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The study of one-dimensional coordination polymers {Hg>ClsL}, (1), {HgBr,Ly}, (2) and {Hg,ClsLs}, (3)
(Ly = (S)P(OC,H5)2NHCgH4NHP(S)(OC,Hs), and Ly = (S)P(OC,Hs),NC4HgNP(S)(OCoH5s),) is the first such
structural study of Hg(i) coordination polymers with (O),(N)PS-based ligands. The mercury atoms adopt a
distorted trigonal pyramidal environment, Hg(Cl)s(S) for 1 and 3 and Hg(Br),(S), for 2, and the difference
observed in the stoichiometry of mercury halide to the thiophosphoramide ligand in 1 and 3 with respect
to the one in 2 is a result of the formation of the Hg,Cl, ring, however, the molar ratio 2:1 of HgX, (X =
Cl and Br) to ligand was used for the preparation of all three complexes. The strengths of mercury-sulfur
and mercury-halide covalent bonds are evaluated by theoretical calculations (QTAIM and NBO) which
show their principally electrostatic nature with a partial covalent contribution. The energies of interactions
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building supramolecular assemblies and intramolecular interactions, i.e. NH---Cl, NH.--Br, CH---Cl, CH---Br,
CH---O, CH---S and CH---x, are theoretically evaluated. The characteristic structural features arising from
the aromatic/aliphatic linkers in the ligands and chloride/bromide attached to mercury are investigated by
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Introduction

Crystal engineering of coordination polymers is a multidisci-
plinary field with potential technological applications.” In this
domain, knowledge about metal-ligand coordination bond
strength, frequently observed coordination geometries associ-
ated with metal ions and directionality helps in constructing
diverse supramolecular architectures from the organization of
structural building blocks.” Thus, it is possible to design and
synthesize targeted one-, two- or three-dimensional coordi-
nation polymers by carefully choosing ligands and metal
precursors.”* However, the structural features are also related
to the flexible coordination environment of a metal ion, ligand
flexibility, number of donor sites in the ligand, metal to ligand
ratio and reaction conditions.’
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Hirshfeld surface analysis and fingerprint plots.

Avariety of metal complexes were prepared, and their struc-
tures and physicochemical properties were studied.”” Among
them, mercury with a d'° electronic configuration presents a
flexible coordination environment with a variety of coordi-
nation numbers from as low as two® and three’ to higher,
four' up to eight," nine'* and ten'® and it can adopt a wide
range of coordination geometries, with linear, trigonal planar
and tetrahedral being the most common.'® The formation of
polymers with mercury(n) seems to be surprisingly sparse,
and, despite the attractive properties of mercury(i) compounds
in terms of their different applications'® (although somewhat
limited due to mercury’s toxicity), there have been only very
few reports on Hg(u) polymers with sulfur donor-based ligands
to date."®"”

For metal complexes with [O],[N]P(S)-based ligands, a
search on the Cambridge Structural Database (CSD, version
5.40, updated to November 2018'®) yielded 76 structures fea-
turing sulfur coordinated to metal cations, which include
seventeen different elements (s-/p-block: Na, K, Sr, and Pb;
d-block: Cu, Co, Fe, Ni, Re, Zn, Cd, Ru, Ag, Au, Pt, Pd, and Te),
typically, structures with the CSD refcodes BAXSAV,"
IMAMAL,*® REHGES01%*! and TEQHOO,** with none of them
being mercury (Fig. S1t). Some of these structures include an
additional Lewis base site(s) in the ligand,**>* however, there
is only one report of coordination polymers in this category of

This journal is © The Royal Society of Chemistry 2019
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ligands, in the case of silver(i), where a bidentate ligand
including two P=S groups was used.>®

In this article we investigate the formation of coordi-
nation polymers of mercury by using both aliphatic and
aromatic spacers between two P=S groups in ligands, result-
ing in the following polymers: {Hg(Cl)(u-Cl),Hg(Cl)[(S)
P(OC,H;),NHCsH,NHP(OC,H5),(S)]}, (1), {HgBr,[(S)P
(OC,H5),NHC:H,NHP(OC,H;),(S)]}, (2) and {Hg(CI)(p-Cl),Hg
(CY[(S)P(OC,H5),NC,HgNP(OC,Hs5),(S)]}» (3), which represent
the first examples of coordination polymers with an [O],[N]P
(S)-Hg segment. The compounds were studied by X-ray single-
crystal diffraction, IR spectroscopy, and mass spectrometry,
and also by solution *'P{"H}, 'H, *C{'H} and "H-"’N (HSQC)
NMR spectroscopy for two soluble compounds. DFT calcu-
lations are employed to evaluate the energies of coordination
linkages and also of non-covalent interactions in the polymers,
which allow their impact on the final structures to be
addressed.

Experimental
Materials and general methods

All reagents used in this study were obtained from commercial
sources and used as received. 'H, "*C, and *'P NMR spectra
were recorded on a Bruker Avance DRX 400 spectrometer.
Chemical shifts were determined relative to internal TMS
(tetramethylsilane) for "H and ">C and relative to external 85%
H3PO, for *'P. A "H-""N HSQC experiment was carried out on
an Agilent DDR2 400 spectrometer. IR spectra were recorded
on a Buck 500 scientific spectrometer using KBr pellets.
Elemental analyses (C, H and N) were performed using a
Thermo Finnigan Flash 1112EA elemental analyzer. The mass
spectra were recorded with an MS model 5973 Network Mass
Selective Detector.

