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The reaction of [MII(MeCN)2Cl2] (M = Pd, Pt) with the diamino ligands either bis(2-aminophenyl)ether or
bis(2-aminophenyl)thioether {(NH2-C6H4)2D} [D = O (L1); D = S (L2)] yielded neutral coordination com-
plexes of general formulae [M(Ln)Cl2] [M = Pd, n = 1 (1); Pt, n = 1 (2); Pd, n = 2 (3); Pd, n = 2 (4); Pt,
n = 2 (5). The reaction of L2 with K2[PtCl6] promoted the mono-deprotonation of the diamino ligand to
yield the neutral complex [PtIV{(NH2-C6H4)S(NH-C6H4)}Cl3] (6); when the H2[PtCl6] acid was used an ion-
ic complex [PtIV(L2)Cl3]Cl (7) was obtained. All complexes were characterized by NMR in solution, vibra-
tional spectroscopy, and by X-ray diffraction studies. The molecular structures of the complexes revealed
different coordination patterns of the diamino ligands; L1 just displayed a j2N mode meanwhile L2 exhib-
ited a wide variety of patterns (j2N, jNjS, and j2NjS) forming chelate rings of five- or eight-members.
The presence of N–H functions in the ligand moieties enhanced the formation of extended hydrogen-
bond networks; these supramolecular arrangements were mainly discussed at unitary and binary levels
and sorted according to the molecular coordination patterns observed.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In Coordination Chemistry, nitrogenate ligands based on the
chemical framework I have been utilized as precursors of transi-
tional metal complexes of TiII, ZrII, ZrIV, HfII, HfIV, [1] CoII, and FeII

[2]. A number of these complexes have displayed catalytic applica-
tions in asymmetric synthesis and in alkene polymerization; this
catalytic behavior has been associated with the flexibility of the
molecular framework and with the nature of the donor atom pre-
sent in the ligands [2–4]. From a structural point of view, a thor-
ough analysis of a number of structures of complexes containing
ligands based on the framework I, retrieved from the Cambridge
Structural Database (version 5.35, updated February 2014),
revealed that, in most of the ligands of the type I used, the atoms
attached to the nitrogen atoms are organic groups such as substi-
tuted phenyl groups or tert-butyl groups in order to take advantage
of their electronic and steric inherent effects. Nevertheless, the
increase of these organic groups led to a concomitant decrease in
the number of hydrogen atoms attached to the nitrogen atoms,
reducing the ability of the molecular complexes, for example, to
display N–H–acceptor interactions. In this regard, it is widely rec-
ognized that noncovalent interactions such as hydrogen- and halo-
gen bonding play a fundamental role in the formation of
supramolecular aggregates that display fascinating architectures
achieved in solid state [5–8]. In particular, it has been highlighted
the importance of the presence of N–H functions in platinum com-
plexes; the presence of N–H–acceptor interactions may have a
remarkable influence in the way that some platinum-based drugs
select the DNA as a target in the cell [9].

Continuing with our studies of Coordination Chemistry of nitro-
genate ligands with Group 10 metals [10–12] we thought worth-
while to investigate the influence of the donor atom D in the
coordination mode of the ligands L1 and L2 toward palladium
and platinum and the role of the N–H groups in the formation of
supramolecular arrangements. To the best of our knowledge, there
is just one report of the coordination studies of these ligands, in
particular L1, with ZnII; [13] in this report the analysis of the
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Fig. 1. Structure of complexes of palladium and platinum derived from L1 and L2

ligands.
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molecular structure revealed that the oxygen atom is not bound to
the zinc atom and, additionally, there are just some few lines
dedicated to the description of the supramolecular network based
on N–H–Cl interactions. Hence, we report herein the synthesis and
characterization in solution and solid state of seven complexes of
palladium and platinum, Fig. 1, where the ligands displayed three
coordination modes. In the solid state, the presence of either four
(1–5 and 7) or three (6) N–H groups displayed interesting hydro-
gen bond networks based on rings or chains.

2. Experimental

2.1. General details

All the manipulations of air and moisture sensitive materials
were carried out under dinitrogen atmosphere using Schlenk tech-
niques. Solvents such as acetone, acetonitrile (MeCN), dimethylfor-
mamide (DMF), and dimethylsulfoxide (DMSO) were dried
according to the standard methods and distilled before their use.
HCl (37%), PdCl2, PtCl2, K2[PtCl6], and H2[PtCl6] were purchased
from Aldrich and used as received. The [M(MeCN)2Cl2] complexes
(M = Pd, Pt) used as starting materials were prepared and isolated
as reported [14]. Melting points were recorded on a Mel–Temp II
apparatus and reported without correction. Elemental analyses
were performed on a Perkin–Elmer Series II CHNS/O Analyzer
2400. Mass spectra were recorded by using a Bruker MicroTOF II
spectrometer. Infrared spectra were recorded on a FT–IR 200
PerkinElmer spectrophotometer in the 4000–400 cm�1 range using
KBr pellets. Raman spectra in the solid state were recorded in the
4000–100 cm�1 scale on a Perkin–Elmer spectrum GX NIR FT–
Raman spectrophotometer with 10–280 mW laser power and
4 cm�1 resolution. NMR spectra were recorded on a Varian NMRS
400 spectrometer in either DMSO-d6, acetone-d6, DMF-d7, or
DMF–acetone d6 mixtures (1:2). Chemicals shifts (ppm) are relative
to the frequency of tetramethylsilane (TMS) with the residual pro-
tio-solvent signal used as reference for 1H (399.78 MHz) and
13C{1H} (100.53 MHz). Unequivocal NMR assignments for the
ligands L1 and L2 and for the complexes 1–7 were carried out by
two–dimensional homo- and heteronuclear experiments (COSY,
HSQC, and NOESY). X-ray diffraction data of 1–7 were collected at
room temperature on an Oxford Diffraction GEMINI CCD diffrac-
tometer with either graphite-monochromated Mo Ka radiation
(k = 0.71073 Å) for 1, 3, 4, and 5 or Cu Ka radiation (k = 1.54184 Å)
for 2, 6, and 7. Data were integrated, scaled, sorted, and averaged
using the CRYSALIS software package [15].

