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ABSTRACT
The phosphonothioamidates (EtO)2P(¼O)C(¼S)N(H)R (L1 R¼Cy; L2 R¼ Bz) have been prepared by
nucleophilic addition of K[(EtO)2P(¼O)] to R–N¼C¼S and crystallographically analyzed. Both com-
pounds are associated pairwise through strong intermolecular N–H���O bonding giving rise to 10-
membered supramolecular macrocycles. This intermolecular bonding has also been studied by
Hirshfeld analysis of L1 and L2. Complexation of L on CuI in MeCN solution affords the dinuclear
rhomboid-shaped thione complexes [fCu(l2-I)2Cug(g1-L)2] (1a,b). Crystallographic characterization
of 1a reveals that L1 is ligated exclusively via the thione function to the trigonal Cu(I) centers,
which are interconnected through a short Cu–Cu bond of 2.6207(4) Å. In the solid state, individual
dimeric complexes are associated through intermolecular N–H���O bonding generating a supra-
molecular 1D ribbon. The dinuclear complexes [fXHg(l2-X)2HgXg(g1-L)2] (2a X¼ Br, L¼Cy; 2b
X¼ Br, L¼ Bz; 2c X¼ I, L¼ Bz) were formed by stoichiometric addition of L to HgX2. The molecular
structures of 2b and 2c have been elucidated by X-ray diffraction studies, which show that indi-
vidual complexes are connected through intermolecular N–H���O bonding generating a supra-
molecular 1D ribbon. Treatment of L1 with two equivalents of HgBr2 produces the tetranuclear
compound [Hg4Br8(j

1-L1)2] 3, whose unusual bromide-bridged architecture has been elucidated
by X-ray crystallography.
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Introduction

Owing to the important role of a-functionalized phosphonates in
different areas such as industry, agriculture, medicine and cataly-
sis, the selective synthesis of these compounds is of interest in
organic chemistry.[1–9] As a subclass, phosphonothioamidates of
type (OR)2P(¼O)C(¼S)NHR have been recently drawn increas-
ing attention due to their promising biological activity including

herbicidal, antifungal, anticancer, antibiotic, antioxidant and anti-
bacterial activity. These compounds are also appearing as pharma-
ceutically active agents mostly as plant growth regulators,
insecticides and selective matrix metalloproteinase inhibi-
tors.[10–12] Carbamothioylphosphonates have been also reported
in organic chemistry as valuable intermediates for the preparation
of other synthetic products, such as phosphonothioimidates, N-
acylphosphonothioamidates, and phosphonoamidines.[13–18]
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Historically, the synthesis of phosphonothioamidates (sometimes
also namedN-alkyl orN-arylthiocarbamoylphosphonic acid esters
or carbamothioylphosphonates) was first reported by Tashma et
al.,[19] which led several groups in the last decades to the develop-
ment of highly efficient routes for the preparation of these com-
pounds.[20�24] Among them, the Arbuzov reaction with
triethylphosphite andN,N-diethyl thiocarbamoyl chloride and the
phosphonoformylation of primary amines by triethyl phosphono-
thiolformate have been reported as applicable methods in the lit-
erature for the preparation of carbamothioylphosphonates.[25–31]

However, the most widespread approach for the synthesis of
phosphonothioamides is the reaction of dialkyl and diaryl
phosphites with the appropriate isothiocyanate. Various bases
have been used for successful synthesis of these com-
pounds.[10,27–32] For example, pyridinium perchlorate was
found to be an efficient catalyst for the reaction of triethyl
phosphite with allylisothiocyanate yielding diethyl-N-allylthio-
carbamoylphosphonate.[33] Some of us demonstrated recently
that potassium tert-butoxide may act as efficient base for select-
ive synthesis of phosphonothioamides, which have been used
for further transformations such as alkylation with CH3I
affording the corresponding thioimidates or N-acylation yield-
ing N-acyl phosphonothioamidate derivatives.[17,18]

In continuation of that previous work, we report herein
the low-temperature structural characterization of diethyl-N-
cyclohexylthiocarbamoylphosphonate L1 and diethyl-N-ben-
zylthiocarbamoylphosphonate L2. A particular attention has
been devoted to the ability of these compound to form
strong hydrogen bonds.[34] Since these difunctional com-
pounds feature both hard P¼O and soft C¼ S donor sites
(according to Pearson’s HSAB principle)[35] as potential
ditopic ligands for complexation on transition and main
group metals, we have focused our investigations on the
coordination chemistry of these phosphonothioamides with
CuI, HgBr2 and HgI2 and present the first examples of dinu-
clear and tetranuclear metal complexes ligated with L and
structurally characterized them by four X-ray diffraction
studies. The UV–vis and emission spectra of some com-
pounds are also reported.

Results and discussion

The starting materials diethyl-N-cyclohexylthiocarbamoyl-
phosphonate L1 and diethyl-N-benzylthiocarbamoylphosph-
onate L2 were synthesized by nucleophilic addition of
potassium diethyl phosphate (in situ generated by deproto-
nation of diethyl phosphite in the presence of t-BuOK) to
isothiocyanates using THF as reaction medium. Subsequent

addition of Hþ/H2O at pH 6 afforded the targeted products
in good yield (Scheme 1).[17]

The NMR spectroscopic data (1H, 31P, 13C) match with
those of related derivatives (R’O)2P(¼O)C(¼S)NHR
(R’¼Me, Et), described previously.[17,18] As exemplified for
the hitherto unknown cyclohexyl derivative L1, the 1H NMR
spectrum displays along with the sets for the EtO and C6H11

resonances (see Experimental and Figure S1, Supplemental
Materials) a broad signal for the NH proton at d 8.76.
Characteristic for the 13Cf1Hg NMR spectrum of L1 is a
doublet at d 192.2 due to the thione carbon atom with a
1JCP coupling of 179.1Hz and the observation of a singlet
resonance at d �0.03 ppm (Figures S2 and S3). In the ATR-
IR spectrum of L1 shown in Figure S4, the �(C¼ S) and
�(P¼O) vibrations are observed at 1161 and 1230 cm�1.
The broadness of the �(N–H) adsorption at 3176 cm�1 is
indicative for strong hydrogen bonding as confirmed by an
X-ray diffraction study.

Molecular structure of diethyl N-
cyclohexylcarbamothioylphosphonate (L1)

Yellow single-crystals of L1 crystallizing in the triclinic space
group P1 were grown from hexane. The unit cell contains
12 molecules, which are pairwise associated to form dimers
via strong hydrogen bonding. Figure 1 shows such a dimer
formed by hydrogen bonding of two independent molecules
through mutual intermolecular N–H���O¼P bonding form-
ing a 10-membered supramolecular macrocycle. The
H1���O4 and H2A���O1 contacts of 2.058(16) and 2.037(17)
Å can be considered as strong, and form N–H���O angles of
155.9(14) and 166.0(16)�, respectively. For the derivative
(MeO)2P(¼O)C(¼S)N(H)C6H4F-p, the occurrence of an
intramolecular N–H���O bonding of only 2.04Å has been
reported. Similar intramolecular interactions are also present
in L1, but these N1–H1���O1 and N2–H2���O4 contacts of

Scheme 1. Synthesis of the diethyl N-alkylcarbamothioylphosphonates L1
and L2.