Synthesis

Synthesis of L, and L,. The synthesis of ligand L, was per-
formed according to the literature procedure®” with a few
modifications which are related to the nonusage of 4-dimethyl-
aminopyridine and 1,2-ethylene diamine. The synthesis of L,
was done by a reaction between O,0-diethyl chlorothio-
phosphate (2 mmol, 0.377 g), 1,4-phenylenediamine (1 mmol,
0.108 ¢) and triethylamine (2 mmol, 0.202 g) in dry acetonitrile
(15 ml) at 273 K. Ligand L, was prepared using a similar
procedure as follows: a solution of piperazine (1 mmol,
0.086 2) and triethylamine (2 mmol, 0.202 g) in dry acetonitrile
(10 ml) was added dropwise to a stirred solution of 0,0'-
diethyl chlorothiophosphate (2 mmol, 0.377 g) in the same
solvent (15 ml) at 273 K. After 5 hours of stirring, the solvent
was removed in a vacuum and the solid formed was washed
with distilled water to remove triethylamine hydrochloride salt
(Scheme 1).

L;: (C,H50),P(S)(NHCsH,NH)P(S)(OC,Hj5),

"H and "*C NMR spectra in CDCl;, IR spectrum and X-ray
crystallography data of L, were previously reported.>” Here the
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Scheme 1 Preparation of Ly and L.

data of *'P and 2D "H-">N HSQC NMR in CD;CN are reported,
besides, a re-investigation of 'H and *C NMR (in CD;CN). "H
NMR (400 MHz, CD;CN): § = 1.26 (t, *Jy_n = 7.0 Hz, 12H), 4.08
(m, 8H), 6.21 (d, *Jp.y = 14.4 Hz, 2H), 6.99 (s, 4H). C{'H}
NMR (101 MHz, CD;CN): § = 15.12 (d, */p¢c = 8.2 Hz), 62.90
(d, *Jp_c = 4.5 Hz), 119.40 (d, *Jp_c = 6.7 Hz), 134.68 (d, *Jp_c =
3.1 Hz). *'P{"H} NMR (162 MHz, CD;CN): § = 65.42 (s). "H-""N
corr. (CD3;CN): {-294.93, 6.23}. Anal. caled for C;,H,6N,0,4P,S,
(%): C, 40.77; H, 6.35; N, 6.79. Found: C, 41.15; H, 6.35;
N, 7.01. MS (70 eV, EI): m/z (%) = 412 (94) [M]', 411 (100)
[M — 1], 152 (50) [C4H,O,PS]", 124 (82) [C,H50,PS]", 106 (88)
[CeHeN, ", 28 (88) [C,H,]".

L,: (C,H50),P(S)(NC,HgN)P(S)(OC,Hj5),

IR (KBr, cm™"): 2990, 2903, 2865, 1846, 1764, 1449, 1387,
1339, 1264, 1151, 1098, 1030, 972, 792, 714, 625. 'H NMR
(400 MHz, DMSO-dy): 6 = 1.21 (t, *Jy_y = 7.0 Hz, 12H), 3.10 (m,
8H), 3.91 (m, 8H). “C{'H} NMR (101 MHz, DMSO-d): § =
16.12 (d, *Jp.c = 8.1 Hz), 45.33 (d, Yp.c = 8.1 Hz), 62.87 (d,
*Jp_c = 5.3 Hz). *'P{"H} NMR (162 MHz, DMSO-d,): § = 73.64
(s)- Anal. caled for C;,H,5N,0,P,S, (%): C, 36.91; H, 7.23; N,
7.17. Found: C, 37.81; H, 7.16; N, 7.26. MS (70 €V, EI): m/z (%)
=390 (27) [M], 153 (100) [C,H;,0,PS]", 124 (29) [C,H;0,PS]",
84 (99) [C4HN,]", 28 (66) [C,H,4]".

Synthesis of complexes

For the preparation of complexes, a solution of HgCl,
(2 mmol, 0.543 g) or HgBr, (2 mmol, 0.721 ) in 15 ml metha-
nol was added dropwise to a solution of the corresponding
ligand (1 mmol, 0.412 g (L;) or 0.390 g (L,)) in the same
solvent (10 ml). The clear solution was stirred under reflux for
24 hours. Crystals suitable for X-ray diffraction were obtained
from slow evaporation of the solvent at room temperature. The
chemical structures of the complexes are represented in
Scheme 2.

1:  {Hg(Cl)(p-Cl1),Hg(C1)[(S)P(OC,H5),(NHCH,NH)P(S)
(OC,Hs), ]}, IR (KBr, cm™): 3209, 2988, 1612, 1513, 1479,
1380, 1342, 1275, 1220, 1164, 1104, 990, 957, 828, 797, 727,
634. 'H NMR (400 MHz, CD;CN): 6 = 1.27 (t, *Jypy = 7.0 Hz,
12H), 4.10 (m, 8H), 6.28 (d, */p_u = 14.4 Hz, 2H), 7.00 (s, 4H).
BC{"H} NMR (101 MHz, CD;CN): § = 15.09 (d, *Jp_c = 8.3 Hz),
63.12 (d, *Jp.c = 4.7 Hz), 119.48 (d, *Jp.c = 6.6 Hz). *'P{'"H}
NMR (162 MHz, CD;CN): § = 65.09 (s). "H-"’N corr. (CD;CN):
{-298.20, 6.25}. Anal. caled for C;,H,5Cl,Hg,N,04P,S, (%): C,
17.60; H, 2.74; N, 2.93. Found: C, 17.85; H, 2.69; N, 2.93. MS
(20 eV, EI): m/z (%) = 684 (6) [*>C,>°*HgL4]", 411 (8) [L-1]", 79
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Scheme 2 Schematic representation of the complexes.

(100) [CeH,]". MS (70 eV, EI): m/z (%) = 648 (<1) [*>CL,>**HgL,-
H**CIT, 43 (100) [C,H;0]".

2: {HgBr,[(S)P(OC,H;),(NHCeH,NH)P(S)(OC,H;), ]} IR (KBr,
em™): 3267, 2986, 1742, 1565, 1515, 1477, 1380, 1277, 1217,
1165, 1096, 1022, 967, 821, 729, 649. MS (20 eV, EI): m/z (%) =
772 (<1) ["°Br,>*HgL, ", 412 (100) [L,]". MS (70 eV, EI): m/z (%)
=772 (<1) ["°Br,>HgL, ", 412 (57) [L4]", 97 (100) [H;0,PS]".

