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Hydrogen bonds and halogen bonds in complexes
of carbones L C«L as electron donors to HF
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Ab initio MP2/aug’-cc-pVTZ calculations have been carried out to determine the structures and binding
energies of the carbone complexes in which the carbone L—C«L acts as an electron pair donor to one
and two HF or CIF molecules, for L = CO, N,, HNC, PHs, and SH,. The binding energies increase with
respect to the ligand in the order CO < NN < CNH « PHsz < SH,, and increase with respect to
the acid in the order HF < 2 HF < CIF < 2 CIF. The complexes with the ligands CO, N, and PHsz have
C,y symmetry while those with CNH and SH, have Cs symmetry, except for H,S— C« SH,:2HF which
has C, symmetry and a unique structure among all of the carbone complexes. F-H and Cl-F stretching
frequencies in the complexes decrease as the F-H and CI-F distances, respectively, increase.
EOM-CCSD spin—spin coupling constants 2"J(F-C) increase with decreasing F-C distance. Although
the F—H---C hydrogen bonds gain some proton-shared character in the most tightly bound complexes,
the hydrogen bonds remain traditional hydrogen bonds. ™J(CI-C) values indicate that the Cl.--C
halogen bonds have chlorine shared character even at the longest distances. *J(CI-C) then increases as
the Cl-C distance decreases, and reaches a maximum for chlorine-shared halogen bonds. As the Cl-C
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Introduction

One of the fundamental tenets of organic and organometallic
chemistry is that the carbon atom has a valence of four.
However, there exists a set of molecules called carbenes in which
carbon has a valence of two. Carbenes are traditionally very
reactive species which are usually difficult to isolate," except for
the nitrogen heterocyclic carbenes.”? These molecules contain a
carbon atom with either two paired electrons in a single orbital
giving rise to a singlet electronic configuration, or two unpaired
electrons in two different orbitals in a triplet electronic
configuration.*™® Singlet carbenes are very basic species,” " are
found in complexes with metals,"" and can participate in a
variety of non-covalent interactions'” including hydrogen,"***
halogen,"®"” chalcogen,'® pnicogen'®" and tetrel bonds.***?
In recent years, Frenking and co-workers have explored the
possibility of having carbon(0) compounds called carbones,
which are stabilized by two electron pair donor molecules.>* ¢
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distance further decreases, the halogen bond becomes a chlorine-transferred halogen bond.

The first carbone, hexaphenylcarbodiphosphorane, was described
in 1961.>” The central carbon atom of the carbone molecule has
four nonbonded electrons in two orbitals and two electron pairs
which form bonds to two ligands, as illustrated in Scheme 1.
These carbones are able to act as electron pair donors to two
Lewis acids, in contrast to carbenes that can donate only
a single pair of electrons.”® Moreover, an extension of the
carbones to systems with central atoms other than carbon
has been proposed. These systems contain central atoms such
as Be, B, N, Mg, Al, Si, P, Ge, Sn, and Pb in low coordination
states which are stabilized by electron pair donors.>??

To further investigate carbones, we have carried out a study
of five carbones (OC - C+« CO, NN— C+« NN, HNC— C « CNH,
H3;P—C«PH;, and H,S—C«SH,) acting as electron pair
donors to one and two Lewis acids HF or CIF. The structures
and binding energies of these complexes have been obtained
and are analyzed in detail. In addition, we have determined the
H-F and CI-F IR bond stretching frequencies in the complexes,
and the EOM-CCSD spin-spin coupling constants *"J(F-C) for

6
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Scheme 1 Carbone molecule stabilized by two electron pair donor ligands.
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coupling across hydrogen bonds, and “J(C-Cl) for coupling
across halogen bonds to further characterize these complexes.
It is the purpose of this paper to report the results of this study.

Methods

The structures of the isolated carbone molecules OC — C « CO,
NN — C« NN, HNC — C « CNH, H;P — C « PHj;, and H,S — C « SH,,
the Lewis acids HF and CIF, and the complexes formed between
the carbones and the acids were optimized at second-
order Mgller-Plesset perturbation theory (MP2)**%° with the
aug’-cc-pVTZ basis set.*” This basis set was derived from the
Dunning aug-cc-pVTZ basis set®>®*° by removing diffuse func-
tions from H atoms.

Complex binding energies (—AE) were evaluated as the
negative of the reaction energy for the formation of the binary
complex from the corresponding isolated, optimized mono-
mers, without the basis set superposition error (BSSE) correc-
tion. It is known that the BSSE correction using the Boys and
Bernardi counterpoise method”® is an overcorrection, since
low energy orbitals which are occupied in the complex are
unoccupied for the evaluation of the BSSE. In a study of the
proton affinities of some neutral and anionic bases using the
Dunning basis sets, BSSE uncorrected aug’-cc-pVXZ proton
affinities exhibited better convergence properties than BSSE
corrected proton affinities, and were in better agreement with
experimental values.’” In addition, the removal of diffuse
functions from H atoms has a negligible effect on the binding
energies of some neutral, positively charged, and negatively
charged hydrogen bonded dimers.*'™*?