Figure 1. Molecular structure of the hydrogen-bridged dimer of diethyl N-
cyclohexylcarbamothioylphosphonate (L1) in the crystal. Apart from the refined
N–H hydrogen atoms, all H atoms are omitted for clarity. Selected bond lengths
(Å) and angles (�): S1–C1 1.6664(10), P1–O1 1.4725(8), P1–O2 1.5652(8), P1–O3
1.5677(8), P1–C1 1.8242(10), S4–C34 1.6632(10), S2–C12 1.6642(11), N1–C1
1.3305(13), N1–C2 1.4689 (13), C2–C3 1.5247(16), O1–P1–O2 110.09(4),
O1–P1–O3 115.79(5), O1–P1–C1 112.00 (5), O2–P1–O3 108.31(4), O2–P1–C1
107.26(5), S1–C1–P1 119.91(6), N1–C1–S1127.15(8), N1–C1–P1 112.93(7),
N1–C2–C3 109.71(9), C10–O3–P1 121.68(7) and C3–C2–C7 111.30(9).
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2.423 and 2.600Å are much weaker than the intermolecular
ones. The individual molecules adopt a s-trans conformation
with respect to the P¼O and C¼ S double bonds, the tor-
sion angles O1–P1–C1–S1 and O4–P2–C12–S2 being
170.35(6) and 154.75(6)�, respectively. A s-cis conformation
has been reported for the structures of (MeO)2P(¼O)
C(¼S)N(H)C6H4F-p and (EtO)2P(¼O)C(¼S)N(H)C6H5

recorded at ambient temperature; this conformational differ-
ence may be due to the different modes of hydrogen bond-
ing (intra- vs. intermolecular). The mean C¼ S bond length
of 1.6653(11) Å is slightly elongated compared to those
determined for the latter two derivatives (1.652(3) and
1.648(2) Å).[17]

For further investigation of the close contacts and inter-
molecular interactions, a Hirshfeld surface analysis was car-
ried out.[36] The Hirshfeld surface mapped over dnorm in the
range from �0.5781 to �1.5733 (arbitrary units) was gener-
ated by CrystalExplorer17.[37] As shown in Figure 2, the two
characteristic red spots indicate the hydrogen bonding of
H1���O4 and H2A���O1. One molecule of compound L1
interacts respectively over two hydrogen bonds to an adja-
cent one.

Molecular structure of diethyl N-
benzylcarbamothioylphosphonate (L2)

The molecular structure of L2 has already been described in
1985 by Tashma and Cohen.[34] Since this structure (CSD
refcode DIYWOX) has been recorded at 295K and was of
relatively poor quality, we have redetermined the structure
at 100K and obtained a much better set of crystallographic
data. Although the old structure DIYWOX was refined like
that of L2 in the triclinic space group P1, the angles of the
cell parameters of DIYWOX (a 106.75(3), b 108.20(3), c
81.03(2) are quite different from those determined for L2 (a
79.239(3), b 75.131(3), c 71.391(3) see Table S1). In contrast
to L1, the unit cell contains now symmetry-equivalent mole-
cules, which are pairwise associated through intermolecular
N–H���O¼P bonding forming a 10-membered cycle, as
shown in Figure 3 (top). The H1���O1 distance of 2.099(17)

Å can again be considered as strong, the N–H1���O1 angle
of 151.7(16) is somewhat more acute than those of L1. The
far looser intramolecular N1–H1���O1 contact is equal to
2.428Å. It is noteworthy to mention that the dimerization
encountered in the case of L1 and L2 does not apply to all
structurally characterized phosphonothioamidate derivatives.
For example, compound (EtO)2P(¼O)C(¼S)N(H)C6H5 L3
(CSD refcode HABFIC) is associated by a N–H���O¼P
bridges with two adjacent molecules forming a supramolecu-
lar 1D ribbon (Figure 3, bottom).[17] This striking difference
between the architectures of L2 and HABFIC is most prob-
ably due to the quite different O¼P–C¼S torsion angles of
the two molecules. The s-trans conformation with respect to
the P¼O and C¼S double bonds is now close to ideal trans-
oid with a torsion angle O1–P–C8–S of 176.79(6)� for L2,
whereas in the case of HABFIC the O–P–C–S angle
amounts only to 76.5� (s-cis conformation).

Also for compound L2 a Hirshfeld surface analysis was
performed with a dnorm property over a range of �0.5100 to
�1.3188 (arbitrary units). As in the case of L1, again two
characteristic red spots can be observed (Figure 4), indicat-
ing the hydrogen bonds H1���O1 between the symmetry-
equivalent molecules of L2.

Complexation studies

Reactivity of L1 and L2 toward copper iodide

Despite the fact that phosphonothioamidates constitute
potentially very promising ditoptic ligands for coordination
chemistry featuring both a hard P¼O donor site and a soft
C¼ S donor site, their coordination chemistry has surpris-
ingly never been explored so far. In continuation of our pre-
vious work on the reactivity of thione-type organosulfur
compounds toward the soft late transition metals Pd(II),
Pt(II), Hg(II), Cu(I) Ag(I), and Au(I),[38–40] we focused for
this contribution our investigation on the coordination on
CuI and HgX2 salts. Upon treatment of a solution of CuI in
MeCN with L1 in a 1:1 metal-to-ligand ratio, a fast ligation
of L1 on CuI occurred. After stirring at ambient tempera-
ture for 1 h, slow evaporation of the solvent resulted in for-
mation of yellow air stable crystals, which were analyzed by
elemental analysis to be a 1:1 adduct (Scheme 2).
Characteristic for the coordination of the thione function is
a slight shift of its C¼S band to lower wave number
(1156 cm�1). Both the position and broadness of the
�(N–H) vibration observed at 3151 cm�1 indicates that like
in L1 a N–H���O hydrogen bonding occurs (see below). As
expected, the 31Pf1Hg resonance of the (EtO)2P¼O unit at
d �1.4 is not much affected by the ligation (Dd¼ 1.4 ppm),
since it does not interact with the metal center.

