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Identification and H(D)-bond energies of
C-H(D)- - -Cl interactions in chloride—haloalkane
clusters: a combined X-ray crystallographic,
spectroscopic, and theoretical studyf

Tatiyana V. Serebryanskaya,® Alexander S. Novikov,? Pavel V. Gushchin,?
Matti Haukka,® Ruslan E. Asfin,© Peter M. Tolstoy® and Vadim Yu. Kukushkin*®

The cationic (1,3,5-triazapentadiene)Pt” complex [P{NH=C(N(CH,)s)N(Ph)C(NH,)=NPh},]Cl, ([1]ICl,) was
crystallized from four haloalkane solvents giving [1][ClL(CDClz)4l, [1][CL(CHBr3),]l, [11[CL(CH,CLly),l,
and [1][CL(CoH4CLy)ol solvates that were studied by X-ray diffraction. In the crystal structures of
[11[Cl(CDClz)4] and [1l[Cl(CHBrz)4l, the Cl™ ion interacts with two haloform molecules via C-D---Cl™
and C-H---Cl™ contacts, thus forming the negatively charged isostructural clusters [C(CDCls),]” and
[CUCHBr3),]~. In the structures of [1][CL(CH,CL),]l and [11[Clo(CoH4Cly),l, cations [112* are linked to a
3D-network by a system of H-bondings including one formed by each Cl™ ion with CH,Cl, or CoH4Cl,
molecules. The lengths and energies of these H-bonds in the chloride—haloalkane clusters were analyzed
by DFT calculations (M06 functional) including AIM analysis. The crystal packing noticeably affected the
geometry of the clusters, and energy of C—H---Cl~ hydrogen bonds ranged from 1 to 6 kcal mol™t. An
exponential correlation (R? > 0.98) between the calculated Cl™---H distances and the energies of the
corresponding contacts was found and used to calculate hydrogen bond energies from the experimental
Cl™---H distances. Predicted energy values (3.3-3.9 kcal mol™ for the [CI(CHCls),l~ cluster) are in a
reasonable agreement with the energy of the ClzC—H---Cl” bond estimated using ATRFTIR spectroscopy

www.rsc.org/pccp (2.7 kcal mol™).

1 Introduction

The research area of non-covalent interactions, including e.g.
hydrogen bondings (HBs), has experienced enormous progress
due to their implementation in supramolecular chemistry, crystal
engineering, and structural biology.'® In particular, relatively
weak C-H- - -X~ HBs have been intensively studied both theore-
tically and experimentally” > mostly because of their applica-
tions in asymmetric catalysis and design of artificial anion
receptors.”® > Owing to the ubiquitous role of chloride ions in
biological systems, C-H- - -Cl~ interactions are of special interest.

“ Institute of Chemistry, Saint Petersburg State University, 7/9 Universitetskaya Nab.,
199034 Saint Petersburg, Russian Federation. E-mail: v.kukushkin@spbu.ru
? Department of Chemistry, University of Jyvéskyld, P.O. Box 35,
FI-40014 Jyviskyld, Finland
¢ Department of Physics, Saint Petersburg State University,
7/9 Universitetskaya Nab., 199034 Saint Petersburg, Russian Federation
9 Institute of Macromolecular Compounds of Russian Academy of Sciences,
Bolshoii Pr. 31, 199004 Saint Petersburg, Russian Federation
i Electronic supplementary information (ESI) available: Crystallographic data
and additional ATRFTIR spectra. CCDC 1401547-1401550. For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/c6cp00861e

14104 | Phys. Chem. Chem. Phys., 2016, 18, 1410414112

Both aromatic and aliphatic C-H donors can be involved in such
interactions®'%'*1¢ and, e.g., HBs are responsible for the for-
mation of anionic clusters with methane and halomethane
molecules [Cl(CH,Hal, ,),]” (n = 1-10); their existence was
predicted theoretically and these clusters were also detected
experimentally by mass-spectrometry.”*° Chloride-haloalkane
clusters attract attention as useful models for studying both
hydrogen and halogen bondings, and they are relevant for the
construction of the potential energy surface of ion-molecular Sx2
reactions.?*>* The structure and the stability of these clusters in
the gas phase are widely studied by spectroscopic and theoretical
methods.7’8'16’17’24

Chloride ions are also known to form short contacts with
various HB donors including haloalkane molecules (e.g. chloro-
form and dichloromethane) in the solid state. Although struc-
tural data on these C-H---Cl™ interactions are easily available
from the CCDC database, they have rarely been studied**?*>®
and, to our knowledge, in contrast to the gas phase, the energy
of these HBs in the solid state has never been evaluated.

In the framework of our ongoing project on reactions of
metal-bound substrates bearing C=N bonds, we developed a
synthetic procedure allowing the facile generation of cationic
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Fig. 1 Graphical view of [1]Cl,.