3: {Hg(Cl)(p-Cl),Hg(CI)[(S)P(OC,H5),(NC,HgN)P(S)(OCH;), |}
IR (KBr, em™"): 2976, 2896, 1776, 1614, 1445, 1384, 1344, 1298,
1266, 1122, 1038, 968, 897, 804, 772, 702. "H NMR (400 MHz,
DMSO-dg): 6 = 1.24 (t, *Jyu = 9.4 Hz, 12H), 3.13 (t, Jypy =
11.6 Hz, 8H), 3.90-4.00 (m, 8H). C{'H} NMR (101 MHz,
DMSO-dg): 6 = 16.14 (d, *Jp.c = 10.7 Hz), 45.30 (d, *Jp.c =
9.4 Hz), 63.01 (d, *Jp.c = 7.4 Hz). *'P{'"H} NMR (162 MHz,
DMSO-dg): 6 = 73.34. Anal. caled for C,;,H,5Cl;Hg,N,0,P,S,
(%): C, 15.44; H, 3.02; N, 3.00. Found: C, 15.67; H, 2.91;
N, 2.99. MS (20 eV, EI): m/z (%) = 662 (<1) [*>Cl,***HgL,]’,
169 (100) [C4H;,NO,PS]". MS (70 eV, EI): m/z (%) = 663 (<1)
[*>CL,*°*HgL, + 1]", 169 (100) [C4H;,NO,PS]".

X-ray crystallography

The diffraction data were collected using an Xcalibur,
Sapphire3, Gemini (293 K and 4 = 0.71073 A) X-ray diffract-
ometer and the data were processed with the CrysAlisPro®
program. The positions of all non-hydrogen atoms were
refined on F* by a full-matrix least-squares procedure with the
SHELXL2014/7.2°°° All carbon-bound hydrogen atoms were
located geometrically (C-H = 0.95-1.00 A) and refined using a
riding model with the Ujso(H) = 1.2Ueq(C) (1.5Uq(C) for methyl
groups). For 1 and 2, the hydrogen atoms connected to the
nitrogen atoms were located in electron density difference
maps and refined without constraints and restraints. Crystal
data, data collection and refinement details are summarized
in Table S1{ and selected bond lengths and angles are given in
Table S2.1 Crystal structure visualization was obtained using
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OlexSys.”" Further details are available from the Cambridge
Crystallographic Data Centre through CCDC numbers 1056128
(1), 1460892 (2) and 1054208 (3).T

Theoretical methods

Density functional theory (DFT) calculations were performed
using the GAUSSIANO9 package.*” All calculations were carried
out by using the M06-2X functional,®® the LANL2DZ** basis set
for Hg and Br and the 6-311++G(d,p) basis set for other atoms
without any symmetry restriction. To gain an insight into the
electronic charge transfer processes, natural bond orbital (NBO)
analysis was applied.” In order to describe the topological pro-
perties at the bond critical points (BCPs), the quantum theory
of atoms-in-molecules (QTAIM)*® procedure was followed at the
same level of theory, using the MultiWFN program,®” with a
wave function generated by the Gaussian program.

Hirshfeld surface analysis

Hirshfeld surface (HS)*® and 2D fingerprint (FP) plot*® ana-
lyses can be considered as fundamental methods for the
exploration of intermolecular contacts in supramolecular
structures.*>*" Each point on the HS has a well-defined dis-
tance from the nearest atom inside the surface (d;), and analo-
gously, a distance from the nearest atom outside the surface
(de). The mathematical treatment of d. and d; values with
selected functions (i.e. dnorm, shape index, and curvedness)
allows particular structural information (typically n-n stacking
and hydrogen bonding) to be highlighted using the color
mapping of the HS. In the case of the d,,o;m function, red spots
are associated with the contacts between atoms on both sides
of the HS, which have a distance smaller than the sum of van
der Waals radii, and for this reason, d,..m representations are
frequently used to visualize short contacts, e.g. hydrogen
bonds. In addition, plotting the histogram of all (d., d;) con-
tacts gives a two-dimensional (2D) fingerprint plot, which can

This journal is © The Royal Society of Chemistry 2019
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be treated as a graphical ‘summary’ of the contact distances to
the HS; consequently, their shapes are diagnostic for given
intermolecular contacts. The HSs, mapped with the dhorm
functions, and 2D FPs of compounds 1, 2 and 3 were gener-
ated using the Crystal Explorer package ver. 3.1**> with the CIF
files of crystal structures as the input files.

Results and discussion
Structure description

In the synthesis procedure of coordination polymers, the
molar ratio 2:1 of HgX, (X = Cl and Br) to ligand was used,
and both two polymers with chlorido ligands (1 and 3) show
the same stoichiometry of HgCl,:ligand (2:1); however the
polymer with bromido (2) shows a lower contribution of HgBr,
with a stoichiometry of 1: 1 for metal to ligand.

Fig. S2t presents the asymmetric units of 1, 2 and 3. For
each of 1 and 3, the asymmetric unit consists of one-half of
the structural unit (monomer), which includes one mercury,
two chlorines, and one-half of the ligand, while the asym-
metric unit of 2 is composed of two-half ligands and one
HgBr, moiety. The whole monomers of all three structures are
generated by an inversion element, which is located at the
center of NHCsH,NH and NC,HgN bridges.

The structural units of 1, 2 and 3 are given in Fig. 1. In
these structures, the thiophosphoramide ligands are co-
ordinated to mercury through c-donor sulfur atoms, and the
P=S groups are on two different sides with respect to the
bridge segments. The P=S bond lengths in 1 (1.9765(10) A)
and 2 (1.9688(17) and 1.9694(14) A) are slightly longer than
that of the free ligand (1.9320(15) A),%” and the P=S bond
length in 3 (1.986(3) A) is not so different.