It is well established that CuI forms scarcely mononuclear
complexes after ligation with organosulfur ligands (one rare
example is [CuI(PCy3)(2-thioxohexamethyleneimine)],[41]

but rather aggregates to form dinuclear complexes or other
higher-nuclear clusters of composition (CuIL)n (n¼ 3, 4, 6,
8).[42–47] A dimerization occurs also during the complex-
ation of L1 on CuI producing a metal–metal bonded dinu-
clear species [fCu(l2-I)2Cug(j1-L1)2], as ascertained by an

Figure 2. Hirshfeld surface analysis of compound L1 revealing close contacts in
the crystal structure. The strong hydrogen bonds between H1���O4 and
H2A���O1 are labeled.
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crystallographic characterization (Figure 5). The centrosym-
metric molecular structure of 1a consists of a planar a
Cu(l2-I)2Cu rhomboid which is ligated exclusively via the
thione function of two transoid-arranged L1 molecules, the
torsion angle S–Cu–Cu–S being 174.32(6)�. There are a cou-
ple of other dinuclear copper (I) complexes ligated by thi-
one-type ligands such as the thiosemicarbazone compound
[Cu2(l-I)2(j

1-S-Hftsc)2(PPh3)2] (S-Hftsc¼f(C4H3O)(H)C
¼N–N(H)–C(¼S)N(H)Me) (CSD refcode ACIPI), [Cu2(l-I)2
(j1-S-Hptsc)2(PPh3)2] (Hptsc¼ pyrrole-2-carbaldehydethio-
semicarbazone) (CSD refcode AWIRIH), [Cu2(l-I)2(j

1-S-thi-
oacetamide)4] (CSD refcode LAGSIY) or [Cu2(l-I)2(j

1-S-
benzenecarbothioamide)4] (CSD refcode TIYZEJ01).[48–51]

However, in all cases, each CuI fragment is tetrahedrally coor-
dinated bearing either a mixed PR3-thione donor set or two
thione-type ligands. In contrast, in 1a, each CuI fragment is
formally three-coordinate (neglecting the Cu–Cu bond) bear-
ing just a single ligand. We are only aware of only one other
dinuclear SCu2I2S complex coordinated by a single (and very
bulky) monoacylthiourea ligand, namely [fCu(l2-I)2Cug(j1-

Figure 3. (Top) Molecular structure of the hydrogen-bridged dimer of diethyl N-benzylthiocarbamoylphosphonate (L2) in the crystal. Apart from the N–H hydrogen
atoms, all H atoms are omitted for clarity. Selected bond lengths (Å) and angles (deg): S1–C8 1.6593(10), P1–O1 1.4696(8), P1–O2 1.5666(8), P1–O3 1.5657(8),
P1–C8 1.8288(10), O2–C9 1.4598(14), N1–C1 1.4599(13), N1–C8 1.3253(13), C1–C2 1.5124(14), C2–C3 1.3943(14), O1–P1–O2 112.02(5), O1–P1–O3 117.27(5),
O1–P1–C8 110.04(5), O2–P1–C8 107.39(5), O3–P1–O2 102.70(4), O3–P1–C8 106.76(5), S1–C8–P1 119.68(6), N1–C1–C2 112.46(8), N1–C8– S1 126.50(8), N1–C8–P1
113.82(7), O2–C9–C10 108.00(10), C3–C2–C1 121.26(10), C7–C2–C1 119.63(9). Symmetry transformation used to generate equivalent atoms: 11-x, 1-y, 1-z. (Bottom)
View of a segment of the supramolecular 1D chain of (EtO)2P(¼O)C(¼S)N(H)C6H5 L3 in the crystal running along the b axis (d N–H���O¼P 2.089 Å).

Figure 4. Hirshfeld surface analysis of compound L2 showing close contacts in
the crystal structure. The strong hydrogen bonds between H1���O1 are labeled.
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monoacylthiourea)2] (CSD refcode REQMUY).[52] There is
also [Cu2I(l-I)2Tag2] coordinated by a morpholinothioami-
doguanidine ligand (CSD refcode REJYIQ), but in the latter
compound, the pseudo-trigonal Cu(I) centers are additional
stabilized by intermolecular morpholino Cu���O contacts.[53]

A consequence of this low-coordination number may be
the extremely short Cu–Cu bond of only 2.6207(4) Å, which
may imply a relativistic cuprophilic interaction.[54,55] Note
however that cuprophilicity is still under debates in the litera-
ture and advanced computing will be necessary to evaluate the
contribution of cuprophilic interactions in the case of com-
plex 1a.[55] The Cu–Cu distance within this remarkable com-
plex is even inferior to that of thioether-functionalized
tetrathiafulvalene complex [fCu(l2-I)2CugfTTF (SMe)2g]
(2.6469(15) Å) and [fCu(l2-I)2Cug(tht)4] (tht¼ tetrahydro-
thiophene) (2.675(2) Å),[56,57] and is only 0.06Å longer than
in metallic Cu (2.56Å). A still shorter intermetallic Cu–Cu
bonding of 2.5738(10) has been reported for the above men-
tioned [fCu(l2-I)2Cug(j1-monoacylthiourea)2] dimer.[52] In

contrast, for all tetrahedral dinuclear Cu2I2 thione complexes
mentioned above, the Cu���Cu separation is close or above the
sum of the Van der Waals radii of two Cu atoms (2.8 Å).

Although the pseudocyclic array of atoms
H1–N–C1–P–O1 is coplanar, there is only a weak intramo-
lecular contact of 2.05(3) Å between the P¼O atom and the
H–N group (Figure 5, top). But in agreement with the IR
spectroscopic data (see above), individual molecules of 1a
are mutually associated via strong intermolecular
N–H���O¼P bonding generating an infinite supramolecular
1D ribbon. As shown in Figure 5 (bottom), the hydrogen
bonding occurs through pairwise bridging of the N–H���O1
atoms forming 10-membered macrocycles. The H1���O1 con-
tact of 2.05(3) Å is of similar length as that of L1, and forms
an N–H���O angle of 155.0(3)�. For complex 1a, also a
Hirshfeld surface analysis was performed for the investiga-
tion of close contacts and intermolecular interactions. The
Hirshfeld surface was mapped over dnorm in the range from
�1.0410 to �1.3556 (arbitrary units) and is illustrated in

Scheme 2. Synthesis of the dinuclear complexes 1a and 1b.

Figure 5. (Top) Molecular structure of 1a in the crystal. Apart from the N–H hydrogen atoms, all H atoms are omitted for clarity. Selected bond lengths (Å) and
angles (�): I1–Cu 2.5781(3), I1–Cu 2.5781(3), I2–Cu 2.5708(3), I2–Cu# 2.5709(3), Cu–Cu# 2.6207(4), Cu–S 2.2561(4), S–C1 1.6791(13), P1–O1 1.4703(11), P1–O2
1.5555(11), N1–C1 1.3154 (16), N1–C2 1.4667(17), C2–C3 1.526(2); Cu–I1–Cu 61.096(9), I1–Cu–Cu 59.452(5), I2–Cu–I1 118.808(8), I2–Cu–Cu 59.356(5), S–Cu–I1
118.914(13), S–Cu–I2 120.344 (13), S–Cu–Cu# 166.228(17), C1–S–Cu 112.04(4), O1–P1–O2 117.44(7), O1–P1–C1 110.46(6), C8–O3–P1 119.60(9), N1–C1–S 124.81(10),
S–C1–P1 121.61(7), C1–N1–C2 125.49(11), N1–C2–C3 109.44(11), C3–C2–C7 111.79(11). Symmetry transformation used to generate equivalent atoms: 2-x, þy, 3/2-z.
(Bottom) View of a segment of the supramolecular 1D ribbon of 1a running along the a axis.
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Figure 6. Two characteristic red spots indicate the hydrogen
bond H1���O1 between an adjacent molecule of L1 ligated to
Cu2I2 core, to build an infinite supramolecular 1D ribbon.