(1,3,5-triazapentadiene)Pt” complexes having halides as counter-
ions (Fig. 1).>”

Upon crystallization, these cationic species are capable of
forming crystal structures that easily incorporate solvent mole-
cules (such as CHCl3,*® MeNO,,”° ROH,*® or H,0%") in a way that
these complexes and their associates (e.g. halogen- or hydrogen
bonded) can be studied by conventional X-ray crystallography
supported by quantum-chemical calculations. In particular,
crystallization of (1,3,5-triazapentadiene)Pt” complexes from
chloroform (or its mixtures with some other solvents) led to
the formation of the anionic chloroform clusters [CI(CHCl3),]”
(n = 2, 3).?® In continuation of that study, we employed four
different halogenated solvents (deuterochloroform, bromoform,
dichloromethane, and 1,2-dichloroethane) to obtain new solvates
and used X-ray diffraction to explore the geometry of the formed
chloride-haloalkane clusters. We also conducted quantum-
chemical calculations to estimate the energy of intermolecular
contacts.

A similar methodology was used in the studies of association
of halides with various donors from both experimental*®'9-3>-3
and theoretical'®'®?%%* viewpoints. We used this combined
experimental and theoretical approach in the studies of halide-
alcohol,*® halide-nitromethane,?® and chloride-chloroform?®
clusters in solvated platinum(u) complexes.

As a result of the present study, an exponential correlation was
proposed between interatomic H- - -Cl™ distances and energies of
the corresponding HBs. We also used ATRFTIR spectroscopy
to experimentally assess the energy of C-H---Cl~ HBs in the
clusters. All our results are discussed in sections that follow.

2 Results and discussion

Deuterochloroform, bromoform, dichloromethane, and 1,2-
dichloroethane solvates, viz. [1][Cly(CDCls),], [1][Cly(CHBr3),],
[1][Cl,(CH,CL,),], and [1][Cl,(C,H,CL,),], respectively, were obtained
upon crystallization of [1]Cl, (Fig. 1) from the corresponding
haloalkane. All these solvates were studied by single-crystal X-ray
diffraction (Fig. S1-S4, Table S1, ESIt). Geometric parameters of
[1]** in all four structures are similar to each other and are not
unusual (Fig. 2 and Table S2, ESI+).>" !

Depending on co-crystallized haloalkane these four com-
plexes demonstrate different types of intermolecular contacts.
In the next sections, we describe the structural features of
the solvates obtained from X-ray diffraction experiments along
with geometric characteristics of the optimized model clusters
calculated using the DFT method. Then, we discuss the results
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Fig. 2 View of 112" in the structure of [1][CLL(CDClz)4] with the atom
numbering scheme. Only H atoms that are involved in the N-H/D---Cl™
and C-H/D---Cl™ HBs are shown; all other H atoms are omitted for clarity.

of AIM analysis and compare the calculated energies of the observed
chloride-haloalkane contacts with the experimental data on the
thermal stability of the solvates and energies of the C-H/D- - -C1™
bonds obtained using solid state ATRFTIR spectroscopy.

Structures of the deuterochloroform and bromoform solvates

In general, the systems of intermolecular HBs in the deutero-
chloroform and bromoform solvates are almost identical. As
depicted in Fig. 3, in both cases the C1™ anion is involved in five
HBs giving rise to a distorted square-pyramidal environment.
In both structures, two non-equivalent haloform molecules are
bound to the same Cl™ giving the slightly asymmetric dimeric
clusters [Cl(CDCl;),] ™ (Fig. 3, left) and [Cl(CHBr3),] (Fig. 3, right).

Deuterochloroform solvate [1][Cl,(CDCls),] is structurally isoty-
pic to the previously reported chloroform solvate [1][Cl,(CHCl;),].>®
According to the CCDC data, chloride is prone to forming short
contacts with co-crystallized chloroform molecules and the for-
mation of dimeric and even trimeric H-bonded clusters in the solid
state is not unique (Fig. S7, ESIt). In contrast, chloride-bromoform
clusters have never been previously identified and reported. In the
dimeric chloride-chloroform clusters, the angle between two
chloroform molecules varies in the range of 70-180°, and the
majority of [CI(CHCl;),]™ clusters feature the / HCIH angle in a
more narrow interval of 70-110° (Fig. S8, ESIt). This is in a good
agreement with the values observed for the studied solvates, i.e.
93.2° for [1][Cl,(CHCI,),], 93.1° for [1][Cl,(CDCI,),], and 104.1°
for [1][Cl,(CHBr3),4].

In the crystal structure of [1][Cl,(CDCl;),], the anionic
[CI(CDCl3),]” clusters are additionally linked to [1]** by two

N(@3) from [1]**

N@3) from [17*

13 from (1 ___.4

N@)from [1]*
»

N from [1]2*
L)

cqry

Fig. 3 Pyramidal environment of Cl™ in the structures of [1][Cl,(CDCls)4]
(left) and [L][CL(CHBr3)4] (right).
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Fig. 4 A view of 2D layers running along the ab plane in the structures of
[1][CL(CDClz)4l (left) and [1][Cl(CHBr3)4] (right).

HBs via the Cl(6) atom (Fig. S5, ESIt). Although no such additional
bonding was found in the crystal structure of [1][Cl,(CHBI3),]
(Fig. S6, ESIT), both [1][Cl,(CDCl;),] and [1][Cl,(CHBr3),] demon-
strate evident similarity of intermolecular packing giving rise to
2D-layered systems (Fig. 4). The HB geometric parameters for
these solvates are summarized in Tables 1 and 2.