Frequencies were computed to establish that the optimized
structures correspond to equilibrium structures on their potential
surfaces. These data were also used to examine the effect of
complex formation on H-F and CI-F stretching frequencies.
Optimization and frequency calculations were performed using
the Gaussian 16 program.**

The electron density properties at bond critical points
(BCPs) of complexes have been analyzed using the Atoms in
Molecules (AIM) methodology*>™*® employing the AIMAII*®
program. The topological analysis of the electron density
produces the molecular graph of each complex. This graph
identifies the location of electron density features of interest,
including the electron density (p) maxima associated with the
various nuclei, and saddle points which correspond to bond
critical points. The zero gradient line which connects a BCP
with two nuclei is the bond path.

Equation of motion coupled cluster singles and doubles
(EOM-CCSD) spin-spin coupling constants were evaluated in
the CI (configuration interaction)-like approximation®”>" with
all electrons correlated. For these calculations, the Ahlrichs®>
qzp basis set was placed on *C, N, 70, and '°F, and the qz2p
basis on *'P, **s, *°Cl, and the hydrogen-bonded 'H atom
of FH. The Dunning cc-pVDZ basis set was placed on all other
"H atoms. All terms that contribute to the total coupling constant,
namely, the paramagnetic spin orbit (PSO), diamagnetic spin
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orbit (DSO), Fermi contact (FC), and spin dipole (SD)>* have
been evaluated. Coupling constant calculations were performed
using ACES II’* on the HPC cluster Oakley at the Ohio Super-
computer Center.

Results and discussion

Overview

Table 1 presents the binding energies of the complexes formed
by the carbones and the acids HF and CIF. In Table 1, the
carbones are written as L— C « L to emphasize that the ligands
CO, N,, CNH, PH3;, and SH, are electron donors to the carbon
atom. In the complexes, this central carbon then acts as an
electron-pair donor to 1 or 2 HF or CIF molecules. There are
three trends that are immediately apparent from the data of
Table 1. First, for a fixed acid, the binding energies of the
complexes increase with respect to the ligand in the order

CO < N, < CNH « PH; < SH,.

Second, the difference between the binding energies of the
complexes with HF as the acid and those with CIF depends on
the ligand. That difference increases with respect to the ligand
in the same order as indicated above. Third, for a fixed carbone
molecule, the binding energies increase with respect to the acid
in the order

HF < 2HF < CIF < 2CIF.

The binding energies of the complexes with the carbones are
functions of the intermolecular distances, as evident from
Fig. 1. This figure provides plots of these energies for the five
sets of complexes subdivided according to whether there are
one or two HF or CIF molecules present, versus the intermole-
cular F-C hydrogen bond distance, and the Cl-C halogen bond
distance. The trendlines are second-degree polynomials with
correlation coefficients of 0.990 for complexes with one HF
molecule, and 0.958 for those with two HF molecules. For the
halogen-bonded complexes with one CIF molecule, the correla-
tion coefficient decreases to 0.906, and then increases to 0.944
when two CIF molecules are present. It is noteworthy that for
each set of molecules represented in Fig. 1, there are three
carbones with relatively low binding energies, and these have
CO, N,, and HNC as the ligands. In contrast, when PH; or SH,
are the ligands, the binding energies increase dramatically,
particularly in the complexes stabilized by halogen bonds.

It is also noteworthy that one ligand that obviously should
have been included in this study is HCN to form the carbone

Table 1 Binding energies (kJ mol™) of complexes with carbones as
electron donors to HF and CIF

Carbone HF 2HF CIF 2CIF
OC—->C+«CO 12.8 20.0 21.9 41.3
N, —>C«+«N, 17.6 29.1 36.1 66.9
HNC - C+« CNH 20.0 37.9 41.7 68.8
H;P—>C«PH; 62.5 115.6 132.8 243.6
H,S— C+«SH, 75.3 134.4 184.0 297.3
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Fig. 1 Binding energies versus the F—C distance for complexes stabilized
by hydrogen bonds, and versus the Cl-C distance for complexes stabilized
by halogen bonds.

HCN - C+«NCH. However, this carbone cannot be described
adequately by a single-determinant reference function as indi-
cated by large ¢2 amplitudes for intruder states which must be
taken into account by a multi-reference wavefunction.

Complexes with OC - C «+ CO

Table S1 of the ESIt provides the structures, total energies, and
molecular graphs of the complexes of OC—C«CO with one
and two HF or CIF molecules. Fig. 2 illustrates the structures
of complexes with one and two HF molecules. All of these
complexes have C,, symmetry, indicating that the two acid
molecules are equivalent in complexes OC —C « CO:2HF and
OC—C+«CO:2CIF. Table 2 reports binding energies and
selected bond distances and bond angles.