Using Olex2 [16], the structures were solved with the ShelXS
[17] structure solution program using Direct Methods and refined
with the ShelXL [17] refinement package using Least Squares
minimization. All non-hydrogen atoms were refined anisotropical-
ly. The positions of the hydrogen atoms were kept fixed with a
common isotropic displacement parameter. In the crystal struc-
tures of compounds 1�DMSO, 2�Me2CO, and 7�Me2CO the solvent
molecules displayed positional disorder over two positions, with
the main component having occupancies of 0.8848(18),
0.545(13), and 0.55(2), respectively. In the case of 5�Me2CO the
acetone molecule is also disordered, but is located on a crystallo-
graphic center and, consequently, was refined with its occupancy
set to 0.50; the main component has an occupancy of 0.294(17).
SAME, SIMU, DELU, and FLAT instructions were used during the
refinement of the disorder.

2.2. Synthesis of bis(2-aminophenyl)ether (L1) and bis(2-
aminophenyl)thioether (L2) ligands

In order to synthetize the ligands L1 and L2, firstly we prepared
the corresponding ortho-dinitrocompounds D(C6H4-NO2)2 (D = O,
S). Thus, when D = O, we followed the reported method to prepare
the bis(2-nitrophenyl)ether [18]. On the other hand, in the case of
D = S, we mimicked the method previously described for bis(4-ni-
trophenyl)thioether [19], where we used ortho-chloronitrobenzene
as starting material instead of the para compound. Then, in each
case, we carried out the reduction of both –NO2 functional groups
by using iron powder in acidic media to prepare the diamino com-
pounds L1 and L2 (see below).

2.2.1. General procedure for the synthesis of L1 and L2

A suspension of iron powder and HCl in water was stirred and
refluxed for 25 min. Then, the corresponding dinitro compound
was added to this hot suspension and the mixture was refluxed
for 24 h. The mixture was allowed to reach room temperature
and hydrolyzed with 20 mL of NaOH 2.5 M and, extracted with
chloroform (2 � 20 mL). The organic phase was dried with Na2SO4

and evaporated to yield the diamino compounds as solids.

2.2.2. Synthesis of L1

4.30 g (76.9 mmol) of iron, 2 mL of HCl in 20 mL of water, 2.00 g
(7.69 mmol) of bis(2-nitrophenyl)ether. Pale pinkish-orange solid.
Yield: 85% (1.32 g, 6.60 mmol). M. p.: 64 �C. Anal. Calc. for
C12H12N2O: C, 71.98; H, 6.04. Found: C, 71.53; H, 6.31%. IR (KBr
cm�1) m: = 3442, 3353 (N–H); 1621; 1495 (C@C); 1203 (C–O–C).
Raman (420 mW, cm�1) m = 3342 (N–H); 3060 (C–H); 1611
(C@C); 1149, 1032 (C–O–C). 1H NMR (DMF-acetone-d6) d = 6.85
(m, 2H, H3, H4); 6.66 (d, 1H, H6, 3JH6-H5 = 8.31 Hz), 6.53 (dd, 1H,
H5, 3JH5-H6 = 8.31, 3JH5-H4 = 6.85 Hz), 4.85 (s, 2H, NH2). 13C NMR
(DMF-acetone-d6) d = 144.1 (C1), 140.1 (C2), 124.4 (C4), 118.3
(C6), 116.3 (C3), 117.3 (C5).

2.2.3. Synthesis of L2

4.05 g (72.5 mmol) of iron, 2 mL of HCl 1.6 M, 2.00 g
(7.25 mmol) of bis(2-nitrophenyl)thioether. Yellow solid. Yield:
61% (0.96 g, 4.44 mmol). M. p.: 88 �C. Anal. Calc. for C12H12N2S: C,
66.63; H, 5.59. Found: C, 66.85; H, 5.68%. IR (KBr cm�1) m = 3455,
3338 (N–H); 1611, 1472 (C@C). Raman (420 mW, cm�1) m = 3345
(N–H); 3060 (C–H); 1585 (C@C). 1H NMR (DMF-acetone-d6)
d = 7.12 (d, 1H, H6, 3JH6-H5 = 7.55 Hz); 7.02 (dd, 1H, H4, 3JH4-H5 =
7.31, 3JH4-H3 = 7.83 Hz); 6.79 (d, 1H, H3, 3JH3-H4 = 7.83 Hz); 6.54
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(dd, 1H, H5, 3JH5-H6 = 7.55, 3JH5-H4 = 7.31 Hz). 1H NMR (DMSO-d6)
d = 7.08 (dd, 1H, H6, 3JH6-H5 = 7.72, 4JH6-H4 = 1.32 Hz); 7.01 (dd,
1H, H4, 3JH4-H5 = 7.44, 3JH4-H3 = 7.99 Hz); 6.72 (dd, 1H, H3,
3JH3-H4 = 7.99, 4JH3-H5 = 1.20 Hz); 6.50 (ddd, 1H, H5, 3JH5-H6 = 7.72,
3JH5-H4 = 7.44, 4JH5-H3 = 1.20 Hz); 5.30 (s, 2H, NH2). 13C NMR
(DMF-acetone-d6) d = 149.0 (C2); 133.8 (C6); 129.5 (C4); 117.8
(C5); 116.8 (C1); 115.6 (C3).

2.3. Synthesis of the palladium(II) complexes

2.3.1. General procedure
To a solution of [Pd(MeCN)2Cl2] in acetonitrile at 0 �C the corre-

sponding L1 or L2 ligand was added; the reaction mixture was stir-
red for 24 h. Then, the solution was warmed to room temperature
and the solid obtained was filtered by suction.