Structure of the dichloromethane and dichloroethane clusters

Both solvates exhibit similar patterns of intermolecular inter-
actions (Fig. 5), which are, in turn, noticeably different from those
observed in haloform solvates [1][Cl,(CHCl;),], [1][Cly(CDCl3),],
and [1][Cl,(CHBr3),] (Fig. 3). In the crystal structures of
[1][CL,(CH,Cl,),] and [1][Cl,(C,H4CL,),], each Cl1™ interacts with
only one haloalkane molecule via HB, and complex systems of
intermolecular HBs link cations [1]** into 3D-networks (Fig. S9
and S10, ESIt), which is strikingly different from the 2D-layered
structure of the haloform solvates.

In the case of [1][Cl,(CH,Cl,),], the system is asymmetric
(Fig. 5, left). One of two chloride ions is involved in five HBs,
including one C-H---Cl(1)” contact with a CH,Cl, molecule,
three N-H:--Cl” HBs and a weak C-H:---Cl" HB. The second
chloride is involved in six interactions forming an additional
weak C-H---Cl™ HB (Table 3). In the case of [1][Cl,(C,H,CL),],
the structure is symmetric and each chloride is involved in five
HBs (Fig. 5, right). In contrast to [1][Cl,(CH,Cl,),], each dichloro-
ethane molecule in [1][Cl,(C,H,Cl,),] forms three weak HBs, viz.
as a proton donor with the ClI™ anion and as a proton acceptor
forming C-H- - -Cl(3) HBs with two neighboring complexes [1]**
(Table 4).

According to the CCDC data (Fig. S11, ESI}), CH,Cl, similar to
CHCI; forms a variety of H-bonded clusters with Cl™. Generally,
the number of contacts that CI™ can form in the solid state
seems to be limited by steric factors and only rarely exceeds five

Table 1 HB parameters for [1][Cl5(CDCls)4] [A and °]

D-H---A d(H---A) dD---A) / (DHA)
N(2)-H(2N)- - -Cl(1)#1 2.56 3.385(2) 155.8
N(3)-H(3N)- - -CI(1) 2.19 3.168(2) 175.3
C(20)-D(20)- - -Cl(1) 2.43 3.367(2) 156.8
C(21)-D(21)- - -Cl(1) 2.44 3.428(2) 167.5
C(13)-H(13)- - -CI(1) 2.72 3.637(2) 160.5
C(2)-H(2)- - -Cl(6)#1 2.81 3.641(2) 146.1
C(16)-H(16A)- - -Cl(6) 2.95 3.665(2) 129.7

Symmetry transformations used to generate equivalent atoms: #1 x — 1/2,
—y+1/2, —z+1.

14106 | Phys. Chem. Chem. Phys., 2016, 18, 14104-14112

View Article Online

Paper
Table 2 HB parameters for [1][Cl,(CHBr3)4] [A and °]
D-H-- A d(H: - -A) d(D---A) L (DHA)
N(2)-H(2)- - -CI(1) 2.71 3.537(6) 157.1
N(3)-H(3A)- - -CI(1)#1 2.29 3.160(7) 168.1
C(13)-H(13)- - -Cl(1)#11 2.83 3.758(8) 165.3
C(20)-H(20)- - -CI(1) 2.42 3.361(10) 155.5
C(21)-H(21)- - -C1(1) 2.36 3.319(10) 160.0

Symmetry transformations used to generate equivalent atoms: #1 x — 1/2,
—y+1/2, —z+1.
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Fig. 5 The systems of HBs leading to the 3D-network of [1][Cl,(CH,Cly),]
(left) and [1][Cl(CaH4CLL),] (right).

Table 3 HB parameters for [1][ClL(CH,CL,),] [A and ]

D-H---A dH---A) d(D---A) [ (DHA)
N(2B)-H(2B)- - -Cl(2) 2.47 3.323(7) 164.4
N(3B)-H(3B') - -Cl(1)#1 2.45 3.244(7) 150.1
N(3B)-H(3B")- - -Cl(2)#2 2.43 3.229(7) 151.8
N(2)-H(2)- - -CI(1) 2.66 3.392(7) 141.1
N(3)-H(3")- - -Cl(2)#3 2.46 3.220(7) 144.9
N(3)-H(3")- - -Cl(1)#4 2.40 3.226(7) 155.9
C(9)-H(9)- - -Cl(1)#4 2.79 3.595(9) 142.5
C(13B)-H(13B)- - -Cl(2)#2 2.89 3.741(10) 149.5
C(19)-H(19)- - -CI(1)#4 2.91 3.840(8) 157.0
C(21)-H(21B)- - -Cl(1) 2.58 3.451(11) 146.4
C(20)-H(20B)- - -C1(2) 2.58 3.313(11) 130.9

Symmetry transformations used to generate equivalent atoms: #1 —x + 1,
-y, =2+ 1L #2 —x+1,-y+1, —z+ L #3 —x+2,-y+1, —z+1; #4 —x + 2,
-y, —z+1

Table 4 HB parameters for [1][Clo(CoH4Cly)ol [A and °]