The binding energies of the complexes with the carbone
OC— C+«CO increase in the order HF < 2HF < CIF < 2CIF,
and range from 13 to 41 kJ mol~*. The C-C bond length varies
from 1.28 A in the isolated carbone, to 1.30 A in the complexes
with two HF and two CIF molecules, which is a relatively small
difference. However, although the change in the C-C bond
length is minimal, the C-C-C angle decreases significantly in
the complexes with one HF or CIF molecule, and then decreases
further when two acid molecules are present. Thus, in the
isolated carbone the C-C-C angle is 168°, and it decreases to
142 and 143° in the complexes with one HF and one CIF
molecule, respectively. The C-C-C angle further decreases to
134 and 138° when two FH and two CIF molecules, respectively,

Fig. 2 Complexes of OC— C+« CO with one and two HF molecules.
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Table 2 Complex binding energies (~AE, kJ mol™), C-C and inter-
molecular F-C and CIl-C distances (R, A), and C-C-C, H-F-C, and
C-Cl-F angles (£, °) in complexes of OC—C« CO with one and two
HF or CIF molecules®

—AE R(C-C) [C-C-C R(-C) [H-F-C
0C—C«CO 1.278 168
OC—C—CO:HF  12.8 1.295 142 2.987 0
OC—C«CO:2HF 20.0 1305 134 3.026 6

—-AE R(C-C) ,C-C-C R(CI-C) ([C-CI-F
OC—»C«CO:.CIF 219 1296 143 2.499 180
OC—C«CO:2CIF  41.3 1.303 138 2.584 180

@ All complexes have C,, symmetry.

interact with the carbone. In the hydrogen-bonded complexes
with HF, the hydrogen bonds are essentially linear, and based
on the F-C distances, the hydrogen bonds are traditional
hydrogen bonds. In the halogen-bonded complexes, the
C-CI-F angles are 180°, indicating that electron donation from
the carbone C to Cl occurs through the c-hole on Cl. The C-Cl
distances are 2.50 and 2.58 A in the complexes with one and
two CIF molecules, respectively. These distances are shorter
than the C-Cl distances in complexes OC:ClY which range from
2.66 to 3.29 A°® suggesting that the halogen bonds in the
carbone complexes have some chlorine-shared character.>®
Table 3 provides values of the F-H and CI-F distances for all
binary and ternary complexes formed by the carbone and the
HF and CIF molecules. From this table it is evident that in
the complexes of OC — C - CO with one FH or CIF molecule, the
F-H and CI-F distances increase relative to the isolated HF and
CIF molecules. When two HF or CIF molecules are present, the
H-F and CI-F distances still increase relative to the monomers,
but are not quite as long as they are in the corresponding binary
complexes. This suggests that the hydrogen and halogen bonds
individually are not quite as strong in the ternary complexes as
they are in the binary, since in the ternary complexes, both
bonds form at the same site, namely, the carbone C atom.

Complexes with NN —C —NN

The structures, total energies, and molecular graphs of the
complexes of the carbone NN — C « NN with one and two HF or
CIF molecules are reported in Table S2 of the ESL.{ All of these
complexes have C,, symmetry, and are structurally similar to the
corresponding complexes with OC— C« CO. Table 4 reports
the C-N distance and N-C-N angle in the isolated carbone, and

Table 3 F—H and CI-F distances (R, A) in complexes with carbones

Carbone/acid RH-F)* 2R(F-H)* R(CI-F’ 2 R(CI-F’
0C—C«CO 0.931 0.929 1.672 1.661
NN—C«NN 0.935 0.933 1.714 1.696
HNC—C<CNH  0.936 0.937 1.770 1.742
0.935 1.676
H;P—C« PH; 0.966 0.962 1.893 1.862
H,S—C«SH, 0.984 0.975 1.972 1.897
1.867

“ Monomer R(H-F) = 0.922 A. ” Monomer R(CI-F) = 1.638 A.

This journal is © the Owner Societies 2020
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Table 4 Complex binding energies (—AE, kJ mol™), C-N and intermo-
lecular F~C and CI-C distances (R, A), and selected angles (/, °) in
complexes of NN—C « NN with one and two HF or CIF molecules?
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Table 5 Complex binding energies (—AE, kJ mol™), symmetries, C~C and
intermolecular F~C and Cl-C distances (R, A), and selected angles (£, °) in
complexes of HNC —» C «— CNH with one and two HF or CIF molecules