The best overlays of complexes 1 and 2 with the corres-
ponding ligand L; are shown in Fig. S37 (top and bottom). The
overlay of 1/L, shows large torsional liberty at the positions of
ethyl chains. The bulky mercury-containing fragment of 1
pushes the neighbor ethyl group towards the phenyl ring and
the neighborhood of ethyl and phenyl groups leads to an intra-
molecular C-H:--x interaction which will be discussed later.
Complex 2 shows a better similarity with L;, compared to that
seen for complex 1.

In structures 1 and 3, there are three different Hg-Cl
bonds, related to the terminal and two bridging chlorido
ligands. The bridging chlorido ligands act as a p-linker to
connect two Hg atoms creating a four-membered Hg,Cl, ring,
and each mercury(u) center is within an [S][ClI|Hg(p-Cl),
environment. In this planar ring of structure 1, a considerable
difference of about 0.34 A was found between the bond
lengths of bridging chlorido ligand and two mercury atoms in
two sides (two Hg1-Cl2 2.4864(8) A and two Hg1-CI2" 2.8276
(8) A; symmetry code (ii) —x + 3, —y + 2, —z + 2), demonstrating
different strengths of mercury-chlorine bonds in the ring. The
[Hg,X,] ring is a common structural motif in the mercury(u)
halide complexes.**** The bond lengths noted and the two
other bond lengths received by each mercury atom (i.e. Hg1-S1

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Displacement ellipsoid plots (50% probability level) of the struc-
tural units.

2.4444(8) A, Hg1-Cl1 2.4290(9) A in 1) are within the expected
ranges for analogous structures.*>*® Typically, a summary of
CSD survey on the Hg-S bond lengths, without any restriction,
for all of the structures including this bond is given in Fig. 2.
The dataset for this survey includes 1482 structures with 3407
Hg-S bond distances and the data vary within 2.12 to 3.40 A
with the maximum populations within 2.4 to 2.5 A (935 hits,
about 27%).

There are some reports on the structures including the
[S][CI]Hg(u-Cl),Hg[CI][S] segment in the literature,”™*° but
there is no report of S atom belonging to an [O],[N]P(S)-based
ligand, and we report the first X-ray crystal structures of com-
plexes (and coordination polymers) in this family. For another
family of thiophosphoramide ligands, with the (N)3;P(S) skel-
eton, there is only one report of a monomeric Hg complex.”®

The geometry of four atoms/groups around a central atom
can be described by an angular index 7, = [360 — (a + §)]/141,
where a and f are the two largest angles around the four-co-

Dalton Trans., 2019, 48, 17908-17918 | 17911
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Fig. 2 Histogram of the Hg-S distances extracted from the crystal
structures in the CSD, and the title structures. The Hg—S bond distances
of the title structures are specified as red colors in the columns which
belong to the same regions.

ordinate center, and the values of zero for square planar, 0.07,
0.18, 0.5 and 0.64 for seesaw (typically for 8 = 90°, 7, is 0.64)
and 0.85 and 1 for trigonal pyramidal and tetrahedral, respect-
ively are obtained.’" The angular indexes of 0.87, 0.86 and 0.84
were obtained for the mercury environments of 1, 2 and 3,
respectively, describing a nearly trigonal pyramidal shape for
three structures. In the typical structure 1, the bond angles
specifying this shape at the Hg(u) center are as follows: Cl1-
Hgl1-S1 125.46(4)°, Cl2-Hgl-S1 118.69(3)°, Cl1-Hg1-Cl2
111.08(4)°, CI2'-Hg1-S1 108.49(3)°, Cl1-Hg1-Cl2' 94.56(3)°
and Cl2-Hg1-Cl2' 86.91(3)° (symmetry code: (i) —x + 1, =y + 2,
-z +1).

Fig. 3 presents a view of the coordination polymers 1, 2 and
3. In both structures 1 and 3, the bridging chlorido ligands
connect adjacent monomers to form a one-dimensional frame-
work, along the [101] axis in structure 1 and parallel to the ¢
axis, i.e. [001], in structure 3.

In structure 2, the Hg(u) center shows a four-coordinate Hg
(Br),(S)(S) environment, with the Hg-S of 2.6625(13) and
2.6076(11) A and the Hg-Br of 2.5338(5) and 2.5482(5) A; thus,
the coordination polymeric structure is constructed through
the connection of HgBr, moieties by the bidentate ligands, in
the [101] direction, which is different from structures 1 and 3,
in which the formation of the Hg,Cl, ring leads to the con-
struction of polymeric structures.

The Hg-S-P angles of 1, 2 and 3 are 100.82(4)°, 96.76(5)°/
102.38(6)° and 98.49(10)°, respectively. For comparison, the
angles around the two-coordinated sulfur atoms in (0),(N)
P=S-M structures (M is metal) were analyzed for 76 structures
retrieved from the CSD including 158 M-S-P bond angles and
a summary of the analysis is shown in Fig. S4.1 The data are
spread within 76.8° to 119.1° with the maximum population in
the range of 95° to 100° (59 hits of the total 158 hits, about 37%).

Fig. 4 presents the hydrogen bond patterns of 1 and 2. In
structure 1, the adjacent linear coordination polymers are

17912 | Dalton Trans., 2019, 48, 17908-17918
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Fig. 3 Displacement ellipsoid plot (50% probability level) of a part of a
one-dimensional chain in each of the coordination polymers 1, 2 and 3.

linked through intermolecular N1-H1---Cl1"' interactions
(N---Cl'f = 3.299(3) A; symmetry code: (iii) x + 1, y, z, Table 1),
building a two-dimensional supramolecular assembly parallel
to the ac plane, and also include weak intramolecular
C2-H2---O1 and C4-H4A---Cl1 interactions.