A yellowish crystalline material of composition
[CuI(L2)]2 was also obtained upon treatment of a MeCN
solution of CuI with an equimolar amount of L2 according
to Scheme 2. The similarity of the spectroscopic data with
those of 1a makes is reasonable to suggest also a dinuclear
structure for [fCu(l2-I)2Cug(j1-L2)2] 1b. The occurrence of
an intense �(N–H) vibration at 3210 cm�1 in ATR-IR spec-
trum indicates that as in 1a the individual complexes are
aggregated via intermolecular N–H���O bridges (Figure S15).

Reactivity of L1 and L2 toward mercury (II) halides
(X5Br, I)

Based on our previous experience on the coordination of
thione-type ligands such as 4,5-bis(methylthio)-1,3-dithiole-
2-thiones or 1,3-dithiolo-(4,5-d)-1,3-dithiol-2,5-dithione on
mercury(II),[38,40,58] we extended our complexation studies
of L on the soft salts HgBr2 and HgI2. Upon heating HgBr2
with a slight excess of L1 in refluxing toluene, formation of
pale yellowish crystals occurred after allowing the solution
to reach ambient temperature. This stable product has
according to elemental analysis a [HgBr2L1)] composition
(Scheme 3). In the 31Pf1Hg NMR spectrum, the singlet res-
onance of metal-ligated L1 appears now low-field shifted at
d 1.21 with Dd of 1.24 ppm with respect to free L1. The
N–H resonance d 9.47 is also markedly low-field shifted
with respect to that of d free L1, Dd being 0.71 ppm.

There are several reports on similar crystallographically
characterized HgBr2 � thione adducts in the literature such
as [fBrHg(l2-Br)2HgBrg(j1-methylimidazoline-2(3H)-thi-
one)2] (CSD refcode SUSWUY) and [fBrHg(l2-
Br)2HgBrg(j1-1,3-thiazolidine-2-thione)2] (CSD refcode
SUZCOF01).[59,60] Both these thione complexes form dinu-
clear species, in which the two Hg centers are linked
through two m2-bridging Br atoms. Furthermore, each tetra-
hedrally ligated Hg(II) center completes its coordination
sphere with a terminal bromide ligand and a S-bonded

thione ligand. We therefore assume that complex 2a shown
in Scheme 3 is also dinuclear species [fBrHg(l2-
Br)2HgBrg(j1-L1)2]. These hypothesis was confirmed by an
X-ray diffraction study performed on single crystals of
derivative [fBrHg(l2-Br)2HgBrg(j1-L2)2] 2b, with was
obtained in an identical manner by treatment of HgBr2 with
L2 (Scheme 3). The molecular structure of this compound
crystallizing the triclinic space group P1 is shown in Figure
7. Like the above cited HgBr2 thione complexes, 2b contains
a dinuclear rhomboid-shaped Hg(l2-Br)2Hg core, in which
the two crystallographically different Hg nuclei are separated
by 3.866Å. A comparable loose contact of 3.901Å, which is
far from being considered as bonding (see structure of 1a),
was encountered in [fBrHg(l2-Br)2HgBrg(j1-methylimida-
zoline-2(3H)-thione)2].

[59] Each distorted tetrahedrally coor-
dinated Hg atom [with angles values in the range between
87.368(19) and 147.30(2)�] is ligated by two rather symmet-
rically bridging m2-Br atoms and terminal bromido ligand.
The coordination is completed by the L2 ligand, which is
bonded via its thione function. The mean Hg–S bond length
is markedly longer than that of Cu compound 2a [2.463(8)
vs. 2.2561(4) Å], but matches approximatively with that of
[fBrHg(l2-Br)2HgBrg(j1-methylimidazoline-2(3H)-thi-
one)2]
[2.406(4) Å]. The mean C¼ S bond length in 2b is as
expected somewhat elongated with respect to that of free L2
[1.697(3) vs. 1.6593(10) Å]. The intermolecular H-bonding
described for L2 is also present in the solid-state structure
of 2b (Figure 7, bottom). Strong intermolecular N–H���O¼P
bonding gives rise to an infinite supramolecular 1D ribbon.
As encountered for 1a, the hydrogen bonding occurs
through pairwise bridging of the N–H���O atoms forming
10-membered rings. The H1���O4 and H2���O1 contacts of
2.01(4) and 2.11(4) Å are slightly different and form
N1–H1���O1 and N–H2���O1 angles of 150(4) and 163(4)�,
respectively.

In a similar manner, heating a toluene solution of HgI2
with an equimolar amount of L2 for 15min at 90� C pro-
duced upon cooling yellowish air-stable crystals of [fIHg(l2-
I)2HgIg(j1-L2)2] 2c. Based on elemental analysis and the
crystal structure of 2b, we suggested a similar architecture
for 2c, incorporating a dinuclear IHg(l2-I)2HgI core
(Scheme 3). Indeed, an X-ray diffraction confirmed this
assumption. Figure 8 shows the molecular structure of this
dimeric compound containing two crystallographically none-
quivalent Hg atoms. The mean Hg–S bond length of
2.5794(7) Å is elongated compared with that of 2 b, indicat-
ing a somewhat weaker bonding of L2 on Hg. In contrast,
the mean C¼ S bond length of 2c is slightly shortened with
respect to that of free 2 b [1.689(3) vs. 1.697(3) Å]. A similar
framework has been crystallographically established for
[fIHg(l2-I)2HgIg(j1-1,3-thiazolidine-2-thione)2] (CSD
refcode UHABEK) and [fIHg(l2-I)2HgIg(j1-1,3-dimethyl-
1,3-dihydro-2H-imidazole-2-thione)2] (CSD refcode
RIMKEG).[60,61] An intermolecular H-bonding as encoun-
tered is also present in the solid-state structure of 2c
through N–H���O¼P bonding. The resulting infinite supra-
molecular 1D ribbon is depicted in Figure S28. Again, the

Figure 6. Hirshfeld surface analysis of compound 1a showing close contacts in
the crystal structure. The strong hydrogen bonds between H1���O1 are labeled.
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hydrogen bonding occurs through pairwise bridging of the
N–H���O atoms forming 10-membered rings. The H1���O4
and H2���O1 contacts of 1.92(3) and 1.96(3) Å are even
below 2Å and form N1–H1���O1 and N–H2���O1 angles of
148.3 and 145.7� respectively.