2.3.2. Synthesis of [Pd{j2N-(NH2-C6H4)2O}Cl2] (1)
[Pd(MeCN)2Cl2] [0.065 g (0.25 mmol)], cold acetonitrile (10 mL),

and 1 [0.05 (0.25 mmol)]. The yellow solid was washed with ace-
tonitrile (2 � 3 mL). Yield: 95% (0.089 g, 0.236 mmol). Orangish-
yellow single crystals of 1 were obtained from a saturated DMSO
solution. M. p.: 254 �C (dec.). Anal. Calc. for C10H12Cl2N2OPd�C2H6OS:
C, 36.90; H, 3.98; N 6.15. Found: C, 36.88; H, 3.93; N, 5.78%. IR
(KBr cm�1) m = 1620, 1490 (C@C); 1189 (C–O–C). Raman
(420 mW, cm�1) m = 3070 (N–H); 1601 (C@C); 440 (Pd–N); 319
(Pd–Cl). 1H NMR (DMF-acetone-d6) d = 7.83 (dd, 1H, H3,
3JH3-H4 = 8.20, 4JH3-H5 = 1.20 Hz); 7.25 (m, 2H, H4, H6); 7.11 (ddd,
1H, H5, 3JH5-H6 = 7.80, 3JH5-H4 = 7.60, 4JH5-H3 = 1.20 Hz). 13C{1H}
NMR (DMF-acetone-d6) d = 149.8 (C2); 136.0 (C1); 126.9 (C4);
126.7 (C5); 123.9 (C3); 123.6 (C6).

2.3.3. Synthesis of [Pd{j2N-(NH2-C6H4)2S}Cl2] (3) and [Pd{jN,jS-
(NH2-C6H4)2S}Cl2] (4)

[Pd(MeCN)2Cl2] [0.12 g (0.46 mmol)], cold acetonitrile (10 mL),
2 [0.10 g (0.46 mmol)]. Yellow solid, Yield: 94% (0.17 g,
0.44 mmol). NMR spectra of the yellow solid displayed the forma-
tion of 3 and 4 as a mixture in a 70:30 ratio. Anal. Calc. for C24H23-
Cl4N4Pd2S2: C, 36.62; H, 3.07. Found: C, 36.05; H, 3.06%. IR (KBr
cm�1) m: 3455, 3338 (N–H); 1611, 1472 (C@C). Raman (420 mW,
cm�1) m = 3343 (NH); 1585 (C@C). From a saturated acetonitrile
solution of the yellow solid were obtained red crystals for 3, m.
p.: 239–241 �C (dec.), and orange crystals for 4, which do not melt
below 250 �C.

Complex 3 was observed as the minor product. 1H NMR (DMF-
d7) d = 7.98 (d, 1H, H3, 3JH3-H4 = 7.82 Hz), 7.37 (dd, 1H, H4,
3JH4-H3 = 3JH4-H5 = 7.82 Hz), 7.25 (m, 1H, H5), 7.04 (d, 1H, H6,
3JH6-H5 = 8.31 Hz). 13C{1H} NMR (DMF-d7) d = 145.5 (C2),
137.5(C6), 131.5 (C4), 126.5 (C3), 123.8 (C5), 122.0 (C1). 4 (main
compound). 1H NMR (DMF-d7) d = 7.60 (m, 4H, H3, H4, H6, H12),
7.48 (dd, 1H, H5, 3JH5-H6 = 3JH5-H4 = 7.34 Hz), 7.25 (m, 2H, H10),
6.94 (d, 1H, H9, 3JH9-H10 = 7.82 Hz), 6.65 (dd, 1H, H11, 3JH11-H12 =
7.82, 3JH11-H10 = 7.34 Hz). 13C{1H} NMR (DMF-d7) d = 149.5 (C8),
145.6 (C2), 135.4 (C12), 132.8 (C10), 132.5 (C1), 131.7 (C4), 131.6
(C6), 129.5 (C5), 131.5 (C3), 118.0 (C9), 117.3 (C11), 113.8 (C7).

2.4. Synthesis of the platinum(II) complexes

2.4.1. General procedure
To a solution of [Pt(MeCN)2Cl2] in hot acetonitrile (80 �C) the

corresponding L1 or L2 ligand was added; the reaction mixture
was stirred for 72 h in the case of 2, and 24 h for 5. Then, the solu-
tion was cooled to room temperature and the solid obtained was
filtered by suction.

2.4.2. Synthesis of [Pt{j2N-(NH2-C6H4)2O}Cl2] (2)
[Pt(MeCN)2Cl2] [0.08 g (0.30 mmol)], hot acetonitrile (10 mL), 1

[0.06 g (0.30 mmol)]. Yield: 74% (0.08 g, 0.22 mmol). M. p.: 176 �C
(dec.). Yellow single crystals of 2 were obtained from a saturated
acetone solution. Anal. Calc. for C12H12Cl2N2OPt�1.3CH3CN: C,
33.81; H, 3.10. Found: C, 33.71; H, 3.34%. ESI-HRMS: calcd. for C12-
H12Cl2N2NaOPt [M+Na]+ 487.9867; found 488.9865; error 3.1 ppm.
IR (KBr cm�1) m = 1592, 1490 (C@C); 1209 (C–O–C). Raman
(420 mW, cm�1) m = 3,085 (C–H); 1603 (C@C); 1227 (C–O–C);
324 (Pt–Cl). 1H NMR (DMF-acetone-d6) d = 7.83 (d, 1H, H3,
3JH3-H4 = 8.06 Hz); 7.25 (m, 2H, H4, H6); 7.60 (s, br., 2H, NH2),
7.12 (dd, 1H, H5, 3JH5-H6 = 8.00, 3JH5-H4 = 7.25 Hz). 13C{1H} NMR
(DMF-acetone-d6) d = 150.1 (C2); 136.5 (C1); 126.8 (C4); 126.6
(C5); 123.7 (C3); 123.6 (C6).