D-H---A d(H---A) d(D---A) £ (DHA)
N(2)-H(2)- - -Cl(1)#1 2.52 3.343(9) 155.7
N(3)-H(3A)- - -Cl(1)#2 2.52 3.264(9) 142.2
N(3)-H(3B)- - -CI(1) 2.57 3.389(10) 154.7
C(13)-H(13)---Cl(1) 2.82 3.685(11) 151.3
C(18)-H(18B)- - -CI(3) 2.81 3.703(11) 150.3
C(10)-H(10)- - -C1(3)#2 2.85 3.473(11) 124.1
C(20)-H(204)- - -C1(1) 2.83 3.423(12) 119.4

Symmetry transformations used to generate equivalent atoms: #1 —x,
-y -1, -z #2x,y -1,z

(Fig. S7 and S11, ESIY). In the studied clusters, the haloform
molecules (CHCl; and CHBr;) form H-bonded dimers occupying
two of five sites in the pyramidal environment of C1™, which results
in the 2D-layered structure of [1][Cl,(CHCl;),], [1][Cly(CDCls),], and
[1][CL,(CHBr3),]. By contrast, dichloromethane and dichloroethane
molecules form only one HB and therefore each Cl™ can form

This journal is © the Owner Societies 2016
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Scheme 1 Haloform molecules (CHClz, CDCls, and CHBr3) form shorter
and more linear contacts with Cl™ than dichloroalkanes (CH,Cl,, CoH4CL).

an additional N(3)-H---Cl~ HB with the third complex [1]**
leading to a 3D-network in the packing of [1][Cl,(CH,Cl,),] and
[1][C1,(C,H,Cl,),]. Taking into account the plausible anti-
cooperative character of HBs in such systems, the above effect
might result from a difference in the relative stability of
C-H---Cl™ contacts formed by CI~ with haloalkane molecules in
comparison with the N(3)-H- - -Cl™ interaction. Indeed, analysis of
geometric characteristics (viz. H---Cl™ distances and C-H-:--Cl~
angles; Tables 1-4) of the C-H---Cl~ contacts indicates that
haloform molecules (CHCl; and CHBr;) form shorter and more
linear bondings with the ClI™ ion than those formed by dichloro-
alkanes (CH,Cl, and C,H,Cl,).

This observation suggests that in the latter case the formed
HBs are weaker (Scheme 1). This assumption is in accord with the
lower CH acidity of CH,Cl, and C,H,Cl, molecules in comparison
with haloforms and was further confirmed by theoretical and
experimental studies of HB geometries and energies in the
solvates (see later).

Quantum-chemical study of geometry and energy of HBs

All short contacts between Cl™ and various proton donor C and
N atoms in the clusters are likely caused by HBs. However,
some of these bonds are significantly non-linear and positions
of the H atoms in the X-ray structures are inherently imprecise.
In order to clarify the situation and quantitatively estimate the
energies of Cl™---H contacts, we carried out theoretical DFT
calculations combined with the topological analysis of the
electron density distribution (AIM method).>® The performed
full geometry optimization procedure also allows the analysis of
the geometrical features of these clusters in the gas phase.

We focused on the study of the isolated solvates [1],[CI(CHCL),],
[1],[Cl(CHBI3),], [1]5[CI(CH,CL,)], and [1];[Cl(C,H,CL,)] (see
Fig. S12-S15, ESIT) because these systems contain all types of
HBs that are discussed in the experimental part and constitute
reasonable models from the viewpoint of computational costs. If
the crystal packing effects are significant, the structures should
change appreciably on going from the solid state to the gas
phase, otherwise the short contacts (i.e. HBs) are expected to be
preserved in the isolated form.*”

The results of our theoretical calculations are summarized in
Table 5 and depicted in Fig. S12-S15 (ESIt). As can be inferred
from comparison of the calculated parameters with the crystallo-
graphic data (Tables 1-4), optimized structures of the isolated
complexes are in reasonable agreement with the structural data.
In general, chloride anions form several HBs with the CH and NH
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Table 5 Energies of Cl™---H/D-C contacts calculated from the Cl™- - -H/D
distances

d(Cli‘ : ‘H/D)y E?orn

Solvate Bond A keal mol ™"
[1][Cl,(CHCl,),]*  C(20)-H(20): - -Cl(1) 2.43 3.87
C(21)-H(21)- - -CI(1) 2.46 3.60
C(13)-H(13)- - -Cl(1) 2.72 1.90
[1][Cl,(CDCl3),]  C(20)-D(20)- - -CI(1) 2.43 3.87
C(21)-D(21)- - -CI(1) 2.44 3.78
C(13)-H(13)- - -CI(1) 2.72 1.90
[1][Cly(CHBr3),]  C(13)-H(13)---Cl(1)}#1 2.83 1.45
C(20)-H(20)- - -CI(1) 2.42 3.97
C(21)-H(21)- - -CI(1) 2.36 4.60
[1][CL(CH,CL,),]  C(9)-H(9)- - -Cl(1)#4 2.79 1.60
C(13B)-H(13B)- - -CI(2)#2 2.89 1.25
C(19)-H(19)---Cl(1)#4  2.91 1.19
C(21)-H(21B)- - -Cl(1) 2.58 2.68
C(20)-H(20B). - -Cl(2) 2.58 2.68
[1][Cly(C,H,Cl,),] C(13)-H(13)- - -Cl(1) 2.82 1.49
C(20)-H(204)- - -CI(1) 2.83 1.45

¢ Data adopted from ref. 28.