—AE R(C-N) [N-C-N R(F-C) [LH-F-C Complex Sym —AE R(C-C) ,C-C-C R(F-C) LH-F-C
NN—-C«+NN 1.267 131 HNC— C+«CNH C, 1.280 173
NN — C « NN:HF 17.6 1.291 122 2.904 0 HNC—-C+«CNH:HF C; 20.0 1.294 151 2.937 4
NN—-C«NN:2HF 29.1 1.309 117 2.926 8 HNC—-C+«CNH:2HF C; 37.9 1.314 133 2.901 2°
2.938 9
—AE R(C-N) ([N-C-N R(CI-C) [C-CI-F
Complex Sym —AE R(C-C) [, C-C-C R(CI-C) . C-CI-F
NN — C«NN:CIF 36.1 1.289 124 2.235 180
NN—-C«NN:2CIF 669 1.311 118 2.319 179 HNC—-C«CNH:CIF C; 41.7 1.316 133 2.158 180
HNC—C+«CNH:2CIF C; 68.8 1.322 132 2.217% 180°
“ All complexes have C,, symmetry. 2.550 180

these parameters along with the intermolecular F-C and CI-C
distances and the H-F-C and C-CI-F angles in the complexes of
NN — C < NN with one and two HF and CIF molecules. As noted
previously, the binding energies of these complexes are greater
than the binding energies of the corresponding OC— C+« CO
complexes, ranging from 18 kJ mol * when a single hydrogen
bond is present, to 67 k] mol ' when two halogen bonds
stabilize the complex. The C-N distance is 1.27 A in the isolated
carbone, and increases to 1.31 A in the complexes with two HF
and two CIF molecules, a slightly larger change than found in
the corresponding complexes with OC —C+« CO. The N-C-N
angle is 131° in the isolated carbone, a significantly smaller
angle than the C-C-C angle in OC—C«CO. This angle
decreases to 122 and 124° in the complexes with one HF and
one CIF molecule, and then further decreases to 117 and 118°
when two HF and two CIF molecules, respectively, are present. In
the hydrogen bonded complexes with one HF, the hydrogen bond
is linear, while it deviates from linearity by 8° when there are two
hydrogen bonds. These hydrogen bonds are traditional hydrogen
bonds. The C-CI-F angles indicate the presence of linear halogen
bonds that arise as the carbone C donates a pair of electrons to
CIF through the c-hole on Cl. The CI-C distances have decreased
relative to the corresponding OC — C« CO complexes, indicating
increased chlorine-shared character of the halogen bonds.

Table 3 reports the F-H and CI-F distances in the complexes
of NN— C+«+ NN with one and two HF or HCI molecules. It is
apparent that corresponding F-H and CI-F bonds are longer
in the complexes with NN—C«NN than they are when the
carbone is OC — C « CO. This observation is consistent with the
greater binding energies of the NN — C < NN complexes. Once
again, the lengthening of the F-C and CI-F bonds in the ternary
complexes is not as great as it is in the corresponding binary
complexes.

Complexes with HNC —» C « CNH

Fundamental information including the structures, total ener-
gies, and molecular graphs of the complexes of the carbone
HNC—C+«+CNH with one and two HF and CIF molecules
can be found in Table S3 of the ESI.f The complexes with
HNC — C « CNH have much lower symmetries than the complexes
with OC—-C+«+CO and NN—C«NN. The isolated carbone
HNC — C«CNH has only C, symmetry, the complex with one
HF molecule has no symmetry in point group C;, and the

This journal is © the Owner Societies 2020
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Fig. 3 Complexes of HNC - C+« CNH with HF and CIF molecules. The
complex with one FH has C; symmetry, while those with two HF and two
CIF have C; symmetry.

remaining complexes have Cs symmetry. Table 5 presents binding
energies and selected distances and angles for these complexes,
while Fig. 3 illustrates the structures of HNC— C<« CNH:HF,
HNC — C« CNH:2HF, and HNC — C < CNH:2CIF.

The complex HNC— C < CNH:HF has a binding energy of
20 kJ mol™" at an F-C hydrogen bond distance of 2.94 A and
has an essentially linear hydrogen bond. The carbone C-C
distances in this complex are both 1.29 A, slightly longer than
the monomer distance of 1.28 A. That this complex has only C;
symmetry can be seen from the distances from the C atoms of the
two HNC ligands to F which are 3.38 and 3.58 A, the two F-C-C
angles which are 109 and 98°, and the different orientations of the
N-H bonds of the two HNC ligands, as evident in Fig. 3.

The complex in which two HF molecules interact with the
carbone has Cg; symmetry. The binding energy of this complex
increases to 38 k] mol™' as the two intramolecular C-C dis-
tances increase to 1.31 A, and the C-C-C angle decreases to
133°. The two HF molecules are not equivalent, as evident from
the intermolecular F-C distances across the hydrogen bonds of
2.90 and 2.94 A, and the hydrogen bond H-F-C angles of 2 and
9°, respectively. The shorter F-C distance and the H-F-C angle
of 2° refer to the FH molecule that interacts with the carbone
through the C-C-C c-electron system, as illustrated in Fig. 3.
This hydrogen bond appears to be stronger than the hydrogen
bond which forms through the pseudo-n system of the carbone.
Based on the F-C distances, both hydrogen bonds would
appear to be traditional bonds.