N1-H1---Br2 in 2 is an intramolecular interaction (H1---Br2
= 2.54 A), and the three-dimensional supramolecular structure
of 2 is constructed by C-H---Br hydrogen bonds (with H---Br
distances of 2.99 A for C4-H4A---Br2'') 2.90 A for C13-
H13B---Br1" and 3.13 A for C10-H10---Br1¥ (symmetry codes:
(iii) —x + 1, =y, =z + 1; (iv) x, y + 1, z; (v) =x, y + 1/2, =z + 1/2,
Table 1). In the structures 1 and 2, the phenyl rings participate
in C-H---n interactions (CH belongs to the ethyl group) [in 1:
intramolecular C7-H7B---Cg interaction, H7B---Cg = 3.49(1) A
(Fig. S51) and in 2: intramolecular C14-H144---Cg (3.49 A) and
C14-H14B---Cg interactions (3.93 A), Fig. S67].

Structure 3 does not include N-H bonds and the supramo-
lecular two-dimensional hydrogen-bonded assembly, parallel
to the bc plane, is formed by the cooperation of intermolecular
C4-H4A---51"" and C4-HA4C---CI1™ hydrogen bonds (symmetry
codes: (iii) x, =y + 3/2, z + 1/2; (iv) —x, y + 1/2, —z + 1/2,
Fig. S71). In this assembly, one intramolecular C-H---Cl inter-
action is also found.

Theoretical results and discussion

To evaluate the mercury-sulfur and mercury-halogen bond
strengths, the LHg,CL,L (L = L; and L,) fragments for com-
plexes 1 and 3 and the HgBr,(L,), fragment for complex 2 were
constructed from the X-ray crystal structures and used as input
files for the chemical calculations. NBO and QTAIM analyses
were performed for the fully optimized structures noted. For
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1

Fig. 4 Presentation of the hydrogen bond patterns of 1 and 2.

Table 1 Hydrogen bonds for complexes (A and °)

D-H--A D-H H--A DA D-H---A
N1-H1--Cl1" 0.85(2) 2.48(2) 3.299(3) 165(3)
C2-H2--01 0.93 2.57 3.227(3) 128
C4-H44---Cl1 0.97 2.80 3.654(5) 148
C7-H7B---Cg 0.96 3.49(1) 4.36(1) 152(1)
2

C9-H9---04 0.93 2.45 3.132(5) 130
C4-H4B---S1 0.97 2.93 3.419(7) 113
C4-H4A---Br2™ 0.97 2.99 3.762(7) 138
N1-H1---Br2 0.86 2.54 3.398(4) 172
C3-H3--02 0.93 2.49 3.142(6) 127
C11-H11B---S2 0.97 3.00 3.480(5) 112
C13-H13B---Br1" 0.97 2.90 3.829(7) 161
C10-H10---Br1" 0.93 3.13 3.895(4) 141
C14-H144---Cg 0.96 3.49 4.072(11) 121(4)
C14-H14B--Cg 0.96 3.93 4.072(11) 91(4)
3

C4-H44---811 0.96 2.99 3.902(8) 158
C4-H4C---Cl1"Y 0.96 2.92 3.870(11) 171
C5-H54---Cl1 0.97 2.95 3.764(7) 142

Symmetry codes: 1: (iii) x + 1, y, z; 2: (iii) —x + 1, =y, —z + 1; (iv) x, y + 1,
z; (v) =x, y + 1/2, =z + 1/2; 3: (iii) x, =y + 3/2, z + 1/2; (iv) —x, y + 1/2,
-z +1/2.

comparison with the complexes, the ligands were theoretically
studied and for L, the X-ray crystal structure was used as the
input file.

The selected optimized geometrical parameters of com-
plexes 1, 2 and 3 are represented in Table S2.7 As expected, the
calculated P=S bond lengths in 1 (1.9864 A), 2 (1.9731 and
1.9755 A) and 3 (2.0026 A) are more than the calculated P=S
bond lengths in the related free ligands (L;: 1.928 A and Ly:
1.9285 A). A decrease of the calculated P-N bond lengths in 1
(1.6536 A), 2 (1.6394 and 1.6576 A) and 3 (1.6459 A) compared
to those in L; (1.6779 A) and L, (1.6761 A) is also observed.

NBO analysis

The NBO method supports the orbital details, the possible per-
centage of the electron density, donor-acceptor interaction
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energy and delocalization of electron density between the occu-
pied Lewis-type orbitals and the formally unoccupied non-Lewis
orbitals through the second-order perturbation analysis by the
Fock matrix. According to this procedure, the strengths of Hg-S
and Hg-X bonds (X = Cl and Br) in 1, 2 and 3 were estimated,
with the calculation of second-order perturbation energies, E?,
for electronic delocalization from the main donor orbitals
o(P=S) and Lp(Cl or Br) to Lp*(Hg). Furthermore, the strengths
of non-covalent interactions were evaluated by considering the
electron delocalization from Lp(S, Cl, Br or O) or n-bonding
orbital to the corresponding ¢*(C-H or N-H). Natural atomic
charges of the atoms participating in covalent bond and non-
covalent bond interactions are listed in Table 2.

During the coordination of ligand to metal, the negative
charge of the S atom increases and the calculated natural
charges of S atoms are —0.61 for 1, —0.58 and —0.63 for 2,
—0.62 and —0.57 for 3, compared with —0.57 for both S atoms
of L; and L,. The positive charges of Hg atoms in complexes 1
(1.03) and 3 (1.00), including chloride, are greater than the
positive charge of Hg in 2 (0.87) with bromide.

The stabilization energies, E?, for 6(P=S) to Lp*(Hg) delo-
calizations were calculated as 4.57 and 3.59 kcal mol™" for 1,
5.71 and 4.89 kecal mol™" for 2 and 3.98 and 2.03 kcal mol™*
for 3. For both 1 and 3, two E® for Hg-ClI* and two E? for Hg-
CI° (t = terminal, b = bridge) were calculated. In both com-
plexes, the two Hg-CI® are stronger than the two Hg—Cl" (for 1,
E®(Hg-CI°): 24.40, 18.08 kcal mol™* and E®(Hg-CI%): 11.12,
9.83 keal mol™Y; for 3, E®(Hg-CI"): 27.89, 20.12 kcal mol™!
and E®(Hg-Cl%: 15.35, 12.47 kcal mol™') (Table 2). The two
stabilizing energies E# of Hg-Br in 2 are lower than the E®
values of Hg—-Cl in 1 and 3.