moieties of [1]*" and are involved in anticooperative C-H- --Cl~
interactions with one or two solvent molecules. As expected, the
exact calculated values of bond distances and angles are some-
what different from the experimental values (Table S3, ESIt). In
several cases, calculations predict also a different number of
contacts formed by each chloride (Fig. 6 and 7).

n [1],[Cl(CHCl;),], the CI™- - -H-C(21)Cl; contact is elongated
by 0.11 A, whereas the other Cl™---H contacts are shortened
(by 0.01-0.35 A) as compared to the solid state structural data.
n [1],[CI(CHBr,),], the Cl~---H-N(3)H, Cl™---H-C(19)H, and
Cl™---H-C(20)Br; contacts are shortened (by 0.13-0.43 A),
whereas the length of the other short CI™- - -H contacts remains
virtually unchanged. Apart from that, two additional contacts,
viz. CI™---H-C(15)H and Cl™---H-C(19)H, were found in com-
parison with the solid state structure (Fig. 6). In [1]5[Cl(CH,CL,)],
the CI™---H-C(20)HCl,, Cl™---H-N(3B)H, and Cl™---H-C(15)H
bonds are elongated upon geometry optimization (by 0.07-0.42 A),
while other Cl™- - -H contacts are shortened (by 0.10-0.27 A) or
remain unchanged. Finally, for [1];[C](C,H,Cl,)] we observed
elongation of the C1™- - -H-N(3')H bond (by 0.07 A) and shortening
of the other contacts (by 0.07-0.41 A). Thus, one can conclude

N

Fig. 6 Geometry of the [CI{CHCl3),] ™ (left) and [CHCHBr3),]
according to DFT calculations (see Fig. 3 for comparison).

~ (right) clusters

Phys. Chem. Chem. Phys., 2016, 18, 14104-14112 | 14107
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Fig. 7 Geometry of the Cl™ environment in [1]5[CI{CH,CL,)] (left) and
[1]5[CUC,H4CLL)] (right) according to DFT calculations (see Fig. 5 for
comparison).

that the crystal packing has a noticeable effect on the geo-
metrical features of the studied clusters, while qualitatively all
studied systems remain rather similar.

Topological analysis of the electron density distribution (AIM
method)*® of [1],[CI(CHCL;),], [1][CI(CHBr;),], [1]5[CI(CH,CL,)],
and [1]5[C](C,H,CL,)] indicates the low magnitude of the electron
density, positive values of the Laplacian, and positive or very close
to zero values of the energy density in appropriate bond critical
points (3, —1) (Table S3, ESIt). All these values are typical for
HBs.*® We have defined the energies of the computed contacts
according to the procedures proposed by Espinosa et al.** (Ejona)
and Vener et al."® (ERona), and some of them (i.e. one of the
Cl™-.-H-CCl;, ClI™---H-N(3)H, and Cl™---H-N(2) contacts in
the [1],[CI(CHCl;),] cluster; C1™---H-CBr; and Cl - --H-N(3)H
contacts in the [1],[Cl(CHBTr3),] cluster; one of the Cl™- - -H-N(3)H
contacts in [1];[Cl(CH,Cl,)] and [1]5[Cl(C,H,4Cl,)] clusters) can be
classified as HBs of moderate strength (4.04-8.47 keal mol ")
mainly due to electrostatic interactions following the classification
by Jeffrey*' (“strong” H-bonds: 40-15 kcal mol ', “moderate”
H-bonds: 15-4 kcal mol ™', and “weak” H-bonds: <4 kcal mol™%).

The other CI™- - -H contacts are weak (0.94-3.14 kcal mol~ ") and
determined mostly by dispersion and some electrostatic inter-
actions. The balance between Lagrangian kinetic energy G(r) and
potential energy density Vr) at the bond critical points (3, —1)
can shed light on the nature of hydrogen bonds. If the ratio
—G(r)/V[r) > 1 is satisfied, the nature of appropriate interaction is
purely non-covalent (i.e. a combination of dispersion and electro-
static interactions);*” if —G(r)/V(r)<1, some covalent components
are present. Based on this criterion, one can state that the covalent
component is present only in “moderate” H-bonds and absent in
cases of “weak” H-bonds (Table S3, ESIY). It is noteworthy that in
the case of [1];[Cl(CH,Cl,)] we were unable to locate an appropriate
bond critical point (3, —1) for Cl" - - -H-C(20)HCI, weak HB (Fig. 7,
left). For [1];[Cl(C,H,CL,)], we found bond critical points (3, —1)
corresponding to the three additional weak interactions, viz.
Cl™---H-C(21)H, Cl"---H-C(15)H, and Cl - - -H-C(6), that were
not observed experimentally (Fig. 7, right).

Calculated energies of C1™- - -H-C bonds were plotted against
the lengths of Cl™- - -H contacts (see Fig. 8 for Ef,nq and Fig. S16,
ESIT for Egond). Data points were fitted by an exponential function,
leading to the following equations:

Edond = 1516.9 x e 247>d(C 1) = p2 = 0 9849 (1)
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Epond> keallmol

T
24 26 2,8 3,0

dCIl---H), A

Fig. 8 The correlation between theoretically calculated Cl™- - -H distances (A)
and E8ong energies (kcal mol™) of the C—H/D---Cl~ contacts. Data points are
taken from Table 5. Only the C—H/D---Cl” contacts with appropriate bond
critical points established by AIM analysis were considered.