Phys. Chem. Chem. Phys., 2020, 22,15966-15975 | 15969
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The complexes of HNC —»C«CNH with one and two CIF
molecules have Cs symmetry and binding energies of 42 and
69 kJ mol *, respectively. The C-C distance in the complex with
one CIF molecule is essentially the same as that distance in the
complex with two HF molecules, but when two CIF molecules
are present, the C-C distance increases slightly. The C-C-C
angles in the complexes with one and two CIF molecules are the
same as that angle in the complex with two HF molecules. The
CI-C distance is 2.16 A in the complex with one CIF molecule,
and increases to 2.22 and 2.55 A in the complex with two CIF
molecules. Once again, the stronger halogen bond is associated
with the shorter CI-F distance, and involves electron donation to
Cl through the c-electron system of the carbone. These halogen
bonds should be characterized as chlorine shared halogen
bonds. The second interaction is better described as a weaker
interaction that occurs approximately through the pseudo-n
system of HNC — C« CNH. This description is also consistent
with the longer CI-F bond when bond formation occurs through
the C-C-C c-electron system, compared to the shorter CI-F bond
found when the interaction occurs through the pseudo-n-
electron system of the carbone, as reported in Table 3.

Complexes with H;P — C —PH;

Data for the computed structures, total energies, and molecular
graphs of the complexes of H;P —»C«PH; with one and two
HF or CIF molecules can be found in Table S4 of the ESLf
Table 6 presents the binding energies, symmetries, and selected
distances and angles for these complexes. Fig. 4 illustrates
the structures of H;P— C<« PH;:HF, H;P— C«PH;:2HF, and
H;P — C « PH;:CIF.

The complex HzP—C+«+PH;:HF has C; symmetry and a
linear hydrogen bond with a binding energy of 62 k] mol " at
an F-C distance of 2.70 A. This binding energy is significantly
greater than the binding energies of the complexes that
have the first-row ligands CO, NN, and HNC interacting
with a single HF molecule, as evident from Table 1. Moreover,
H;P— C «PH;:HF is more stable than HNC — C«+ CNH:HF by
42 kJ mol™' while H;P—C+«PH;:2CIF is more stable than
HNC— C«+ CNH:2CIF by 175 kJ mol . This is a dramatic
difference, which most probably reflects the greater electron-
donating capability of the second-row ligands, and their larger
size which allows for a more diffuse electron distribution. It is
also indicative of the nature of the intermolecular bonds in
these complexes, which suggests that the hydrogen bonds have

Table 6 Complex binding energies (—AE, kJ mol™3), symmetries, P-C and
intermolecular F-C and Cl-C distances (R, A), and selected angles (£ , °) in
complexes of HzP— C«PH3z with one and two HF or CIF molecules

Complex Sym —AE R(P-C) [ P-C-P R(F-C) LH-F-C
H3;P—C«PH; Cay 1.657 120

H;P>C«PHz;:HF C, 62.5 1.661 123 2.703 0
H;P—>C«PH3:2HF C,, 1156 1.676 121 2.741 4
Complex Sym —AE R(P-C) [ P-C-P R(Cl-C) [ C-CI-F
H;P->C«PHxCIF C; 132.8 1.685 125 2.052 180
H;P—>C«PH3:2CIF C,, 243.6 1.715 129 2.042 179
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Fig. 4 Structures of HzP—>C«PHs:HF, and

HsP - C—PH3:CIF.

HsP —C «PH3:2HF,

some proton-shared character, while the halogen bonds begin
to exhibit chlorine-transferred character.

The carbone P-C distance in H;P—C« PH,:HF is 1.66 A,
which is similar to the distance in the isolated carbone. The
P-C-P angle is 123°, slightly greater than the angle of 120° in
H;P—-C«PH;. The hydrogen bond is linear, with an F-C
distance of 2.70 A. The complex H;P— C«PH;:2HF has C,,
symmetry with an increased binding energy of 116 kJ mol .
Both the P-C and F-C distances are slightly longer in this
ternary complex than in the corresponding binary complex, and
the hydrogen bonds are slightly nonlinear. The F-H distances
in these complexes are noticeably longer than they are in the
complexes which have first-row ligands bonded to C, as evident
from Table 3. This is consistent with the increased binding
energies of H;P— C < PH;:HF and H;P — C « PH3:2HF, and the
changing nature of the hydrogen bonds.

Changes in the energetic and structural parameters describ-
ing the halogen bond in the complexes Hz;P— C«PH;:CIF
and H3;P—C«PH;:2CIF compared to HNC— C« CNH:CIF
and HNC — C < CNH:2CIF are dramatic. The binding energies
of H;P— C« PH;:CIF and H;P— C« PH;:2CIF increase to 133
and 244 kJ mol™!, the CI-C distances decrease to 2.05 and
2.04 A, and the CI-F distances lengthen to 1.89 and 1.86 A,
respectively. The changes in the Cl-C distances and the CI-F
distances in Table 3 indicate that the nature of the halogen
bond itself is changing, as the halogen bond approaches a
Cl-transferred halogen bond. In addition, the P-C distances
increase from 1.66 in the H;P — C <+ PH; monomer to 1.69 and
1.72 A, while the P-C-P angle increases from 120° in the
monomer to 125 and 129° in the complexes with one and two
CIF molecules, respectively.