In order to isolate complex 2a as the only product, it is
advantageous to add L1 in a 10% excess and to heat the
mixture for at least 15–20min. Otherwise, a colorless com-
pound co-crystallizes, which has been identified by an X-ray
diffraction study to be an unusual tetranuclear compound 3
of composition [Hg4Br8(j

1-L1)2], having a 2:1 HgBr2-to-L1
ratio. This compound forms as major component in over
80% yield when using a 2:1 metal-to-ligand stoichiometry.
The centrosymmetric molecular structure of [BrHg(j1-
L1)(m2-Br)[fBrHg(l2-Br)2HgBrg(m2-Br)HgBr(j1-L1)], which
co-crystallized with one toluene molecule, is shown in
Figure 9 and contains a fBrHg(l2-Br)2HgBrg core, which is
interconnected further with two three-coordinate Hg1 atoms
through Hg2–Br2–Hg1 bridges. Whereas the inner tetra-
coordinate dinuclear Hg2 core contains exclusively terminal
and bridging bromide ligands, the two terminal Hg1 atoms
complete their coordination spheres by a dative Hg S
bonding via the thione function of L2. To avoid a lengthy
structural discussion, all relevant Hg–Br bond length and
distances are presented in the caption of Figure 9.

The Hg–S bond distance of 3 is shorter than that of 2b
[2.3818(11) vs. 2.463(8) Å], which may be indicative for a

stronger metal–ligand interaction. In consequence, the C¼ S
bond length of 3 is slightly elongated with respect to that of 2b
[1.706(4) vs. 1.697(3) Å]. Noteworthy is also the occurrence of
a week incipient intramolecular hydrogen bonding within the
almost planar C1–N1–H1���O1–P pseudo-cyclic array (see
Figure 9 top). In contrast, 3 displays in the solid state strong
intermolecular hydrogen bonds between the P¼O groups of
the H–N atoms of adjacent molecular units. As in the case of
1a, due to this hydrogen bonding through pairwise bridging of
the N–H���O1 atoms, 10-membered macrocycles are formed,
which propagate along the c axis and give rise to a one-dimen-
sional supramolecular metallopolymer. The H1���O1 contact of
2.005(3) Å is of the comparable strength as that of 1a, with an
N–H���O angle of 148.8(3)� (Figure 8 bottom).

This rare tetranuclear architecture has already been described
for the pentaethylenglycol-chelated compound [BrHg(peg)(m2-
Br)fBrHg(l2-Br)2HgBrg(m2-Br)HgBr(peg)](CSD refcode POD
WOU) and the tetradentate Schiff-base compound [BrHg
(bapm)(m2-Br)fBrHg(l2-Br)2HgBrg(m2-Br)HgBr(bapm)] (bapm¼
benzilbis((acetylpyridin-2-yl)methylidenehydrazone)) (CSD
refcode KUCXAJ).[62,63] But so far, no related organosulfur-
ligated tetranuclear assembly has been described.

UV–vis and emission spectra

The UV–visible absorption spectra of L1 and L2 ligands
recorded in acetonitrile exhibit a single band with maxima

Scheme 3. Synthesis of dinuclear complexes 2a–2c and of the tetranuclear compound 3.
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at 288 and 285 nm (Figure 10A), respectively. Substitution of
cyclohexyl in L1 (e¼ 4700) by benzyl L2 (e¼ 9400) results
in a notable increase of the molar extinction coefficient.
Previous studies of the UV–vis absorption properties of thi-
ocarbamoylphosphonates have shown that the spectra of this
family of molecules exhibit two bands around 285 and
395 nm, assigned to p ! p� and n ! p� transitions.[19]

However, this latter attribution seems to be less likely in the
case of our ligands because of its insensitivity to the change
of the solvent polarity. Indeed, the absorption spectra meas-
ured for L2 in hexane, ethanol and acetonitrile (Figure S29)
exhibit all a similar appearance, which allows to attribute
this band unambiguously to a p ! p� transition.

In contrast to the UV–vis spectrum of ligand L1, that of
1a (Figure 10B) displays two bands at 288 nm attributed to
ligand-centered transition and an additional band at 246,
nm probably centered on the Cu2I2 fragment. The spectrum
shape of complex 2a is similar to that of 1a (Figure 10B),
but with a weak 4 nm bathochromic shift of the lower
energy band centered on the ligand due to the heavy metal
attractor effect. A second band at 233 nm is centered on the
Hg2Br4 unit. In contrast, the absorption spectrum of com-
plex 2c (Figure 10C), shows a single band with a maximum

at 274 nm. In view of the increase in the width of this band
at mid-height (�53 nm) compared to that of isostructural
complex 2b (�38 nm), the band observed for 2c may be a
mixture of transitions centered on L2 and the Hg2I4 unit.

During this study we were also interested in the lumines-
cence properties of the ligands and some complexes. After
excitation at 300 nm, a weak emission band was observed
for L1 and L2 (Figure 11A) with maxima at 397 and
401 nm, respectively. Upon excitation of solutions of com-
plexes 1a and 2 b using the same wavelength (Figure 11B),
emission bands are observed displaying maxima at 379 and
364 nm (small Stokes shift), which are centered on ligands
L1 and L2, respectively. This study revealed that this emis-
sion bands are independent of the excitation wavelength.
These fluorescence bands can be assigned to the lowest
energy singlet state S1 ! S0 transition.

Conclusion and perspectives

We have reexamined in this contribution by two state-of-the-
art X-ray diffraction studies at 100K the interesting propensity
of phosphonothioamidates to associate via strong