EBond = 539.3 x e 2007xdCl - H) " p2 - 9805  (2)

As follows from the obtained correlations (1) and (2), the
energies of the Cl™- - -H-C contacts exponentially decrease with
growing Cl™- - -H distances. Good correlations (R values exceeded
0.98) allowed the calculation of energies of all experimentally
observed CI™---H-C short contacts (Table 5). Calculated energy
values using this approach (Eg, and E'gm) vary in the range of
1.19-4.60 kcal mol™', which is slightly lower than the values
obtained for the Cl"---H-CCl; and Cl™ - - -H-CBr; contacts using
the AIM method (Table S3, ESIt).

The results of this theoretical study indicate that in the
studied clusters the energy of the Cl™---H-C bonding signifi-
cantly varies depending on the co-crystallized haloalkane.
Being rather strong in the case of chloroform and bromoform
(up to 4.4 and 6.0 kcal mol ™", respectively), it drastically decreases
in the case of dichloroethane (less than 1.9 kcal mol ™). Moreover,
in the case of dichloromethane, no HB was verified by AIM
analysis. The results of our calculations also confirm the
inequivalence of haloform molecules within the chloride-
haloform dimeric clusters [Cl(CHX3),]™ (X = Cl, Br) indicating a
noticeable difference in energy and geometry of the Cl™---H-C
bondings formed by each of the two molecules (Table S3, ESIt
and Fig. 6).

Energies of C-H---Cl” HBs in some chloride-haloalkane
clusters in the gas phase have been previously assessed theore-
tically”'® and also measured experimentally.***> According to
the data summarized in Table 6, the energies vary from 4.7 to
19.5 kcal mol™" depending on chloromethane and the number
of formed HBs. As can be inferred from the inspection of data
compiled in Table 6, the energy of HBs within the clusters
gradually decreases when the number of contacts is growing; this
phenomenon is known as HB cooperativity/anticooperativity.
One can expect that for the studied systems that involve up to
8 contacts per Cl~ (established by AIM analysis) the energy of an
individual C-H---Cl” bond should be markedly lower than
experimentally determined energy for the isolated clusters in the
gas phase (14.7 keal mol ™" for [CI(CHCL,;),]” and 14.8 kcal mol '
for [C](CH,Cl,)]"). The energy values obtained as a result of our
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Table 6 Thermochemical and theoretically calculated values of C—H---Cl™
HB energies for the anionic clusters [CH(CH4_,Cl),l~ (x = 1-3; n = 1-8) in
the gas phase

E(C-H:--Cl"), kcal mol™*

Cluster n AHexp AEcalc AHCEllC

—19.5 =+ 0.2¢ —19.6° —19.6°
—19.1 £ 0.7°
—18.1%4

2 —14.7 £ 0.2¢

3 —11.8 £ 0.2°

[CI(CHCL,),]~ 1

—15.3°¢ —15.1°

—18.24"

—14.8 + 0.2°
—15.5%
—15.8¢
—13.1 £ 0.2¢
—9.7 + 0.2°
—9.0 + 0.2°
—7.7 £ 0.2°

[CI(CH,Cly),]~

=

G W N

—11.5¢ —11.7°

—13.82

—11.7 + 0.2¢
—8.6"

—12.2 + 2.0¢
—11.1 £ 0.2¢
—8.4 +0.2°
—7.6 £ 0.2°
—6.2 +0.2°
—5.8 +0.2°
—4.8 +0.2°
—4.7 £ 0.2°

[CI(CH,C),]-

=

0N U R W

@ Ref. 18. ” Ref. 45. ¢ Ref. 43. ¢ Ref. 44. © Ref. 16.7 Ref. 7.

theoretical study (from 1.45 kcal mol " in [1][Cl,(C,H,Cl,),] to
4.60 keal mol ™" in [1][Cl,(CHBr3),]) agree with this assumption.

ATRFTIR studies of the chloroform and dichloromethane
solvates

To quantitatively assess and compare the energy of C-H-:--Cl™
HBs in the chloroform and dichloromethane solvates we used
ATRFTIR spectroscopy. It is well known that the formation of
HBs by the CH group of CHCI; with medium-strong proton
acceptors shifts the (CH) stretching band to lower frequencies
and the J(CH) band to higher frequencies, while intensities
of both bands increase.*®*” The value of the frequency shift
increases with growth of the HB energy” and thus can be used
to assess it. In order to assign these bands in the IR spectrum of
[1][C1,(CHCl;),], we compared this spectrum with that of the
CDCl; analog (see Fig. S17-S21, ESIt). As these two solvates are
structurally isotypic, their IR spectra differ mainly in the position
of {CH)/1(CD) and 5(CH)/6(CD) bands (Fig. 9 and Fig. S21, ESIY).
In both spectra, a significant red shift of the {CH)/(CD) bands is
observed as compared to the spectra of neat solvents (Av of
approx. 86 and 56 cm ' for CHCl; and CDCl;, respectively)
indicating the formation of medium-to-strong HBs.>*® Apart from
that, the value of the isotope effect calculated as a 1{CH):{CD)
ratio is lower in the case of the solvate than in the case of neat
chloroform (1.335 and 1.340, respectively). Reduced values of the
isotope effect are characteristic of the formation of HBs."*° Thus,
in [1][Cl,(CHCl3),] and [1][Cl,(CDCl;),], the IR spectra in combi-
nation with X-ray structures clearly indicate the formation of
medium-to-strong HB between the CH group of CHCI; and CI .
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Fig. 9 ATRFTIR spectra (3500-2000 cm™) of [1]ICL(CHCl3)4 and
[1][Cl,(CDCls)4l.
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The resolution of the IR spectra did not allow the discrimination
of two C-H---Cl™ bonds, which are non-equivalent according to
both X-ray data and theoretical calculations.