2.4.3. Synthesis of [Pt{jN,jS-(NH2-C6H4)2S}Cl2] (5)
[Pt(CH3CN)2Cl2] [0.10 g (0.29 mmol)], acetonitrile (20 mL), 2

[0.062 g (0.29 mmol)]. Yield: 92% (0.13 g, 0.26 mmol). M. p.:
244 �C (dec.). Green crystals from a saturated acetone solution of
5 were obtained. ESI-HRMS: calcd. for C12H12ClN2PtS [M�Cl+1]+

446.00521, found 516.9418, error 2.5 ppm. IR (KBr cm�1) m = 3440,
3146 (N–H); 1618, 1480 (C@C). 1H NMR (DMF-acetone-d6)
d = 8.66 (s, br., 2H, NH2), 8.24 (s, br., 2H, NH2), 7.65 (d, 1H, H3,
3JH3-H4 = 7.80 Hz); 7.61 (dd, 1H, H12, 3JH12-H11 = 7.94, 4JH12-H10 =
1.27 Hz); 7.52 (dd, 1H, H6, 3JH6-H5 = 7.88, 4JH6-H4 = 1.00 Hz);
7.43 (ddd, 1H, H4, 3JH4-H5 = 7.57, 3JH4-H3 = 7.80, 4JH4-H6 = 1.12 Hz); 7.33
(ddd, 1H, H5, 3JH5-H4 = 7.57, 3JH5-H6 = 7.88, 4JH5-H3 = 1.00 Hz); 7.19
(ddd, 1H, H10, 3JH10-H11 = 7.65, 3JH10-H9 = 8.13, 4JH10-H12 = 1.30 Hz);
6.86 (dd, 1H, H9, 3JH9-H10 = 8.13, 4JH9-H11 = 1.00 Hz); 6.62 (ddd. 1H,
H11, 3JH11-H10 = 7.65, 3JH11-H12 = 7.94, 4JH10-H12 = 1.00 Hz). 13C{1H}
NMR (DMF-acetone-d6) d = 149.3 (C8); 146.6 (C2); 135.5 (C12);
134.6 (C1); 133.3 (C10); 131.9 (C4); 131.3 (C6); 130.0 (C5); 127.2
(C3); 117.6 (C11); 117.5 (C9); 112.8 (C7).

2.5. Synthesis of the platinum(IV) complexes

2.5.1. Synthesis of [Pt{j2N,jS-(NH2-C6H4)S(NH-C6H4)}Cl3] (6)
A mixture of K2[PtCl6]�6H2O (0.112 g, 0.230 mmol) and 2

(0.050 g, 0.230 mmol) in 10 mL of methanol was refluxed for
30 min, then 4 mL of water were added. The solution was refluxed
for 30 min and then cooled to room temperature; the suspension
was filtered by suction and the brown solid obtained was washed
with acetone (3 � 5 mL). On the other hand, the filtered MeOH/wa-
ter solution was dried with Na2SO4 and evaporated to dryness,
yielding a brown solid. Overall, the yield of the brown solid was
35% (0.042 g, 0.081 mmol). M. p.: 134–136 �C (dec.). From a
saturated acetone solution were obtained brown crystals of 6. Anal.
Calc. for C12H11Cl3N2SPt�C3H6O: C, 31.34; H, 2.98. Found: C, 31.38;
H, 2.98%. IR (KBr cm�1) m: 2921 (C–H); 1537, 1479 (C@C). 1H NMR
(acetone-d6) d = 8.08 (d, 1H, H3, 3JH3-H4 = 8.07 Hz); 7.47 (d, br., 1H,
H6, 3JH6-H5 = 7.45 Hz); 7.32 (dd, 1H, H5, 3JH5-H6 = 7.45, 3JH5-H4 =
7.68 Hz); 7.15 (t, vbr., 1H, H4). 13C{1H} NMR (acetone-d6)
d = 133.3 (C5); 131.5 (C3); 126.3 (vbr., C6); not observed (C1, C2,
and C4).

2.5.2. Synthesis of [Pt{j2N,jS-(NH2-C6H4)2S}Cl3]Cl (7)
2 (0.063 g, 0.290 mmol) was added to a solution of H2[PtCl6]-

�6H2O (0.150 g, 0.290 mmol) in 10 mL of methanol at room tem-
perature. The mixture was stirred for 24 h; then, the suspension
was filtered and the yellow solid obtained was washed with ace-
tone (2 � 5 mL). Yield 79% (0.127 g, 0.230 mmol). M. p.: 149 �C
(dec.). From a saturated acetone solution of 7 were obtained yellow
crystals. ESI-HRMS: calcd. for C12H12Cl3N2PtS [M]+ 515.9429, found
516.9418, error 2.5 ppm. IR (KBr cm�1) m: 2, 750 (N–H2

+); 1,547,
1,478 (C@C). 1H NMR (DMF-acetone-d6) d = 8.51 (d, 1H, H3,
3JH3-H4 = 7.67 Hz); 7.73 (d, 1H, H6, 3JH6-H5 = 7.64 Hz); 7.59 (dd, 1H,
H5, 3JH5-H6 = 7.64, 3JH5-H4 = 7.20 Hz); 7.52 (t, vbr., 1H, H4), 3.70
(s, br., 2H, NH2). 1H NMR (DMF-acetone-d6, 40 �C) d = 8.52 (d, 1H,
H3, 3JH3-H4 = 8.00 Hz); 7.76 (d, 1H, H6, 3JH6-H5 = 8.00 Hz); 7.60
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(dd, 1H, H5, 3JH5-H6 = 8.00, 3JH5-H4 = 7.20 Hz); 7.53 (dd, 1H, H4,
3JH4-H3 = 7.60, 3JH4-H5 = 7.20 Hz); 3.86 (s, br., 2H, NH2), 13C{1H}
NMR (DMF-acetone-d6) d = 134.3 (C5); 132.4 (C3); 130.5 (vbr.,
C4); 127.6 (vbr., C6); not observed (C1, and C2). 13C{1H} NMR
(DMF-acetone-d6, 40 �C) d = 146.6 (br., C2); 133.5 (C5); 131.6
(C3); 129.5 (br., C4); 126.8 (C6); 117.1 (br., C1).