Figure 7. Molecular structure of 2b in the crystal. Selected bond lengths (Å) and angles (deg): Hg1–Br1 2.4720(3), Hg1–Br2 2.7622(3), Hg1–Br31 2.8325(3),
Br2–Hg212.8048(3), Hg1–S1 2.4445(8), Hg2–S2 2.4803(7), S1–C1 1.698(3), S2–C13 1.695(3), P1–O1 1.461(2), P1–O3 1.562(2), N1– C1 1.303(4), N1–C2 1.469(4), C2–
C3 1.502(4), C3–C4 1.388(4); Br1–Hg1–Br2 104.961(12), Br1–Hg1–Br31 108.837(12), Br2–Hg1–Br31 89.918(9), Br3–Hg2–Br22 91.348(10), Br4–Hg2–Br3 105.752(12),
Br4–Hg2–Br22 105.308(11), S1–Hg1–Br1 147.30(2), S1–Hg1–Br2 103.21(2), S1–Hg1–Br31 87.368(19), Hg1–Br2–Hg21 88.531(9), Hg2–Br3–Hg12 88.780(9), C1–S1–Hg1
108.52(11), C13–S2–Hg1 110.18(10), O1–P1–O2 118.81(15), C9–O2–P1 122.5(2), C11–O3–P1 118.6(2), S1–C1–P1 123.70(17), N1–C1–S1 122.8(2), N1–C1–P1 113.5(2).
Symmetry transformations used to generate equivalent atoms: 11þx, þy, –1þz; 2–1þx, þy, 1þz. (Bottom) View of a segment of the supramolecular 1D ribbon
of 2b.
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intermolecular hydrogen bonding to yield both supramolecular
dimers featuring 10-membered macrocycles (L1 and L2) or
one-dimensional chains (L3) and obtained more accurate crys-
tallographic data sets. We have demonstrated for the first time
that these compounds, known since more than 50 years, are
also promising ligands in coordination chemistry. In the case
of CuI, unusual low-coordinate dinuclear species [fCu(l2-
I)2Cug(j1-L)2] are formed, which feature extremely short
intermetallic Cu–Cu distances. A crystallographic analysis of
1a also revealed, that the intrinsic propensity of thione-bonded
L ligands allows the assembly of supramolecular metallopoly-
mers. Dinuclear halide-bridged species [fXHg(l2-
X)2HgXg(j1-L)2] without close metal–metal contact result also
upon coordination on HgX2 salts. Preliminary investigations
indicated also that the variation of the metal-to-ligand ratio
may also control the architecture and nuclearity of the coordin-
ation compound, as exemplified for the tetranuclear complex
[Hg4Br8(j

1-L1)2] 3. Apart from these structural features,
Hg(II) thione complexes may also exhibit an antibacterial
activity, as recently demonstrated for mercury imidazole-2-thi-
one complexes.[64] This may also represent one potential appli-
cation for our compounds. In prospective work, we also intend
to explore the coordination chemistry of L1 and L2 vis-�a-vis
other Cu(I) salts and harder paramagnetic CuX2 salts to inves-
tigate their photophysical properties. Both systematic variation

Figure 8. Molecular structure of 2c in the crystal. Selected bond lengths (Å)
and angles (deg): Hg1–I1 2.6687(3), Hg1–I2 2.7285(3), Hg1–I3 3.0987(3), Hg2–I2
3.1641(3), Hg2–I3 2.7613(3), Hg2–I4 2.6752(3), Hg1–S1 2.6106(7), Hg1–S2
2.5481(8), S1–C1 1.685(3), S2–C13 1.692(3), P1–O1 1.470(2), P1–O3 1.559(2),
N1– C1 1.314(3), N1–C2 1.461(4), C2–C3 1.504(4), C3–C4 1.394(4); I1–Hg1–I2
133.272(8), I1–Hg1–I3 100.415(10), I2–Hg1–I3 93.694(8), I3–Hg2–I2 91.638(8),
I4–Hg2–I2 103.885(9), I4–Hg2–I3 122.688(8), Hg1–I2–Hg2 86.816(7), Hg2–I3–
Hg1 87.559(8), S1–Hg1–I1 117.050(19), S1–Hg1–I2 108.471(18), S2–Hg2–I2
86.287(18), S2– Hg2–I3 107.532(19), C1–S1–Hg1 112.56(10), C13–S2–Hg1
109.65(10), O1–P1–O2 116.68(14), C9–O2–P1 121.7(2), C11–O3–P1 120.0(2),
S1–C1–P1 122.80(15), N1–C1–S1 124.1(2), N1–C1–P1 113.03(19).

Figure 9. (Top) Molecular structure of 3 in the crystal. Selected bond lengths (Å) and angles (deg): Hg1–Br1 2.4241(7), Hg1–Br2 3.0554(6), Hg2–Br2 2.8325(3),
Hg2–Br3 2.5128(5), Hg2–Br4 2.6884(6), Hg2–Br41 2.7938(5), Hg21–Br41 2.7937(5), Hg1–S1 2.3818(11), S1–C1 1.706(4), P1–O1 1.471(3), P1–O3 1.563(3), N1–C2
1.474(5), C2–C3 1.522(7), Hg2���Hg2 3.825; Br1–Hg1–Br2 106.69(2), S1–Hg1–Br1 173.57(3), S1–Hg1–Br2 79.74(3), Br2–Hg2–Br41 102.863(17), Br2–Hg2–Br4
107.759(18), Br3–Hg2–Br2 124.813(16), Br3–Hg2–Br41 108.961(17), Br3–Hg2–Br4 115.020(16), Br4–Hg2–Br41 91.516(18), Hg2–Br4–Hg21 88.486(18), C1–S1–Hg1
105.23(15), O1–P1–O2 119.09(18), O1–P1–C1 111.02(18), S1–C1–P1 123.4(2), N1–C1–S1 122.3(3), N1–C1–P1 114.3(3), N1–C2–C3 108.5(4), C3–C2–C7 111.9(4),
C2–C7–C6 110.4(4). (Bottom) View of a segment of the supramolecular 1D ribbon of 3 running along the c axis. Symmetry transformations used to generate equiva-
lent atoms: 11/2-x, 3/2-y,1-z; 21-x, þy, 3/2-z.
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of the metal-to-ligand ratio and the nature of the RO-substitu-
ents and N(H)-R groups will certainly impact the architecture
of the complexes. Finally, the coordination chemistry of L
toward harder metal complexes such as TiX4 or ZrX4 deserves
future investigations to probe whether the P¼O function may
interact with more oxophilic metal centers.

Experimental section

Apparatus

Infrared spectra have been obtained with a Shimadzu IR
affinity-1 spectrometer using the ATR technique (germa-
nium crystal). UV–vis spectra were measured with a
VARIAN-Cary 100 spectrophotometer and emission spectra
were recorded with a Jobin–Yvon FluoroLog 3.2.2 instru-
ment in CH3CN at room temperature. The 1H, 13Cf1Hg
and 31Pf1Hg NMR spectra were recorded with a Bruker

Avance 400HD spectrometer operating at 400, 100 and
162MHz, respectively. The Supplemental Materials contains
sample of 1H, 13C, 31P NMR and IR spectra of the products
(Figures S1–S27).

General X-ray crystal structure analysis and refinement

The crystal structure determination was accomplished on a
Bruker D8 Venture four-circle diffractometer using a
PHOTON II CPAD detector by Bruker AXS GmbH. X-ray
radiation was generated by microfocus source IlS and IlS
3.0Mo (k¼ 0.71073Å) by Incoatec GmbH with HELIOS
mirror optics and a single-hole collimator by Bruker AXS
GmbH. Suitable crystals of L1, L2, 1a and 2b were covered
with an inert oil (perfluoropolyalkylether) and mounted on
a MicroMount from MiTeGen. For the data collection, the
programs APEX 3 Suite (v.2018.7-2) with the integrated

Figure 10. Normalized absorption spectra recorded in CH3CN of ligands L1, L2 (A), complexes 1a, 2a (B) and 2b, 2c (C) at 298 K.