Complexes with H,S — C < SH,

Data for the final set of complexes in which the carbone is
H,S—C+«SH, are reported in Table S5 of the ESL{ These
include the structures, total energies, and molecular graphs
of the complexes of H,S — C «+ SH, with one and two HF or CIF
molecules. Table 7 presents the binding energies, symmetries, and
selected distances and angles for these complexes. Fig. 5 illustrates
the structures of H,S— C« SH,:2HF, H,S— C « SH,:CIF, and
H,S — C < SH,:2CIF.

The binding energies of the complexes with H,S —C <« SH,
are 75 and 134 k] mol " in the complexes with one and two HF
molecules, and 184 and 297 k] mol™' with one and two CIF
molecules, respectively. The S-C distance increases dramati-
cally upon complex formation, from 1.28 A in the monomer to
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Table7 Complex binding energies (—AE, kJ mol™), symmetries, C-S and
intermolecular F-C and Cl-C distances (R, A), and selected angles (/. °) in
complexes of H,S — C« SH, with one and two HF or CIF molecules

Complex Sym —AE R(S-C) ,S-C-S R(F-C) [LH-F-C
H,S—C«SH, Cay 1.280 173
H,S—»>C«SHyHF C, 753 1.709 104 2.643 0
H,S—>C«SH,:2HF C, 1344 1.725 105 2.643 12
Complex Sym —AE R(S-C) ,S-C-S R(CI-C) ([ C-CI-F
H,S—>C«<SHxCIF C, 184.0 1.713 109 1.840 177
H,S—>C«SH,:2CIF C;  297.3 1.806 109 1.902 176“
1.984% 179°

“ For the H,S— C+«SH,:2CIF complex with two nonequivalent CIF
molecules, data for the interaction with the shorter intermolecular
CI-C distance are given first.

1.71 and 1.73 A in the complexes with one and two HF
molecules, and to 1.71 and 1.81 A when one and two CIF
molecules, respectively, are present. There is also a dramatic
decrease in the S-C-S angle, from nearly linear at 173° in the
monomer, to between 104 and 109° in the complexes, indicative
of a tetrahedral arrangement around the carbone C.

The complexes with one and two HF molecules both have
shortened hydrogen bond distances of 2.64 A, which indicate
that these hydrogen bonds have increased proton-shared char-
acter. A linear hydrogen bond exists in the H,S— C« SH,:HF
complex with C,, symmetry, but a bond that deviates from
linearity by 12° is found in H,S— C <« SH,:2HF, a complex with
only C, symmetry. This latter complex is unique among all of the
carbone complexes, and two views of this complex are illustrated
in Fig. 5. The first view is looking along the bisector of the S-C-S
angle. This is a most interesting view, since it shows that the two
HF molecules are titled with S-C-F angles of 93 and 128°. This is
the only complex in which the acid molecules do not lie in a
plane containing the bisector of the X-C-X angle, with X the
atom of the ligand bonded to the carbone C atom. The second
view illustrates the positions of the S-H bonds relative to the
carbon atom and the two HF molecules.

The halogen bonded complexes H,S— C<«SH,:CIF and
H,S — C«SH,:2CIF have Cs; symmetry, and these are also illu-
strated in Fig. 5. The CI-C distances have further decreased to

P y‘{ { f
f_t) 9 S‘y ”3
&)
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1.84 A in the complex with one CIF, and 1.90 and 1.98 A in the
complex with two CIF molecules. The decrease in the CI-C
distance is accompanied by an increase in the CI-F distance to
1.97 A in the complex with one CIF molecule, and 1.90 and
1.87 A when two CIF molecules are present. In the complex
H,S — C« SH,:2CIF, the CI-F distance is approaching the CI-C
distance, and the nature of the halogen bond has changed. The
halogen bonds in these complexes have chlorine-transferred
character.

F-H and CI-F stretching frequencies

Given the changes in the F-H and CI-F distances in the
complexes, it is reasonable to anticipate changes in the corres-
ponding stretching frequencies. The H-F stretching frequen-
cies in isolated FH and the carbone complexes with one and
two HF molecules are reported in Table 8. It is apparent that as
the H-F distance increases, the F-H stretching frequency
decreases, from 4124 cm ™! at an F-H distance of 0.922 A in
the FH monomer, to 2823 cm ! at an F-H distance of 0.984 A in
the complex H,S— C+«SH,:HF. The same general pattern is
observed for the symmetric and asymmetric F-H stretching
frequencies in the complexes with two FH molecules.