3. Results and discussion

3.1. Synthesis of the PdII and PtII complexes 1 and 2 derived from L1

Complexes 1 and 2 were obtained from the reaction of the
ligand L1 with [M(MeCN)2Cl2] (M = Pd, Pt) in an equimolar ratio,
see Scheme 1. Complexes 1 and 2 were obtained as air-stable
solids, moderately soluble in DMSO, DMF, and in a DMF-acetone
mixture. In DMSO solution, 1 tends to yield unidentifiable
products.

3.2. Synthesis of the metallic complexes derived from L2 (3–7)

Complexes 3–5 were synthesized from the reaction of L2 with
[M(MeCN)2Cl2] (M = Pd, Pt) in an equimolar ratio. For the forma-
tion of 6 the salt K2[PtCl6] was used; the acid H2PtCl6�6H2O was
used for the synthesis of 7, see Scheme 2. The complexes 3 and 4
were observed as a mixture of linkage isomers in a 30:70 ratio
(see below). The complexes were obtained as air-stable solids,
moderately soluble in acetone, DMF, and DMF-acetone mixtures.
The complexes 5 and 6 were not stable in DMSO solutions; 6 also
showed the slow formation of unidentifiable products in a DMF-
acetone mixture.

3.3. X-ray diffraction

Suitable crystals of compounds 1–7 were grown from slow
evaporation at room temperature of solutions of several organic
solvents. Complexes 1 and 3 were crystallized as DMSO and MeCN
solvates, respectively; 2, 5, 6, and 7 were obtained as acetone sol-
vates. In the asymmetric unit of 1, 2, 5, and 7 the solvents mole-
cules are disordered over two positions. Crystallographic data are
displayed in Table 1 and selected bond lengths and angles are
given in Table 2.

3.3.1. Molecular structures of 1–7
For the sake of the analysis, the complexes can be sorted in

three sets, based upon the coordination pattern of the {(NH2-
C6H4)2D} ligand [D = O (L1), S (L2)] as well as on the coordination
number of the metallic center M. The first set is formed by the
four-coordinate compounds 1, 2, and 3 with a j2N dicoordinate
mode of the corresponding diaminic ligand, Fig. 2; in the second
one are collected the four-coordinate compounds 4 and 5 with a
jN,jS dicoordinate mode of L2, Fig. 3. In these two sets the local
geometry of the MII center is described as square planar, with a
cis arrangement of the two chloro ligands attached to it.

For these sets, as can be observed from the listed data in the
Table 2, the N–MII distances in the compounds 1–5 are essentially
O
NH2NH2

O
H2N NH2M

Cl Cl
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Scheme 1. Synthesis of the PdII and PtII complexes derived from L1. (Numbering
scheme for NMR is shown.)
the same. Moreover, these distances are also similar to other pre-
viously reported for complexes containing either [M(NH2)2Cl2] or
[M(NH2)SCl2] cores (M = Pd, Pt). In this vein, in the Figs. 1S and
2S of the Supplementary Material are plotted some structural fea-
tures such as M–Cl, M–N, and M–S bond distances and Cl–M–Cl
bond angles for similar Pd and Pt complexes retrieved from a
search in the Cambridge Structural Database; from these structural
data we calculated the average distances dM–Cl = 2.305 Å, dM–N =
2.051 Å, dPd–S = 2.259 Å, and dPt–S = 2.214 Å, average distances that
agree with the data displayed in the Table 2 for the title complexes
herein reported. In particular, the close similitude of the Pd–Cl and
Pt–Cl bond distances in the isostructural complexes 1 and 3 can be
attributed to the lanthanide contraction effect present in the 5d
platinum(II) cation.

In addition, the analysis of the molecular structures indicates
that in 1–3 the eight-membered chelate ring [D(C2N)2M] has a
boat–chair conformation; in 4 and 5 the five-membered chelate
ring displays a planar conformation, as expected for a more con-
strained ring with a smaller bite. The main difference in these com-
pounds is the absence of D–MII bonding in the first set of
compounds while in the second one that bonding is present. It is
noteworthy that we observed compounds where the ligand L1 only
promotes the formation of compounds without O–MII bonding,
while the L2 ligand containing sulfur as donor atom can coordinate
in two fashions either with or without S–MII bonding, i.e., this ligand
displays jN,jS or j2N coordination modes, respectively. Thus, the
absence of O-coordination can be attributable to the harder nature
of the oxygen atom; on the other hand, the softer sulfur atom can
bind to soft acids such as palladium and platinum, allowing the for-
mation of compounds such as 4 and 5. Moreover, in these com-
pounds the jN,jS coordination mode of L2 is cooperatively
strengthened by a weak intramolecular hydrogen bonding Cl–H–
N where the interatomic Cl–N distances are slightly longer than
the van der Waals radii sum [3.460(4) Å for 4 and 3.532(4) Å for
5; RrvdW(N, Cl) = 3.30 Å]. To achieve this hydrogen bonding, the
non-coordinated NH2-C6H4 had twisted around the S-C7 bond,
where the smaller Pd-S-C7-C8 torsion angle observed for 4 agreed
with the shorter N–Cl distance [105.4(2)� for 4 and 107.2(2)� for 5].

Lastly, the third set contains the octahedral hexa-coordinate
compounds 6 and 7, where L2 coordinates the PtIV atom in a facial
j2N,jS tricoordinate mode, Fig. 4. A remarkable difference in these
compounds is their coordination entity type; in 6 the coordination
entity is neutral, where the short N–PtIV bond is essentially cova-
lent [2.015(4) and 2.063(4) Å for N(1)–Pt and N(2)–Pt, respective-
ly]. On the other hand, 7 has a cationic entity with N–Pt
distances significantly similar and a chloride acting as an anion.
The S–PtIV distances are very close to the covalent radii sum
[2.2751(11) and 2.2804(9) Å for 6 and 7, respectively; Rrcov(S,
Pt) = 2.30 Å] [20] and are similar to the reported for a PtIV complex
also containing a mixed donor N2S ligand [2.281 Å] [21]. Due to the
S?Pt coordination the eight-membered ring [D(C2N)2M] displayed
a boat-boat conformation.