As was reported in the structure description, the inter-
molecular interactions are as follows: N-H---Cl in 1, three C-
H---Br in 2, C-H---Cl, and C-H---S in 3. The calculated energies
(E®)) of these interactions are given in Table 2. For the calcu-
lation of energies, the charge transfer interactions were con-
sidered from the donor orbital (Lp of Cl, Br or S, and n(C-C))
to the antibonding orbital of the acceptor (6* of N-H or C-H).
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Table 2 NBO parameters at the M06-2X/6-311++G(d,p)/LANL2DZ level

Natural charge

Donor Acceptor

Donor  Acceptor (Cl, Br, (N-H, E®
Complex orbital orbital 0,8, x) C-H, Hg) (kcal mol™)
1
Hg-S o(P=S) Lp*(Hg) -0.61 1.05 4.57,3.59
Hg-CI* Lp(Cl) Lp*Hg) -0.63,-0.65 1.03 11.12, 9.83
Hg-CI” Lp(Cl) Lp*(Hg) -0.61 1.03 24.40, 18.08
N1-H1---Cl1 Lp(Cl) o*(N-H) -0.64 0.32 2.66
C2-H2---01 Lp(O) o*(C-H) -0.89 0.23 2.59
C4-H44---Cl1  Lp(Cl) o*(C-H) -0.62 0.26 0.53
C7-H7B---Cg n(C-C) o*(C-H) -0.62 0.22 0.12
2
Hg-S o(P=S) Lp*(Hg) -0.58,-0.63 0.87 5.71, 4.89
Hg-Br Lp(Br) Lp*(Hg) -0.62,-0.57 0.87 8.44,9.44
N1-H1---Br2 Lp(Br) o*(N-H) -0.59 0.47 3.41
C4-H4A---Br2  Lp(Br) o¢*(C-H) -0.59 0.23 0.63
C13-H13B---Brl Lp(Br) o¢*(C-H) -0.58 0.20 1.12
C10-H10---Br1  Lp(Br) o*(C-H) -0.58 0.24 0.42
C4-H4B---S1 Lp(S) o*(C-H) -0.60 0.23 0.52
C11-H11B--S2  Lp(S) o¢*(C-H) -0.59 0.24 0.11
C9-H9---04 Lp(O) o*(C-H) -0.88 0.21 4.74
C3-H3--02 Lp(O) o*(C-H) -0.89 0.20 5.98
C14-H144.-Cg =n(C-C) o¢*(C-H) -0.61 0.23 0.29
C14-H14B---Cg =n(C-C) o¢*(C-H) -0.61 0.23 0.06
3
Hg-S o(P=S) Lp*(Hg) -0.62,-0.57 1.05 3.98, 2.03
Hg-ClI* Lp(Cl) Lp*(Hg) -0.63,-0.64 1.00 15.35, 12.47
Hg-CI° Lp(Cl) Lp*(Hg) -0.62 1.00 27.89, 20.12
C4-H4C--Cl1  Lp(Cl) o*C-H) -0.64 0.21 1.21
C5-H54--Cl1  Lp(Cl) o*(C-H) -0.65 0.20 0.95
C4-H4A---S1 Lp(S) o*(C-H) -0.61 0.23 1.12

All of these interactions are weak and the most important cal-
culated intermolecular interaction is N-H.-Cl with E® =
2.66 kcal mol™'. The intramolecular interactions in these
structures are C-H---O, C-H---Cl and C-H---x in 1, N-H---Br,
C-H---O, C-H:--S and C-H-:--nx in 2 and C-H---Cl in 3, with
the highest calculated energy value of 5.98 kcal mol™" for
C-H---0 (2).

For intermolecular interactions received by Cl atoms, the
computed ¢(Cl) and g(H) for N-H---Cl in 1 are —0.64 and 0.32,
respectively, typically compared with the values related to a
weaker interaction C-H---Cl in 3 (E®) = 1.21 kcal mol™, ¢(Cl) =
—0.64 and ¢(H) = 0.21). For the intramolecular N-H---Br inter-
action in 2, the computed ¢(Br) and g(H) are —0.59 and 0.47,
respectively.

Topological analysis

In Quantum Theory of Atoms In Molecules (QTAIM) analysis,
the strength and characteristic of a bond are investigated by
the electron density p(r) and its Laplacian V?p(r), potential
energy density V(r), kinetic energy density G(r), ratio of the
potential energy density to the kinetic energy density |V(r)|/
G(r) and electronic energy density H(r) (H(r) = G(r) + V(r)) at the
BCP.>> The high values of p(r), V?p(r) < 0 and H(r) < 0 refer to
the shared interaction or covalent bond, while the small values
of p(r),V’p(r) > 0 and H(r) > 0 denote the closed-shell inter-
actions such as ionic bond, hydrogen bond and van der Waals
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interactions. The values of V?p(r) > 0 and H(r) < 0 assign inter-
mediate interactions.>® The sign of V?p at a BCP is determined
based on the equation (1/4) V?(r) = 2G(r) + V(r). Thus, the mag-
nitude of H(r) at a BCP, instead of V?p(r), might be a more
reliable index for characterizing a weak interaction. Espinosa
et al. have suggested that closed-shell, intermediate and
shared interactions are associated with |V(r)|/G(r) < 1, 1 <
[V(1)|/G(r) < 2, and |V(r)|/G(r) > 2 ratios, respectively.”*

The results of the topological analysis at the BCPs of Hg-S
and Hg-X (X = Cl and Br) covalent bonds and different hydro-
gen bonds observed in structures 1, 2 and 3 are summarized
in Table S3.f For 1, the electron density values of 0.67/0.67,
0.63/0.64 and 0.57/0.57 a.u. were estimated at the BCPs of
2 x Hg-S, 2 x Hg—Cl', and 2 x Hg-CI", respectively. Based on
the p values, V?p(r) > 0 and H(r) < 0, the Hg-S, Hg-Cl® and Hg-
CI® bonds show medium-strength with a mainly electrostatic
nature and a partial covalent character. For these bonds, the
[V(r)|/G(r) values of 1.30/1.30, 1.18/1.18 and 1.15/1.15 a.u.
confirm their intermediate nature with the dominance of the
ionic character.