Table 8 F-H distances [R(F-H), Al and frequencies [{F-H), cm™] in
carbone complexes with one and two HF molecules

R(F-H) »(F-H) 1 FH 1(F-H) sym 2 HF (F-H) asym 2 HF

Isolated HF 0.922 4124
Complexes, L =

CcO 0.931 3899
NN 0.935 3804
HNC 0.936 3802
PH; 0.966 3157
SH,, 0.984 2823
Complexes L =
cO 0.929 3952 3939
NN 0.933 3853 3834
HNC 0.935 3818

0.937 3761°
PH; 0.962 3252 3212
SH, 0.975 3022 2957

% In this complex with two HF molecules with different F-H distances,
the frequencies are coupled, but can still be assigned to each one of the

two FH molecules.
E
J
Ay
b
L)
@D Q
9

Fig. 5 Structures of H,S— C« SH,:2HF (with two views), H,S— C « SH,:CIF, and H,S— C « SH,:2CIF.
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Fig. 6 F-H stretching frequencies versus the F—H distance in carbone

complexes with one and two FH molecules.

The symmetric stretching frequency decreases from 3952 to
3022 cm ', while the asymmetric frequency decreases from
3939 to 2957 in the complexes with ligands CO and SH,,
respectively. A plot of the F-H stretching frequencies versus
the F-H distance is shown in Fig. 6. The correlation coefficient
of the linear trendline is 0.997.

The CI-F stretching frequencies in complexes with one and
two CIF molecules are reported in Table 9. As observed for the
F-H frequencies, the CI-F frequencies also decrease upon
complexation, from 800 cm™" at a CI-F distance of 1.638 A in
the CIF monomer, to 388 cm ™' as the CI-F distance increases to
1.972 A in the complex H,S— C+«SH,:CIF. In the complexes
with two CIF molecules, the symmetric CI-F stretching
frequency also decreases as the CI-F distance increases, and
ranges from 723 cm " at a Cl-F distance of 1.661 A to 481 cm™*
at a CI-F distance of 1.867 A. The asymmetric stretching
frequencies range from 719 to 446 cm™'. The change in the
stretching frequencies as a function of distance is illustrated in
Fig. 7. Once again, there is an excellent correlation between
the CI-F stretching frequencies and the CI-F distance, as
illustrated by the second-order trendline which has a correla-
tion coefficient of 0.967.

Table 9 Cl-F distances [R(CI-F), Al and frequencies (v, cm™) in carbone
complexes with one and two CIF molecules

V(CI-F) V(CI-F) V(CI-F)

R(CI-F) 1 CIF sym 2 CIF asym 2 CIF
Isolated CIF 1.638 800
OC—-C+«CO 1.672 693
NN—-C+NN 1.714 619
HNC— C+«CNH 1.770 517
H,P—C«<PH, 1.893 457
H,S—C<«SH, 1.972 388
OC—-C+«CO 1.661 723 719
NN—-C<«+NN 1.696 640 633
HNC— C+«CNH 1.676 688

1.742 553
H,P—C<«PH, 1.864 486 480
H,S—C<«SH, 1.867 481

1.897 446
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Fig. 7 CIl-F stretching frequencies versus the Cl-F distance in carbone
complexes with one and two CIF molecules.

Spin-spin coupling constants

Table S6 of the ESIf reports values of the PSO, DSO, FC, and SD
terms and the total coupling constants 2"J(F-C) and “J(CI-C)
for complexes of the carbones with one and two HF and CIF
molecules, respectively. All of these coupling constants are
positive, and are dominated by the FC terms. The PSO terms
make non-negligible contributions, which are negative for
2hy(F-C) and positive for *J(CI-C) except for H,S — C « SH,:CIF,
in which case “J(CI-C) is small and negative. The largest PSO
contributions are found for the complexes of H;P— C+« PHj,
which are negative when the acid is HF and positive for CIF.
Only total J values are discussed below.

Table 10 presents the coupling constants *"J(F-C) for the
carbone complexes. These vary from 13 Hz for OC— C < CO:2HF
at an F-C distance of 3.03 A, to 290 Hz for H,S — C <« SH,:HF at
an F-C distance of 2.64 A. Complexes with the first-row ligands
have their greatest values when the ligand is N,, but these
coupling constants are much smaller than *"J(F-C) for com-
plexes involving the second-row ligands. Fig. 8 presents a plot of
2h(F-C) versus the F-C distance. The trendline is a decaying
exponential with a correlation coefficient of 0.910. These
coupling constants increase continuously as the F-C distance
decreases, indicating that although the hydrogen bonds may
gain some proton-shared character, all of the F-H- - -C hydrogen
bonds remain traditional hydrogen bonds.