3.3.2. Crystalline structures of 1–7
All complexes displayed several noncovalent interactions in the

crystalline state mainly due to the presence of hydrogen atoms
covalently linked to electronegative nitrogen atoms, besides to
the presence of aromatic rings and solvent molecules. To describe
the intermolecular interactions based on hydrogen bonding, we
used the graph analysis approach [22]. In all complexes the inter-
atomic distances N–Cl ranged from 3.272 to 3.532 Å; these dis-
tances are close to the van der Waals radii sum [RrvdW(N,
Cl) = 3.30 Å]. In the Figs. 4–6 are depicted some relevant hydrogen
bond networks, with the corresponding graph descriptors.

Complexes [Pd{j2N-(NH2-C6H4)2D}Cl2]�solvent [D = O (1�DMSO),
S (3�MeCN)] display similar hydrogen-bond networks based on
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Table 1
Selected crystallographic data for 1–7.

1 2 3 4 5 6 7

Formula C14H18N2O2SCl2Pd C15H18N2O2Cl2Pt C14H15N3SCl2Pd C12H12N2SCl2Pd C13.5H15N2O0.5SCl2Pt C15H17N2OSCl3Pt C15H18N2OSCl4Pt
Formula weight 455.66 524.30 434.65 393.60 511.33 574.80 611.26
Crystal size (mm) 0.19 � 0.17 � 0.08 0.27 � 0.08 � 0.04 0.28 � 0.09 � 0.08 0.15 � 0.15 � 0.02 0.36 � 0.27 � 0.20 0.4 � 0.09 � 0.01 0.15 � 0.12 � 0.03
Crystal system monoclinic tetragonal triclinic monoclinic monoclinic triclinic triclinic
Space group P21/c I�4 P�1 P21/n P21/n P�1 P�1
a (Å) 9.27877(16) 17.16260(18) 8.9725(2) 14.5945(5) 14.7427(2) 9.4165(2) 9.6727(3)
b (Å) 11.1953(2) 17.16260(18) 9.4016(2) 6.4110(3) 6.72165(10) 10.4431(3) 10.1370(3)
c (Å) 17.0552(4) 12.1175(2) 10.4623(2) 16.1332(5) 15.9629(2) 11.3179(2) 10.7563(3)
a (�) 90.00 90.00 86.7280(19) 90.00 90.00 111.979(2) 87.371(2)
b (�) 96.5291(18) 90.00 77.473(2) 96.900(3) 95.9503(14) 97.2139(19) 74.700(2)
c (�) 90.00 90.00 77.552(2) 90.00 90.00 108.376(2) 79.133(2)
V (Å3) 1760.17(6) 3569.27(9) 841.24(4) 1498.58(10) 1573.33(4) 941.20(4) 999.01(5)
Z 4 8 2 4 4 2 2
Dcalc (Mg m�3) 1.719 1.951 1.716 1.745 2.159 2.028 2.032
l (mm�1) 1.483 17.526 1.540 1.717 9.383 18.933 19.086
F(000) 912.0 2000.0 432.0 776.0 968.0 548.0 584.0
GOF on F2 1.060 1.069 1.057 1.088 1.088 1.045 1.048
T (K) 295 295 295 295 295 295 295
2h range (�) 6.02–52.6 7.28–147.2 5.78–52.74 6.84–52.74 6.58–52.74 8.768–144.194 8.52–148.96
Reflections

collected
27936 19766 30923 22110 50009 34123 24731

Unique
reflections

3566 3540 3430 3048 3192 3678 4081

Absorption
correction

patterson direct direct direct direct direct direct

Independent
reflections
(Rint)

0.0297 0.0651 0.0495 0.0507 0.0434 0.0622 0.0291

R1, wR2 [I > 2r (I)] 0.0217, 0.0458 0.0357, 0.0854 0.0293, 0.0712 0.0256, 0.0474 0.0165, 0.0369 0.0286, 0.0705 0.0262, 0.0625
R1, wR2 [all data] 0.0287, 0.0488 0.0396, 0.0889 0.0400, 0.0769 0.0397, 0.0501 0.0202, 0.0385 0.0327, 0.0732 0.0290, 0.0643
Largest residuals

(e Å�3)
0.30/�0.34 1.12/�0.57 0.71/�0.39 0.34/�0.34 1.26/�0.59 1.81/�0.87 1.65/�0.90
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N–H–Cl interactions despite the different nature of both D atoms
and crystallization solvents. The molecules of 1 displayed in the
left part of the Fig. 5 are related by a twofold screw axis along b
(space group P21/c) while the molecules of 3 are related by
crystallographically distinct inversion centers (right; P�1). Both
compounds display a characteristic topological element that
consist of chains of rings, where the palladium acts as a ‘‘linker’’;
this chain was observed at the binary level and can be described



Table 2
Selected bond lengths [Å] and angles [�] for complexes 1–7.

Compound 1�DMSO 2�Me2CO 3�MeCN 4 5�Me2CO 6�Me2CO 7�Me2CO

M Pd Pt Pd Pd Pt Pt Pt
D O O S S S S S
C(2)–N(1) 1.434(3) 1.452(11) 1.439(4) 1.452(3) 1.464(4) 1.372(7) 1.455(5)
C(8)–N(2) 1.440(3) 1.451(12) 1.431(4) 1.392(4) 1.395(5) 1.449(6) 1.459(5)
C(1)–D 11.392(3) 1.393(11) 1.787(3) 1.786(3) 1.784(3) 1.785(5) 1.787(4)
C(7)–D 1.397(3) 1.391(13) 1.789(3) 1.783(3) 1.792(3) 1.792(5) 1.787(4)
C(7)–C(8) 1.385(3) 1.414(12) 1.388(4) 1.399(4) 1.399(4) 1.382(7) 1.383(6)
C(1)–C(2) 1.385(3) 1.360(13) 1.390(4) 1.367(4) 1.381(5) 1.403(7) 1.381(6)
N(1)–M 2.052(2) 2.072(7) 2.070(3) 2.032(2) 2.031(3) 2.015(4) 2.062(3)
N(2)–M 2.058(2) 2.047(7) 2.081(3) – – 2.063(4) 2.069(3)
M–S(1) – – – 2.2603(7) 2.2390(8) 2.2751(11) 2.2804(9)
M–Cl(1) 2.2961(6) 2.286(2) 2.2962(9) 2.2967(7) 2.3169(8) 2.3561(12) 2.3125(9)
M–Cl(2) 2.2992(6) 2.299(2) 2.2990(8) 2.2988(7) 2.3102(8) 2.3165(13) 2.3060(8)
M–Cl(3) – – – – – 2.3222(12) 2.3255(10)