When discussing hydrogen bond spectroscopic and geometric
parameters, one can rely heavily on the experimental data avail-
able. However, when discussing hydrogen bond energies, one is
limited predominantly by the computational results, as direct
measurement of H-bond energy values is a notoriously compli-
cated task. To quantitatively evaluate the energy of the formed
C-H---Cl™ hydrogen bonds, we applied the correlation reported
by Wendler et al.:>!

E(C-H---A) = 0.13 x Ay(CH) 3)

According to the proposed equation, the frequency shift (Av) of
86 cm ™! corresponds to the energy of approx. 2.7 kcal mol .
The application of computationally obtained correlation to our
systems is justified by the fact that it gives energy values which
are in a reasonable agreement with the estimates from AIM
analysis for the isolated model complexes. Concerning the
applicability of eqn (3) to the systems with multiple H-bonds,
one should keep in mind that the changes in energy upon
formation of multiple H-bonds are reflected by the spectroscopic
parameters of individual H-bonds and the energy-spectroscopy
correlation is likely to hold.

To estimate the energy of the C-H- - -Cl™ bond in the CH,Cl,
solvate, the same procedure was applied to [1][Cl,(CH,Cl,),]
and its deuterated analog [1][Cl,(CD,Cl,),] (Fig. 10 and Fig. S22,
ESIY). In this case, we were unable to identify bands corresponding
to 1{CH) in the spectrum of [1][Cl,(CH,CL,),] and therefore the
1{CD) bands were used to evaluate the energy. As expected, an
increase in intensity of both 1,4(CD) and 14(CD) bands was
observed giving evidence for the involvement of CD,Cl, in the
formation of HBs. However, as seen from the comparison of the
data given in Fig. 9 and 10, intensities of 1,4(CD) and 14(CD) bands
in the spectrum of [1][Cl,(CD,Cl,),] are much lower than that of
the 1(CD) band in the spectrum of [1][Cl,(CDCl;),]. Moreover, both
v,5(CD) and 15(CD) bands are only slightly shifted (by 10-15 cm™)
to lower frequencies as compared to the spectrum of neat CD,Cl,.
These observations indicate that, in the studied systems,
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Fig. 10 ATRFTIR spectra (3500-2000 cm™3) of [1][CLL(CH,CL),] and
[1[CL(CD2Cla)al.

C-H- - -Cl” HBs formed by CH,Cl, are much weaker than in the
case of CHCl;, and the energy of the former contact estimated
using eqn (3) is lower than 1 kecal mol .

In agreement with the results of quantum-chemical calcula-
tions, analysis of ATRFTIR data indicates that in [1][Cl,(CH,CL),],
dichloromethane is only weakly bound to Cl". These results are
also in good agreement with structural data that favor weaker
interaction of CH,Cl, and C,H,Cl, molecules with Cl~ as com-
pared to that in [1][Cl,(CDCl;),] and [1][Cl,(CHBr3),].

3 Experimental
Synthesis

[1J[CL(CDCL);], [1][CL(CHCL,),], [1]Cly(CHB,),], [1][CL(CH,CL)]
[1][CLy(CD,CL,),], and [1][Cly(C,H4Cl;),] were obtained via the
previously described procedure® using CDCl;, CD,Cl,, CHBr;, or
C,H,Cl, (that were used as received) and CHCl; or CH,Cl, (freshly
distilled) as solvents. The colorless crystalline precipitates were
separated by filtration or decantation, washed with several
portions of the corresponding solvent and kept under the layer
of the solvent.

ATRFTIR spectroscopy

Attenuated total reflectance (ATR) FTIR spectra were recorded
using a Nicolet 6700 Fourier-spectrometer equipped with a
Smart iTR unit for single-bounce ATR with ZnSe crystals (the
angle of incidence is 42°). A Ge/KBr beam splitter and a DTGS
TEC detector were used to obtain spectra with 2 cm ™" resolu-
tion in the range of 4000-575 cm™'. The spectra of the pure
crystal were used as a reference and these spectra were analyzed
without any correction.