Figure 11. Normalized emission spectra recorded in CH3CN of ligands L1, L2 (A) and complexes 1a, 2b (B) at 298 K.
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programs SAINT (integration) and SADABS (adsorption
correction) by BrukerAXS GmbH were used. The processing
and finalization of the crystal structures was done with the
program Olex2.[65] The crystal structure was solved with the
ShelXT structure solution program using Intrinsic Phasing
and refined with the ShelXL refinement package using Least
Squares minimization.[66,67] The non-hydrogen atoms were
refined anisotropically. The C-bonded H atoms were placed
in geometrically calculated positions and each was assigned
a fixed isotropic displacement parameter based on a riding
model: C–H¼ 0.95–0.99Å with Uiso(H)¼1.5Ueq(CH3) and
1.2Ueq(CH2, CH) for other hydrogen atoms. The N-bonded
hydrogen atoms were located in the difference-Fourier-map
and refined independently. For L2 the disorder of the ethyl
group attached to O3 was split into two parts and refined
with free variables, which results in an occupancy of 47:53.
The disorder in 1a was split and refined with free variables
as well, which results in an occupancy of 71:29 for the pos-
itional disorder of the ethyl group attached to O2. In 2b, a
positional disorder of the phosphate, attached to C13,
occurs. It was split into two parts and refined with free vari-
ables including the atoms P2, C23 and C24. The refinement
results in an occupancy of 58:42.

The crystallographic data and structure refinement data for
all compounds are contained in Tables S1–S2 (Supplemental
Materials). Crystallographic data for the structures of L1, L2,
1a, 2b and 3 have been deposited with the Cambridge
Crystallographic Data Center as supplementary publication
number 2058770–2058774, that of 2c as 2063292. Copies of
these data can be obtained, free of charge, on application to
CCDC, 12 Union Road, CambridgeCB2 IEZ, UK, Fax: 144-
(0)1223-336033 or e-mail: deposit@ccdc.cam.ac.uk

General procedure of preparation of ligands

Diethyl phosphite (0.020mol, 1.0 equiv.) was added drop-
wise to a stirred solution of potassium tert-butoxide
(0.025mol, 1.5 equiv.) in dry THF (20mL) at 0 �C over a
period of 30min. After 1 h stirring at room temperature, the
appropriate isothiocyanate (0.020mol, 1 equiv.) dissolved in
dry THF (5mL) was added to the resulting solution and
then stirred for 3 h. 20mL of solution of Hþ/H2O were
added to a stirred solution and the mixture was extracted
with dichloromethane (3� 50mL). The recombined organic
layers were dried with anhydrous sodium sulfate, filtered
and then concentrated. The residual oil was purified by sil-
ica gel column chromatography, using a hexane/ether (1:1)
mixture as eluent to yield the pure products as yellow solids.

Diethyl N-cyclohexylcarbamothioylphosphonate (L1)

C11H22NO3PS (MW ¼ 279 g mol�1). Yield: 80%. 1H NMR
(CDCl3): d¼ 1.15–1.24 (m, 2H, Hcy), 1.30 (t, JHP¼ 7.1Hz,
6H, CH3), 1.36–2.01 (m, 8H, Hcy), 4.09–4.25 (m, 4H,
CH2O), 4.22–4.32 (m, 1H, Hipso (C6H11)), 8.76 (br, 1H,
NH). 13Cf1Hg NMR (CDCl3): d¼ 16.2 (d, JCP¼6.3Hz, C9),
24.5 (C6H11–C), 25.3 (C6H11–C), 30.1 (C6H11–C), 53.7 (d,
JCP ¼ 7.7Hz, C2), 65.1 (d, JCP ¼ 6.8Hz, C8), 192.2 (d, JCP
¼ 179.1Hz, C1). 31Pf1Hg NMR (CDCl3): d �0.03. IR-ATR

(cm�1): 1016 �(–P–O–C–), 1161 �(C¼ S), 1230 �(P¼O),
1442 �(C–N), 2857; 2930; 2983 �(C–H), 3175 �(N–H).

Diethyl N-benzylthiocarbamoylphosphonate (L2)

C12H18NO3PS (MW ¼ 287.30 g mol�1). Yield: 85%. 1H
NMR (CDCl3): d¼ 1.29 (t, JHP¼7.1Hz, 6H, CH3), 4.09–4.26
(m, 4H, CH2O), 4.78 (dd, JHP¼5.4; 2.0Hz, 2H, CH2),
7.09–7.35 (m, 5H, Harom), 9.13 (br, 1H, NH). 13Cf1Hg
NMR (CDCl3): d¼ 16.2 (d, 3JCP¼6.4Hz, C10), 49.3 (d,
JCP¼8.5Hz, C1), 65.1 (d, JCP¼6.8Hz, C9), 128.4 (d,
JCP¼10.0Hz, C2), 129.0 (Ar–C), 135.1 (Ar–C), 193.2 (d,
JCP¼180.5Hz, C8). 31Pf1Hg NMR (CDCl3): d 0.00. IR-ATR
(cm�1): 1021 �(–P–O–C–), 1164 �(C¼ S), 1238 �(P¼O),
1454 �(C–N), 2929; 2979 � (C–H), 3209 �(N–H).

General procedure for the preparation of
complexes 1a,b

Complex 1a
This compound was prepared as by mixing L1 (279mg,
1.0mmol), dissolved in 2mL of MeCN and CuI (190mg,
1.0mmol) in 5ml of MeCN. After stirring overnight at
ambient temperature, the solvent was allowed to evaporate
partially. Yellowish crystals of 1a suitable for X-ray diffrac-
tion were formed within several days and then collected by
filtration. Yield: 90%, m.p: 125 �C. Anal. Calcd. for
C22H44Cu2I2N2O6P2S2 (MW ¼ 939.53 g mol�1): C, 28.12; H,
4.72; N, 2.98; S, 6.82%; Found: C, 30.26; H, 5.02; N, 3.06; S,
6.55%.1H NMR (CD3CN): d¼ 0.83–2.40 (m, 16H, Hcy, CH3)
, 3.88–4.31 (m, 4H, CH2O), 4.31–4.86 (m, 1H, Hipso

(C6H11)), 9.16 (s, 1H, NH). 13Cf1Hg NMR (CD3CN):
d¼ 16.1 (d, JCP¼6.0Hz), 25.0, 25.6, 30.7, 54.5 (d, JCP ¼
7.5Hz), 64.1 (d, JCP ¼ 6.6Hz), 192.3 (d, JCP ¼ 181.0Hz,
C¼ S). 31Pf1Hg NMR (CD3CN): d ¼�1.4. IR-ATR (cm�1):
668 r(C–S), 1004 �(–P–O–C–), 1156 �(C¼ S), 1240
�(P¼O), 1447 �(C–N), 2855; 2933 �(C–H), 3014
�(N–H���O), 3151 �(N–H).

