Sb
sequence match the increasing interaction energy, as does the
near insensitivity of all of these quantities to Z for C,F,. On the
other hand, the particularly high interaction energies for
C,(CN), are belied by the small values of p. Based on AIM
analysis, the pnicogen bond is rather weak in the latter series
and their high interaction energies are derived from some other
source.

A partial resolution of this issue arises in consideration of
bonds other than the principal pnicogen bond. In the cases of
the substituted R,C=CR, molecules, there are also bond paths
involving Cl, and Cl;. These paths terminate at F atoms for

C,F, or at the C atom of the C=N substituent for C,(CN),.
In the case of the latter alkene, there are also bond paths that
lead to the approximate midpoint of the C=C bond. The
values of the AIM parameters in Table 4 indicate that these
bonds are weaker than the principal Z---C; pnicogen bond but
neither are they negligible. Unlike the principal pnicogen bond
parameters, the secondary values show little sensitivity to the
nature of the Z atom. The BCP densities of the CI---F bonds of
C,F, are about 0.046 au, less than half of the principal Z---C,
quantities. In comparison, the densities for Cl---C (of the C=
N substituent) are about 0.0065 au, only a little smaller than
Z--C;. Added to these bonds for C,(CN), are another pair of
bonds that connect the AsCl; and SbCl; Cl atoms with the
C,—C, midpoint. AIM assesses these bonds as comparable in
strength to the Cl---C bonds. It appears that the multitude of
bonds within the C,(CN), complexes is able to compensate
for the weak pnicogen bond, to help explain their high total
interaction energies.

The NCI analyses in Figure S3 echo the AIM bond paths
and also adds weaker bonds involving the Cl atoms, even for
C,H,, which were not present via AIM. With respect to the
pnicogen bonds, the color change from green to blue in the
transition from PCl; to SbCl; suggests strengthening. In
addition to the attractive interactions, NCI also indicates
repulsive contacts as well, via the red colors in Figure $3.°"%*

3.5. NBO Analysis. An alternate view of the interactions
between molecules considers charge transfer between specific
orbitals of each monomer via the NBO protocol. The lump
sum total of the charge transferred between the molecules is
reported as CT in the first column of Table 5. The negative
quantities for both C,H, and C,F, indicate that charge is

Table 4. Electron Density (p), Laplacian (V?p), and Energy Density (H) at the Intermolecular BCP of Secondary Interactions,

all in au
P A%

Cl,--R”
C,F,PCl, 0.0048 0.0209
C,F,AsCl, 0.0046 0.0198
C,F,-SbCl, 0.0046 0.0194
C,(CN),+-PCl, 0.0063 0.0236
C,(CN),AsCl, 0.0066 0.0246
C,(CN)+SbCl, 0.0066 0.0246

Cl,C,—C,”

C,(CN),+AsCl, 0.0063 0.0223
C,(CN)4-SbCl, 0.0061 0.0211

H P A’ H
Cly-R
0.0011 0.0048 0.0211 0.0011
0.0010 0.0053 0.0233 0.0012
0.0010 0.0056 0.0241 0.0012
0.0013 0.0064 0.0237 0.0013
0.0013 0.0067 0.0251 0.0013
0.0013 0.0068 0.0252 0.0013
Cly-C,=C,
0.0013 0.0065 0.0226 0.0013
0.0012 0.0064 0.0218 0.0012

“R = F atom for C,F, and C atom of CN for C,(CN),. bApproximate midpoint of the C,—C, bond.
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Table S. Charge Transfer (CT, ) and Second-Order
Perturbation Energies” (E, kJ/mol) in C,R,ZCl,

CT E, E, E, E, E,
C,H,+PCl, —0.0035  13.04 029 176 435
C,H,AsCl, —0.0121 2362 038 067 201 552
C,H,--SbCl, —0.0241 3444 251 330 301 677
C,F,-PCl, —0.0099 1037 029 029 242 038
C,F,-AsCl —0.0132 1400 042 029 242 092
C,F,SbCl, —-0.0172 1672 146 105 242 117
C,(CN),-PCl,  0.0218 330 025 025 385 021
C,(CN),AsCl,  0.0188 196 025 025 209  0.00
C,(CN),-SbCl;  0.0189 100 042 038 146  0.00

“E,, E,, E;, E,, and E; correspond to the orbital interactions of 7C=C
- 0*2—Cl,, 7C=C - ¢*2—Cl,, 71C=C — ¢*2-Cl;, LpZ —
7*C=C, and LpCl; — 7*C=C, respectively.

transferred from the alkene to the Lewis acid ZCl;, as would be
expected for a pnicogen bond. For either alkene, note that this
quantity increases along with the size of the Z atom. The
charge flows in the opposite direction for C,(CN), with CT
being roughly equal to 0.02¢, larger in absolute value than for
the preceding two alkenes.

The underlying reason for this curious reversal can be
gleaned by considering a number of the most important charge
transfers between individual orbitals on the two subunits. E;
represents the energetic consequence of charge transfer from
the 7(C=C) bond of the alkene to the &*(Z—Cl,)
antibonding orbital, the traditional source of pnicogen
bonding. E, and E; are similar but involve the Z—Cl, and
Z—Cl; antibonding orbitals, which also are typically involved in
related bonds, albeit by a lesser amount. As expected, the latter
two terms are far smaller than E,. Cumulatively, these three
terms paint a picture of a pnicogen bond that is the strongest
for the unsubstituted ethylene but becomes progressively
weaker as H is replaced by F and then CN. This bond also
strengthens as the Z atom grows larger, with an exception for
C,(CN),, for which the bond is weak and gets even weaker for
the heavier Z atoms.