C(2)–N(1)–M 111.57(15) 111.8(5) 109.77(19) 116.4(2) 115.79(19) 115.7(3) 113.6(2)
C(8)–N(2)–M 115.81(15) 116.1(6) 117.8(2) – – 114.1(3) 113.5(2)
C(1)–S(1)–M – – – 98.85(9) 99.49(11) 97.40(17) 97.55(13)
C(2)–C(1)–D 117.19(19) 118.0(8) 120.5(2) 118.70(19) 118.2(2) 116.0(4) 119.1(3)
C(8)–C(7)–D 117.49(19) 117.5(8) 121.5(2) 116.0(2) 115.9(2) 119.8(3) 119.6(3)
C(1) D–C(7) 115.91(17) 115.3(7) 98.51(13) 102.54(13) 102.01(15) 103.4(2) 103.39(17)
N(1)–M–N(2) 90.51(9) 90.6(3) 91.19(13) – – 86.95(16) 91.02(12)
N(1)–M–S(1) – – – 86.70(8) 87.34(8) 85.92(12) 87.30(9)
Cl(1)–M–Cl(2) 92.01(2) 91.64(10) 91.99(3) 92.49(3) 92.41(3) 93.38(5) 92.04(4)
Cl(1)–M–Cl(3) – – – – – 92.37(5) 91.41(4)
Cl(2)–M–Cl(3) – – – – – 92.76(5) 92.06(4)
S(1)–M–Cl(3) 175.61(5) 177.18(3)
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Fig. 2. Molecular drawings of complexes 1, 2, and 3 containing a j2N dicoordinate mode of the corresponding diaminic ligand (Thermal ellipsoids for non-carbon atoms at
50%; solvent molecules of crystallization have been omitted).
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as C2
2(8)[R2

2(8)]. The platinum analog 2 also displays N–H–Cl inter-
actions that result in tetrameric associations related by a fourfold
rotoinversion axis along c (Fig. 6 top; space group I�4); in this
compound the acetone molecules are also related by a bar-4 axis
(Fig. 6, bottom). A relevant hydrogen bond pattern observed in 2
is a R2

2(8) ring at a unitary level, quite similar to the observed in
compounds 1 and 3.
Both [M{jN,jS-(NH2-C6H4)2S}Cl2] complexes [M = Pd (4); Pt
(5)] belong to the P21/n space group; the presence of an acetone
molecule in the Pt complex increases the cell volume by 75 Å3

(5%) and, more remarkable, does not interfere with the formation
of a chain of molecules along the b axis, which can be described
by the binary level descriptor C2

1(4). Moreover, in both compounds
is observed the same unitary level descriptors for the two rings
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Fig. 4. Molecular drawings of complexes 6 and 7 containing a j2N,jS tricoordinate mode of the L2 ligand (Thermal ellipsoids for non-carbon atoms at 50%; acetone molecules
of crystallization have been omitted).
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Fig. 5. Hydrogen-bond networks in complexes 1�DMSO and 3�MeCN containing a j2N dicoordinate mode of the corresponding diaminic ligand (Solvent molecules of
crystallization have been omitted).
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(showed in blue and yellow color in the Fig. 7). The complexes also
display centrosymmetric M–M intermolecular dimeric interactions
in a head–tail fashion; with distances of 3.340 and 3.356 Å for 4
and 5, respectively; these interactions are similar to the van der
Waals radii sum [RrvdW(Pd, Pd) = 3.26 Å; (Pt, Pt) = 3.44 Å]. Beside
to these M–M interactions, there are also Cl–S interactions shorter
than the van der Waals radii sum [3.347 Å (in 4) and 3.417 Å (in 5);
RrvdW(Cl, S) = 3.55 Å]; the importance of this halogen bonding has
been recognized as an important tool to enhance self-assembly
processes [23]. Overall, it is reasonable to consider that the



Fig. 6. Hydrogen-bond networks in complex 2�Me2CO containing a j2N dicoordinate mode of the diaminic ligand L1.
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Fig. 7. Hydrogen-bond networks in complexes 4 and 5�Me2CO containing a jN,jS dicoordinate mode of the L2 ligand.
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hydrogen- and halogen bonding cooperative interactions are the
responsible for retaining the similar arrangements of the mole-
cules [M{jN,jS-(NH2-C6H4)2S}Cl2] above described.
Lastly, the six-coordinate platinum(IV) complexes displayed
similar rings related by an inversion center at both unitary and
binary levels (Fig. 8), in spite of the distinct nature of the acceptor
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atoms linking the PtIV coordination entities (oxygen in 6 respect to
chloro in 7) as well as their different type of coordination entity
(neutral versus ionic type).
Pd
Cl Cl

3
(κ2N mode)

ClCl

4
(κNκSmode)

Fig. 9. Equilibrium in solution for 3 and 4 at room temperature.
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Fig. 10. Fac–mer geometric isomerism in solution proposed for 6 and 7 (Only the
coordination entity is shown for each complex; the hydrogen atoms attached to
nitrogen atoms have been omitted for the sake of clarity).
3.4. NMR spectra

The characterization in solution of the ligands L1 and L2 and the
complexes 1, 2, 5, and 7 by means of 1H and 13C{1H} NMR at room
temperature was carried out in DMF–acetone-d6 mixtures (1:2), for
3 and 4 was used DMF-d7, while characterization of 6 was deter-
mined in an acetone-d6 solution. Chemical shifts and the assign-
ment of the proton and carbon atoms of 1–7 are listed in the
Section 2. For L1, the 1H–1H NOESY experiment showed a correla-
tion of the –NH2 protons at 4.85 ppm with a multiple signal at
6.85 ppm; this signal is due to the overlapping of the individual
H3 and H4 protons; for L2 the 1H–1H NOESY experiment carried
out in DMSO-d6 showed a correlation between the –NH2 protons
at 5.30 ppm and a signal displayed as a double of doublets at
6.72 ppm assigned to the H3 proton.