Similarly for Hg-S and Hg-X (X = Cl and Br) covalent bonds
in both 2 and 3, the p values are small and the corresponding
V?p values are positive and the H(r) values are negative, which
show a principally electrostatic nature with a partial covalent
contribution.

A comparison of Hg-halide bonds in 1 and 2 (with the
equal L; ligand) shows lower p values at the two Hg-Br BCPs
with respect to the ones at the Hg-CI" BCPs. The |V(r)|/G(r)
ratios for Hg-Br bonds at BCPs (1.50 and 1.46 a.u.) also
confirm their intermediate nature with a contribution of the
ionic character (Table S37).

A comparison of 1 and 3 with a similar inorganic fragment
but with different spacers, i.e. [1,4-(NH),C¢H,] in 1 and [1,4-
(N),C4Hg] in 3 shows higher p values at the Hg-CI”> BCPs and
smaller p values at the Hg-Cl' BCPs for 1. In addition, the
values of the |V(r)|/G(r) ratio for Hg-CI' in 3 are greater, and
those of Hg-CI" are smaller than the ones in 1.

For the intermolecular interactions, the p(r) values are
within 0.12-0.96 a.u. and the corresponding V?p(r) and H(r)
values are positive for all, showing their electrostatic nature
(Table S31). Similar results were observed for the intra-
molecular interactions, with the p(r) values in the range of
0.10-0.85 a.u.

Hirshfeld surface analysis

For a detailed description of interactions involved in crystal
packing, it was decided to use Hirshfeld surface (HS) analysis
including fingerprint (FP) plot. In the Hirshfeld surface maps
(mapped with dyorm), the contacts shown in red highlight the
interactions with distances closer than the sum of the van der
Waals radii, while white is used for the contacts around the
vdW separation, and blue represents longer contacts.*”

The three-dimensional HSs, mapped with d,,o.m, Were gen-
erated for 1, 2 and 3 (around the Hg,Cl,L fragment for 1 and
3,L =1L, (1) and L, (3), and around HgBr,L, for 2), as shown in
Fig. 5. In complex 2, there are two-half independent thiopho-
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Fig. 5 The Hirshfeld surfaces mapped with d,om for visualizing some
important interactions in structures 1, 2 and 3.

sphoramide ligands in the structure and the fragment HgBr,L,
is indeed HgBr,(L1)o.5(L1)o.s which was used for the construc-
tion of Hirshfeld surface maps.

In the HS map of 1, the large red regions are related to the
Hg---S bond and N-H---Cl hydrogen bond, and one light red
region and two very light red areas are related to the C-H---Cl
and H---H contacts. For 2, the N-H---Br hydrogen bond and
H---H contact are highlighted, however, there are also very
large red areas in the HS map related to the C-C bonds (as the
HS map was generated around one-half of each thiophosphor-
amide ligand coordinated to Hg).

The N-H---Br hydrogen bond noted was observed between
adjacent N-H and Br within a chain. The darker red color for
the H---H contact in 2 with respect to a similar contact in 1
shows a closer contact. In both these structures, the H---H con-
tacts occurred between the ethyl groups.

In 3, the Hirshfeld surface reveals one red area, associated
with the Hg---S bond, and the contacts involving hydrogen
atoms within a coordination polymer and/or between adjacent
coordination polymeric chains are not highlighted in this
structure.

The contribution percentages of different contacts in the
crystals of 1, 2 and 3 are shown in Fig. 6, and typically the

=H-H ®H-X "H-S WH--0 WH-C =Hg-X mHg-S

» T -
2_ > s
. BJ o2

c omplex Code

Contribution %

Fig. 6 Percentage contributions of contacts to the Hirshfeld surface in
the structures calculated from the crystal structures of 1, 2 and 3.
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divided fingerprint plots of 1 are given in Fig. 7, while the
ones for 2 and 3 are given in Fig. S8 and S9 in the ESIL¥
respectively.

It is evident that in all three complexes, the H:--H contacts
are predominant, with contributions of 37.4, 49.3 and 37.6%
for 1, 2 and 3, respectively. The second most significant inter-
action is H---X, X = Cl (1 and 3) and Br (2), with contributions
of 31.2% (1), 22.4% (2) and 38.4% (3). Structures 1 and 2
include C---H contacts due to the presence of unsaturated C
atoms involved in H---n interactions as discussed in the X-ray
description.

Spectroscopy investigations

IR spectroscopy. The P=S stretching band of L; was
reported at 729 cm™' in the literature,” and the band
assigned to P=S in complex 2 shows no shift with respect to
the free ligand and in complex 1 the corresponding band is
very weak (at 727 em™"). The reason for equal P=S stretching
frequencies is attributed to the presence of the H:.-S=P inter-
action in L; which replaces Hg---S=P in the complexes.
Similar observations were reported for some P=O containing
compounds involving hydrogen bonding and the related
metal complexes.”® Similar bands in 3/L, show a more sig-
nificant difference in the frequencies and appear at 702/
714 cm™.