The last two columns of Table S refer to back transfer, from
the ZCl; molecule to the alkene #*(C=C) antibonding
orbital. The charge originates on the Z lone pair for E, and on
the Cl; lone pair for E;. While these Ip — 7 quantities are
sizable, they are generally considerably smaller than E;. But
there is an exception in that E, exceeds E, for the complexes
involving C,(CN),.

A reasonable interpretation of Table 5 portrays the bonding
as follows. Z---w pnicogen is the dominating factor in the
complexes that include ethylene and its perfluorinated
derivative. There is a certain amount of reinforcement derived
from back transfer into the z* orbital, but the former
overwhelms the latter, and the net charge direction is from
alkene to ZCl;. The pnicogen bond is considerably stronger for
ethylene, and for either alkene, the bond strengthens as the Z
atom grows in size. In the case of C,(CN),-~-ZCl;, however,
the pnicogen bond has weakened to the point that the Ip — 7z
back transfer becomes the larger factor, and net charge moves
in the opposite direction.

4. SUMMARY AND DISCUSSION

The results present a story which begins with a system that is
bound almost exclusively by a common pnicogen bond to a z-
donor. This complex obeys the standard rule, wherein the
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bond is strengthened by enlargement of the pnicogen atom,
making it more electropositive and polarizable. It is composed
of electrostatic attraction as its prime ingredient, but also
contains a fairly large amount of dispersion energy due to the
proximity of the loose z-electron cloud of the donor.

As electron-withdrawing F and C=N substituents replace
the H atoms of ethylene, density is drawn away from the 7-
region, reversing its potential from negative to positive. This
reversal causes a degree of repulsion with the o-hole of the
ZCl; molecule, cutting into the strength of the pnicogen bond,
but this bond weakening is compensated by a rise in the
dispersive attraction, particularly for CN substituents where
the dispersion energy is 4—7 times larger than the electrostatic
component. Another strengthening factor arises from non-
covalent bonds between the two peripheral Cl atoms of ZCl,
and the electronegative substituents on the ethylene, whether F
or CN. These bonds are of comparable strength to the
pnicogen bond for C,(CN),, and their presence, including also
a pair of bonds between Cl and the C=C midpoint of the
alkene, helps in accounting for its very large interaction
energies.

An NBO orbital picture of the interaction verifies the finding
that the pnicogen bond weakens as the H atoms of ethylene
are replaced by F or CN. This model attributes the secondary
bonds to interactions between the peripheral Cl lone pairs and
the C=Cz™* antibonding orbital. The latter represent charge
flow from ZCl, to alkene, opposite to the direction due to the
pnicogen bond. As the pnicogen bond weakens in the alkene
substituent order H > F > CN, the overall charge flow goes
from alkene to ZCl, for ethylene but is reversed for C,(CN),.

In summary, there are two kinds of noncovalent bond
present in these complexes between ZCl; and an alkene. In
addition to a z-donor pnicogen bond, there are also bonds
involving the lone pairs of the Cl atoms and the z*(C=C)
antibonding orbital. For unsubstituted ethylene, it is the former
pnicogen bond that dominates the interaction. When the four
H atoms of ethylene are replaced by C=N, the latter lp—=
bonds play a dominant role, supplemented by bonds between
the Cl atoms and the substituents. To this is added a large
contribution from dispersion energy. The C,F, alkene
represents a middle ground, where both kinds of interactions
make comparable contributions. The pnicogen bond is weaker
than in C,H,, and the IpCl—z interactions are weaker than in
C,(CN),. As a result, the total interaction energy of C,F, is
smaller than in either of the other two cases.

It should be stressed that these results demonstrate that
there is more to an intermolecular interaction than a simple
consideration of MEPs. Such a view might explain the
complexation results for C,H, and how it varies with changing
Z atom, but the diagrams in Figure 1 would lead one to
suppose that the substituted alkenes ought to repel an
incoming ZCl; molecule by simple Coulombic arguments.
Indeed, the values of V, .. for C,(CN), and SbCl; are +0.064
and +0.073 au, respectively, which are quite large, translating
to 168 and 192 kJ/mol. The ability of binding forces other
than the pnicogen bond to pull these two subunits together
against such a strong repulsion is certainly notable. So MEPs
alone would not predict a stable complex, much less the very
strong forces that make the complexes involving C,(CN), even
stronger than those including the unsubstituted ethylene.

Note also that this transition from one sort of primary
interaction for C,H,, the pnicogen bond, to another
dominated by lone pair—z attractions in C,(CN), comes
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with only minor changes in the overall molecular geometry of
the complex. This similarity serves as a caution that one should
be careful in taking the structure as the primary means of
deciding which sort of noncovalent bond might be the
dominant one.

The ability of the ZCl; molecules to bind to the C,R,
substituted alkenes, despite the Coulombic repulsion between
areas of positive potential on the two subunits, does have some
parallels in the literature. For example, pairs of benzene
molecules can approach one another in a parallel, face-to-face
fashion, although their quadrupole moments oppose such a
geometry. The electrostatic repulsion is countered by a strong
dispersion attraction between the two 7-systems. However, the
total interaction energy is less than 8 kJ/mol®>** and only a
fraction of the 20—25 kJ/mol encountered here for the
C,(CN), complexes with ZCl;. Another example of a system
overcoming electrostatic repulsion is the recently discussed set
of “antielectrostatic” H-bonds.®*™"* However, these inter-
actions between ions of like charge are only metastable in the
sense that they are less stable than the separated monomers.
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