It is apparent from Fig. 8 that the coupling constants
™J(CI-C) exhibit a very different distance dependence com-
pared to *"J(F-C). The largest value of J(CI-C) is 66 Hz for
the complex N, »C+«N,:CIF at a C-Cl distance of 2.24 A,
while the smallest value of 4 Hz is found for the complex
H,S — C « SH,:CIF at a very short C-Cl distance of 1.84 A. Fig. 8
suggests that none of the Cl---C halogen bonds should
be characterized as traditional halogen bonds. Rather, even
the complexes of the carbone OC—C+«+CO with one and
two CIF molecules, and the weaker halogen bond in the
HNC—C«NCH:2CIF complex have some chlorine-shared
character. The halogen bonds in the complexes of NN—C«NN
and HNC—C+«CNH with one and two CIF molecules are
chlorine-shared halogen bonds, with CI-C distances between
2.16 and 2.32 A, and the largest values of ™J(C~Cl). As the CI-C
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Table 10 Coupling constants 2"J(F-C) and YJ(Cl-C) (Hz) for complexes
of the carbones L— C «L with one and two HF and CIF molecules

*PJ(C-F) *PJ(C-F) v (eRel)] v (egel)]

Carbone 1 HF 2 HF 1 CIF 2 CIF
0C—C+«CO 16.8 13.0 29.7 24.3
N,—>C«<N, 61.8 44.4 66.1 54.7
HNC— C+« CNH 17.3 35.5% 56.5 57.1%%

21.5¢ 23.7%0
H;P—C«<PH, 136.5 95.2 44.8 53.7
H,S—C«SH, 290.3 164.3 3.5 —

“ For complexes with two nonequivalent HF or CIF molecules, data for
the interaction with the shorter intermolecular distance are given first.
? values of the SD term were estimated from SD terms for the other
complexes in this set. See Table S6 of the ESI. ¢ Coupling constant
calculations for H,S — C « H,S:2CIF were not feasible.

\®
\
\
\
250 \\
® 2hi(F-C) \
N \
= 200 m1(C-Cl) \
8 \
= \
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po=r s 150 ;
=
L
B}
g
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=
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0 ./ i q
18 19 2 21 22 23 24 25 26 27 28 29 3 31 32

R(F-C) and R(CI-C), A

Fig. 8 2"J(F-C) versus the F-C distance and ™J(C-Cl) versus the C~Cl
distance for carbone complexes with one and two HF and CIF molecules,
respectively.

distance further decreases to 2.05 and 2.04 A in the complexes
of HzP— C+«+PH; with one and two CIF molecules, "J(C-Cl)
decreases to 45 and 54 Hz, respectively, as the halogen bonds in
this complex gain chlorine-transferred character. j(CI-C) for
the halogen bond in the H,S — C <~ SH,:CIF complex has a value
of 3.5 Hz at a very short C-Cl distance of 1.84 A. This halogen
bond has significant chlorine-transferred character.

Conclusions

Ab initio MP2/aug’-cc-pVTZ calculations have been carried out
to determine the structures and binding energies of the car-
bone complexes in which the carbone L—C<«L acts as an
electron pair donor to one and two HF or CIF molecules, for
L = CO, N,, HNC, PH3, and SH,. The results of this study
support the following statements.

(1) For a fixed Lewis acid, the binding energies increase with
respect to the ligand in the order

CO < NN < CNH « PHj; < SH,.

For a fixed carbone, the binding energies increase with
respect to the Lewis acid in the order

HF < 2 HF < CIF < 2 CIF.

This journal is © the Owner Societies 2020
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(2) The binding energies of the carbone complexes exhibit a
second-order dependence on the F-C distance in hydrogen-
bonded complexes with one and two FH molecules, and a
second-order dependence on the CI-C distance in complexes
with one and two CIF molecules.

(3) All of the complexes containing OC—C«CO and
NN — C+« NN with one and two HF or CIF molecules have C,,
symmetry. The complexes of H;P—C<«PH; with two acid
molecules also have C,, symmetry, while those with only one
acid molecule have Cg symmetry. Complexes with the carbones
H,S—C+SH, and HNC—C«CNH have lower symmetries,
with HNC — C« CNH:HF having no symmetry in point group
Cy, and H,S — C «SH,:2HF having C, symmetry and a unique
structure among all of these complexes.

(4) F-H stretching frequencies in the complexes decrease as
the F-H distance increases, and exhibit a linear dependence on
that distance. CI-F stretching frequencies also decrease as the
CI-F distance increases, and exhibit a second-order depen-
dence on that distance.

(5) EOM-CCSD spin-spin coupling constants 2"j(F-C)
increase with decreasing F-C distance. Although the F-H---C
hydrogen bond gains some proton-shared character in the
most tightly bound complexes, the hydrogen bonds remain
traditional hydrogen bonds.

(6) “J(CI-C) versus the CI-C distance exhibits very different
behavior. Even the complexes of OC — C « CO with one and two
CIF molecules, and the halogen bond at the longer CI-C distance
in HNC — C « CNH:2CIF, exhibit some chlorine-shared character.
As the CI-C distance further decreases in the complexes with
NN —C+«NN and HNC— C «CNH, the halogen bonds become
chlorine-shared halogen bonds, and coupling constants *XJ(CI-C)
have their largest values. In the complexes with HzP — C « PHj3,
the CI-C distance continues to decrease, and “J(CI-C) also
decreases, indicating that the halogen bonds gain chlorine-
transferred character. The complex H,S— C« SH,:CIF has the
shortest CI-C distance and "J(CI-C) has its smallest value for a
chlorine-transferred halogen bond.
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