NMR spectroscopy. The signals of L,, L,, 1 and 3 appear in
the expected regions of chemical shifts. The *'P{'"H} signals
appear at 65.42/65.09 ppm for L;/1 (both in CD;CN) and at
73.64/73.34 ppm for L,/3 (both in DMSO-dg). The methyl and
methylene protons of complexes 1 and 3 show the triplet and
multiplet (doublet of quartets) fine structures. In the "H-NMR
of L;/1, the doublet signals appear for NH units at 6.21/
6.28 ppm (*Jp_y = 14.4/14.4 Hz) and the "H-">N HSQC spectra
show cross-peaks at {-294.93, 6.23 ppm} for L, and at
{—298.20, 6.25 ppm} for 1. The methyl carbon signals appear
as doublets at 15.12/16.12 ppm (*Jp_c = 8.2/8.1 Hz) for L,/L,
and as doublets at 15.09/16.14 ppm (*Jp_c = 8.3/10.7 Hz) for
1/3. The doublets at 62.90 ppm (*Jp_¢ = 4.5 Hz) for L; and at
62.87 ppm (*Jp_c = 5.3 Hz) for L, are related to the CH, of the
ethyl group. Similar signals in the related complexes appear as
doublets, at 63.12 ppm in complex 1 (*/p.c = 4.7 Hz) and
63.01 ppm in complex 3 (*/p_¢ = 7.4 Hz). The CH, group of the
N,C,Hg linker in L, and complex 3 appears as doublets at
45.33 ppm (*Jp_c = 8.1 Hz) and at 45.30 ppm (¥/p_c = 9.4 Hz),
respectively. The differences between coupling constants are
more significant in the case of 3/L, with respect to those in 1/
L;. The presence of one phosphorus signal in the solution
study of complexes 1 and 3 suggests that the data are associ-
ated with the Cl,Hg(p-L)HgCl, monomers (L = L, and L,) in
solution, as more than one phosphorus signal is expectable
for a polymeric structure. The cleavage of the polymeric struc-
ture should have occurred at the position of the weaker Hg-CI”
bond (as was noted in the X-ray crystallography section).
Complex 2 was insoluble in NMR solvents. *'P{'"H}, 'H, "*C
NMR, "H-"°N HSQC for Ly, L, 1 and 3 are represented in
Fig. $10-S23 in the ESL7
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Fig. 7 Schematic illustration of the fingerprint plots of 1. Different colors have been used for different atom pair contacts.

Mass spectrometry. The mass spectra of complexes 1, 2 and
3 were recorded in both 20 and 70 eV conditions. For 1, the
peak at m/z = 684 in the 20 eV experiment is assigned to the
33Cl,*"?HglL, cation, but the appearance of a peak at m/z = 751
is surprising and is in accordance with one-half of the
Hg,Cl,L,Hg,Cl, (*°*Hg, 6 x *Cl and 2 x *’Cl) cationic frag-
ment. In the 70 eV experiment, the peak at 648 is assigned to
the [*°Cl,***HgL,-H?’Cl] cation. For 2, the peak at m/z = 772,
assigned to the 7°Br,***HgL,; molecular ion peak, is observed
in both 20 and 70 eV conditions at a low intensity (a few more
in 20 eV), and the peak at m/z = 412 (L,") is important in both
experiments (base peak in 20 eV). For 3, low intense fragments
662 in 20 eV and 663 in 70 eV are assigned to the
[**Cl,**HgL,]" and [*°Cl,*”*HgL, + 1]', respectively and the
base peak appears at m/z = 169 ([C,H;,NO,PS]") in both mass

17916 | Dalton Trans., 2019, 48, 17908-17918

experiments. The base peaks for 1 (in both experiments) and
for 2 (in 70 eV) are related to low weight cationic fragments, as
assigned in the Experimental section. For each of the three
complexes, the peak related to the mercury-halide is seen. It
should be noted that the seven isotopes '*®Hg to ***Hg can be
seen in the mass spectra of mercury-containing compounds.
Thus, the cationic fragments including mercury usually appear
as a set of neighbor peaks. Mass spectra are presented in
Fig. S24-S29 in the ESL.}

Conclusions

A survey of the Cambridge Structural Database shows 1482
structures with Hg-S bonds and in this work, we present the
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first examples of mercury complexes with [O],[N]P(S)-based
ligands. The complexes are one dimensional coordination
polymers {Hg,Cl,L,}, (1), {HgBr,L,}, (2) and {Hg,CL,L,}, (3),
[L; = (EtO),P(S)(NHC¢H,NH)P(S)(OEt), and L, = (EtO),P(S)
(NC4HgN)P(S)(OEt),]. The mercury atoms in all three com-
plexes adopt an almost trigonal pyramidal shape, HgCl;S for
1/3 and HgBr,S, for 2, and the Hg-S bond in the three com-
plexes and the Hg-Cl bond formed by the bridging chlorine in
1 and 3 are responsible for the construction of the polymeric
structure. The difference observed in the stoichiometry of
metal to the thiophosphoramide ligand in 1 and 3 with
respect to that in 2 is a result of the contribution of bridging
chlorido ligands in the formation of the Hg,Cl, ring, however,
the molar ratio 2 : 1 of HgX, (X = Cl and Br) to ligand was used
for the preparation of all three complexes. The chlorine-con-
taining complexes are soluble in some solvents, such as
CH;CN, and the bromine-containing complex is insoluble in
some solvents examined, and the solution NMR experiments
were performed for 1 and 3 in CD;CN and DMSO-dg, respect-
ively. The supramolecular architectures formed by N-H---Cl in
1, C-H---Br in 2 and C-H---S/C-H:--Cl in 3 were discussed. The
energies of Hg-Cl, Hg-Br and Hg-S as well as the interactions
building supramolecular assemblies, and intramolecular inter-
actions, i.e. NH---Cl, NH---Br, CH---Cl, CH---Br, CH---O, CH---S,
and CH---w, were theoretically evaluated. The coordination
polymers constructed with the [O],[N]P(S)-based ligands may be
extended to the synthesis of two-dimensional and three-dimen-
sional coordination polymers using new designed ligands con-
taining more than two P=S groups and/or including both P=S
and other coordinating groups. The flexibility and volume of
linkers attached to the P=S groups may be changed in order to
design new potential ligands. It is also possible to study (CSD
survey combined with new experimental/theoretical data) the
difference in the strengths of Hg-CI” (b = bridge) in the Hg,Cl,
rings which may be one of the factors influencing the solubility
of Hg,Cl,-containing compounds.
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