Complex 1b
This compound was prepared as described above from L2
(58mg, 0.2mmol) and CuI (48mg, 0.2mmol) using 3mL of
MeCN. Yield: 79%. Anal. Calcd. for C25H39Cu2I2N2O6P2S2
(MW ¼ 970,56 g mol�1): C, 30.94; H, 4.05; N, 2.89; S,
6.61%; Found: C, 33.04; H, 4.35; N,2.97; S, 6.48%. 1H NMR
(CD3CN): d¼ 1.32 (t, J¼ 7.0Hz, 6H, CH3), 3.85–4.43 (m,
4H, OCH2), 4.93 (s, 2H, CH2), 7.11–7.67 (m, 5H, Harom),
9.78 (s, 1H, NH). 31Pf1Hg NMR (CD3CN): d ¼ �1.6. IR-
ATR (cm�1): 694 �(C–S), 1020 �(–P–O–C–), 1161 �(C¼ S),
1239 �(P¼O), 1451 �(C–N), 2932; 2978 �(C–H),
3210 �(N–H).

General procedure for the preparation of
complexes 2a–c

To a solution of HgX2 (X¼Br, I; 1mmol) in toluene (9mL)
was added 1 equiv. of L. The mixture was heated to 90 �C

PHOSPHORUS, SULFUR, AND SILICON AND THE RELATED ELEMENTS 11

mailto:deposit.cam.ac.uk


for 15min and then allowed to reach slowly ambient tem-
perature. After one day, yellowish crystals of 2a–c were
formed (suitable for X-ray diffraction in the case of 2b and
2c) and filtered off.

Complex 2a
This compound was prepared as described above from L1
(139.5mg, 0.5mmol) and HgBr2 (180mg, 0.5mmol). Yield:
73%. Anal. Calcd. for C22H44Br4Hg2N2O6P2S2 (MW ¼
1279.48 g mol�1): C, 20.65; H, 3.47; N, 2.19; S, 5.01%;
Found: C, 20.37; H, 3.15; N, 1.98; S, 4.81%. 1H NMR
(CD3CN): d¼ 1.21–1.33 (m, 2H, Hcy), 1.36 (t, JHP ¼ 7.1Hz,
6H, CH3), 1.47 (dd, J¼ 25.3, 13.7Hz, 4H, Hcy), 1.69 (d,
J¼ 12.9Hz, 1H, Hcy), 1.82 (d, J¼ 12.9Hz, 2H, Hcy), 2.01
(dd, J¼ 12.5, J¼ 2.2Hz, 2H, Hcy), 4.19–4.34 (m, 4H, CH2O),
4.39 (s, 1H, Hipso(C6H11)), 9.48 (s, 1H, NH). 31Pf1Hg NMR
(CD3CN): d¼ 1.25. IR-ATR (cm�1): 796 r(C–S), 1009
�(–P–O–C–), 1157 �(C¼ S), 1238 �(P¼O), 1469 �(C–N),
2856; 2932; 2982 �(C–H), 3112 �(N–H).

Complex 2b
This compound was prepared as described above from L2
(143.5mg, 0.5mmol) and HgBr2 (180mg, 0.5mmol). Yield:
78% m.p.: 132 �C. Anal. Calcd. for C24H36Br4Hg2N2O6P2S2
(MW ¼ 1295.43 g mol�1): C, 22.25; H, 2.80; N, 2.16; S,
4.95% Found: C, 26.87; H, 3.35; N, 2.55; S, 5.51%. 1H NMR
(CD3CN): d¼ 1.32 (t, JHP ¼ 7.1Hz, 6H, CH3), 4.28–4.09
(m, 4H, CH2O), 4.93 (s, 2H, CH2), 7.44–7.28 (m, 5H,
Harom), 9.84 (s, 1H, NH). 13Cf1Hg NMR (CD3CN): d¼ 16.1
(d, JCP ¼ 6.1Hz), 48.3 (d, JCP¼8.6Hz), 65.0 (d, JCP¼6.7Hz),
128.1 (Ar–C), 128.4 (Ar–C), 129.1 (Ar–C), 136.8 (Ar–C),
194.6 (d, JCP¼182Hz, C¼ S). 31Pf1Hg NMR (CD3CN): d
¼�1.6. IR-ATR (cm�1): 692 r(C–S), 1008 �(–P–O–C–),
1162 �(C¼ S), 1237 �(P¼O), 1442 �(C–N), 2930 �(C–H),
3209 �(N–H).

Complex 2c
This compound was prepared as described above mixing L2
(28.3mg, 0.1mmol) and HgI2 (45.4mg, 0.1mmol) in 2mL
of hot toluene. Yield: 73%. Anal. Calcd. for
C24H36Hg2I4N2O6P2S2 (MW ¼ 1419.44 g mol�1): C, 20.30;
H, 2.56; N, 1.97; S, 4.52% Found: C, 20.77; H, 2.85; N, 1.65;
S, 4.21%. 1H NMR (d6-DMSO, 333K): d¼ 1.25 (t, 3JHP ¼
7.0Hz, 6H, CH3), 3.96–4.19 (m, 4H, CH2O), 4.82 (s, 2H,
CH2), 7.09–7.54 (m, 5H, Harom), 11.23 (s, 1H, NH).
31Pf1Hg NMR (d6-DMSO): d¼�0.85. IR-ATR (cm�1): 694
r(C–S), 1021 �(–P–O–C–), 1158 �(C¼ S), 1246 �(P¼O),
1439 �(C–N), 2962 �(C–H), 3120 �(N–H���O),
3204 �(N–H).

Complex 3
This compound was prepared by reaction of L1 (70mg,
0.25mmol) with two equiv. of HgBr2 (180mg, 0.5mmol) at
100 �C. Yield: 47%. Anal. Calcd. for C29H53Br8Hg4N2O6P2S2
(MW ¼ 2093.43 g. mol�1): C, 13.76; H, 2.31; N, 1.46; S,
3.34%; Found: C, 14.25; H, 2.22; N, 1.62; S, 3.04%. 1H NMR

(d6-DMSO, 333K): d¼ 1.12–1.24 (m, 3H, Hcy), 1.27 (t,
J¼ 7.0Hz, 6H, CH3), 1.46 (dd, J¼ 12.2Hz, J¼ 3.1Hz, 1H,
Hcy), 1.52 (dd, J¼ 12.2Hz, J¼ 3.4Hz, 1H, Hcy), 4.05–4.21
(m, 4H, CH2O), 4.14–4.40 (m, 1H, Hipso(C6H11)), 10.16 (s,
1H, NH). 31Pf1Hg NMR (d6-DMSO): d ¼�1.4. IR-ATR
(cm�1): 653 r(C–S), 1003 �(–P–O–C–), 1159 �(C¼ S), 1254
�(P¼O), 1447 �(C–N), 2852; 2933; 2984 �(C–H), 3136
�(NH���O), 3206 �(N–H).
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