X-ray structure determinations

The crystals of all complexes were immersed in cryo-oil, mounted
in a Nylon loop, and measured at a temperature of 100 K. The
X-ray diffraction data were collected on a Nonius KappaCCD,
Bruker Kappa Apex II, or Bruker Smart Apex II diffractometer
using Mo K. radiation (1 = 0.71073 A). The Denzo-Scalepack®® or
APEX2°* software packages were used for cell refinements and
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data reductions. The structures were solved either by direct
methods using the SHELXS-97°° or SIR-97°° software or by the
charge flipping method using superflip program with the Olex2>”
graphical user interface. A semi-empirical absorption correction
(SADABS)*® was applied to all data. Structural refinements were
carried out using SHELXL-97.%° In [1][Cl,(CHBr;)4], the Br atoms
of one of the CHBr; solvent molecules were disordered over two
sites with occupancies of 0.82 and 0.18. The disordered Br atoms
were restrained so that their U; components approximate to
isotropic behavior. Also, in [1][Cly(C,H,CL),], the C5 and C6
atoms were restrained so that their U; components approximate
to isotropic behavior. In [1][Cl,(CDCl;),] and [1][Cl,(CH,Cl,),], the
NH and NH, hydrogen atoms were located from the difference
Fourier map but constrained to ride on their parent atom, with
Uiso = 1.5Ucq (parent N-atom). Other hydrogen atoms were posi-
tioned geometrically and constrained to ride on their parent
atoms, with C-H = 0.95-0.99 A, N-H = 0.88 A, and Uiz, = 1.2Uq
(parent atom). The crystallographic details are summarized in
Table S1 (ESIt).

Computational details

The full geometry optimization of [1],[Cl(CHCl,),], [1],[Cl(CHBr3)s],
[1]5[C(CH,CL,)], and [1]5[Cl(C,H,Cl,)] has been carried out at the
DFT level of theory using the M06 functional® with the help of the
Gaussian-09% program package. The experimental X-ray geome-
tries were used as starting points for the theoretical optimization
procedure. The calculations were carried out using a quasi-
relativistic Stuttgart pseudopotential that described 60 core elec-
trons and the appropriate contracted basis set®* for the platinum
atoms and the 6-31G(d) basis set for other atoms. The MO06
functional is much less time-consuming than the MP2 method
used by us previously;*®*?° at the same time, the M06 functional
describes reasonably weak dispersion forces and non-covalent
interactions.®>®> No symmetry operations have been applied.
The Hessian matrix was calculated analytically to prove the loca-
tion of correct minima (no imaginary frequencies). The topological
analysis of the electron density distribution with the help of the
atoms in molecules (AIM) method developed by Bader has been
performed by using the Multiwfn program (version 3.3.4).>*

4 Final remarks

As shown by this and the previous studies,*®*" various (1,3,5-

triazapentadiene)M" complexes represent a simple and useful
system allowing the study of non-covalent anion interactions by
conventional X-ray diffraction supported by theoretical calcula-
tions. Since C-H---Cl~ hydrogen bonds are of special interest,
we used the (1,3,5-triazapentadiene)Pt" system to study weak
interactions of CI~ with four different haloalkanes, viz. CDCl;,
CHBr;, CH,Cl,, and C,H,Cl,. We found that in the case of CDCl;
and CHBr;, similar to CHCI;,2® each chloride anion interacts
with two haloform molecules giving the negatively charged
clusters [Cl(CHX3),] ", whereas in the cases of weaker HB donors
CH,Cl, and C,H,Cl,, only one C-H:--Cl~ contact was observed
between Cl™ and the co-crystallized chloroalkane.
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Although C-H- - -Cl” HBs formed by chloroform and dichloro-
methane molecules are relatively well known and many examples
(albeit unprocessed in a vast majority of cases) of such inter-
actions can be retrieved from the CCDC database, C-H---Cl™
hydrogen bonds formed by CHBr; and C,H,Cl, molecules are far
less studied. Only nine examples of C-H- - -Cl™ contacts involving
dichloroethane molecule were retrieved from the Cambridge
Crystallographic Database (Table S5, ESIt), and no such inter-
actions were detected for bromoform meaning that the chloride-
bromoform clusters [CI(CHBr;),]” are the first example of such
interactions reported in the literature.

In the case of chloroform, bromoform, and dichloroethane
solvates, the existence of C-H- - -Cl~ HBs was further confirmed
by theoretical analysis (AIM method). Energy of the observed
C-H---Cl” HBs was assessed both theoretically by the AIM
method and experimentally using IR spectroscopy and these
energies vary in the range of 1-6 kcal mol~'. The combined
theoretical (AIM method) and ATRFTIR study revealed that,
in the chloride-haloalkane clusters, dichloromethane and
dichloroethane form significantly weaker C-H---Cl~ HBs than
haloform molecules (CHCl;, CDCl;, and CHBr3). These results
are in accord with the X-ray data and shed light on the drastic
difference in the intermolecular packing between the 2D-layered
structure of haloform solvates and 3D-networks observed for
[1][C1y(CH,CL,),] and [1][Cly(C2H4Cly),].

In this work, we used multidisciplinary combined and com-
plementary experimental and theoretical approaches that allow
bypassing certain limitations of the X-ray diffraction method in
the studies of hydrogen bond systems, viz. inability of accurate
evaluation of H-bond energies. We proposed the exponential
correlation (R> > 0.98) between the calculated Cl ---H dis-
tances and the energies of the corresponding contacts. This
correlation can be used to obtain hydrogen bond energies from
the crystallographically predicted Cl ---H distances without
the additional involvement of resource- and time-consuming
quantum-chemical calculations. We also found another corre-
lation, viz. between spectroscopic observables and energies of
individual H-bonds in systems with multiple cooperatively or
anti-cooperatively coupled H-bonds. It is believed that these
correlations should be beneficial for both crystallography and
physical chemistry communities.
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