1H NMR spectra of the complexes 1 and 2 displayed three sets of
signals for both magnetically equivalent phenyl rings. From the 1H
data the formation of eight–membered chelate rings containing
the ligand L1 in a j2N bidentate coordinating mode is proposed.
This proposal was confirmed with the analysis of the 13C{1H}
NMR spectra, where just six signals were observed in the region
of the aromatic carbon atoms, (Fig. 3S, see Supplementary
Material).

In the NMR spectra, the complexes 3 and 4 were observed as a
mixture of linkage isomers in a 30:70 ratio; moreover, if pure crys-
tals of either 3 or 4 are dissolved in a DMF–acetone-d6 mixture,
they gradually reach the above ratio. When this solution was heat-
ed to 50 �C, the signals displayed coalescence; when the solution
was cooled to room temperature, the previously observed ratio of
the isomers is once again reached (Fig. 4S in the Supplementary
Material). Complex 3 is the minor product and displayed an ABCD
pattern for both phenyl rings with a j2N bidentate coordinating
mode of the ligand L2. On the other hand, the major complex 4 dis-
played two ABCD patterns for each magnetically and chemically
non-equivalent phenyl rings, corresponding to the formation of a
five-membered chelate ring. These facts were also ratified with
the 13C{1H} NMR data where six and twelve signals were observed
for 3 and 4, respectively (Fig. 5S, see Supplementary Material).
Overall, it is suggested that in solution these linkage isomers coex-
ist in equilibrium at room temperature, Fig. 9.

Complex 5 displayed a similar spectroscopic behavior to the
analogous 4, with a five-membered chelate ring assigned in solu-
tion, (Figs. 6S and 7S, see Supplementary Material). The 1H spectra
of 6 and 7 exhibited an ABCD pattern for both phenyl groups. From
the analysis, we proposed for complexes 6 and 7 a j2N,jS
P-16•Me2CO 7•
N1: R (12)

N2: R (8)

Fig. 8. Hydrogen-bond networks in complexes 6�Me2CO and 7�Me
tridentate coordinating mode of the ligand L2 toward the PtIV; this
proposal agrees with the X-ray diffraction data of 6 and 7 (vide supra).

1H NMR spectra of PtIV complexes 6 and 7 at room temperature
displayed the aromatic protons as broad signals, in particular the
triplet assigned to the H4 and H10 protons was observed as a very
broad signal. At 40 �C, the 1H spectrum of 7 showed sharp signals
whereas 6 showed decomposition products. The 13C{1H} spectra
of 6 and 7 displayed similar results at both temperatures; i.e., we
observed a reduced number of signals for both complexes at room
temperature and the expected number of signals in the case of 7
and decomposition products for 6 at 40 �C. The observation at
room temperature of broad signals in 6 and 7 is attributed to the
existence in solution of both mer–fac conformers (Fig. 10), an
observation that has been reported for some metallic analogues
of L1 [24,25].

We analyzed the variations of the chemical shifts (Dd) for the
ipso-C1 atom; in the j2N complexes 1 and 2 the low-frequency
variation respect to L1 was of 8.1 and 7.6 ppm. In the case of the
jN,jS complexes 4 and 5 the same C1 displayed Dd values of
15.7 and 17.8 ppm at high frequencies, respectively. The larger val-
ues of Dd in 4 and 5 could be attributed to the combination of two
factors: an electronic factor due to the greater affinity of the sulfur
donor atom to bind the MII center and a structural factor related
with the annular tension originated by the five–membered chelate
ring.
P-1Me2CO N2: R (6)

N2: R (5)

2CO containing a j2N,jS tricoordinate mode of the L2 ligand.
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4. Conclusion

New complexes of palladium and platinum containing {(NH2-
C6H4)2D} ligands [D = O (L1), S (L2)] have been synthesized. The
analysis of the molecular structures revealed three types of coordi-
nation modes of the diamino ligands toward the central atom MII

(M = Pd, Pt). A j2N mode was observed in 1 and 2 when a hard
donor oxygen atom is present in the ligand L1; in both cases the
oxygen atom was not involved in any transannular intramolecular
bonding. A distinct situation was observed in the case of the ligand
L2. In the complexes containing a PdII cation (3 and 4) were
observed two j2N and jN,jS modes by means of NMR studies in
solution as well as by single crystal X-ray studies; meanwhile with
platinum ion acting as central atom (5–7) the ligand just displayed
modes where the sulfur atom is bound to PtII or PtIV, properly
jN,jS and j2N,jS modes. Overall, these different binding modes
are consistent with the wide coordination versatility of the ligands
Ln.

In the solid state, the presence of several N–H functions
enhanced the formation of supramolecular associations. There
are remarkable tendencies in the networks, in spite of the distinct
solvent molecules contained in each cell. The 1�DMSO, 2�Me2CO,
and 3�MeCN complexes displaying j2N coordination modes also
displayed similar associations based on N–H–Cl interactions
described by R2

2(8). Both isostructural jN,jS complexes 4 and
5�Me2CO are associated by N–H–Cl, Cl–S, and M–M interactions
despite of the presence of an acetone molecule in the cell of 5.
The importance of the networks based on N–H–Cl interactions is
emphasized in the crystal structures of the PtIV neutral 6�Me2CO
and ionic 7�Me2CO complexes; nevertheless their distinct nature,
both displayed the same type of rings motifs R2

2(12) and R2
4(8) at

the unitary and binary levels, respectively, with quite different
acceptors such as oxygen (from Me2CO) or chloride anion.
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Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk. Supplementary data associated with this
article can be found, in the online version, at http://dx.doi.org/10.
1016/j.poly.2015.02.004.
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