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Synthesis, structure and reactivity with phosphines
of Hg(i) ortho-cyano-aminothiophenolate
complexes formed via C—-S bond cleavage and
dehydrogenation of 2-aminobenzothiazoles+

Subhi A. Al-Jibori,*® Ahmed A. Irzoqji,> Ahmed S. M. Al-Janabi, 2 €
Amenah . A. Al-Nassiry,” Sucharita Basak-Modi,® Shishir Ghosh, Christoph Wagner®
and Graeme Hogarth () *f

Addition of 2-aminobenzothiazole (abt) and substituted derivatives to Hg(OAc), leads to the high yield
formation of ortho-cyano-aminothiophenolate (ocap) complexes [Hg{SCgHsXN(C=N)}],, (X = H, Me, Cl,
Br, NO,) resulting from dehydrogenation and C-S bond cleavage. The reaction appears to be unique to
Hg(OAc), and with HgCl, the product [HgCly(abt)l,, contains an intact abt ligand, but reacts with acetate
to afford the ocap complex [Hg{SCgH4N(C=N)}],,. Binding of abt to Hg(i) has previously been probed in
molecular structures of [Hg(sac),(abt)L] (L = MeOH, DMSO) and these have been reexamined to under-
stand the perturbation of abt upon coordination. When the reaction of abt and Hg(OAc), was carried out
at low temperatures the intermediate [Hg(Kz-OAC)(EtOH)(p-HNCNSC6H4)]2 was isolated resulting from a
single ligand deprotonation thus allowing a mechanism for ring-opening to be proposed. Reactions of
[Hg{SCgHzXN(C=N)}],, with mono- and bidentate phosphines have been studied, affording a series of
complexes in which the ocap ligands adopt four different binding modes in the solid state, as shown by a
number of crystallographic studies. In all, the ligand chelates to a single mercury centre but spans to the
second via either: (i) a simple S,N-chelate, (ii) coordination through nitrogen of the C=N group, (iii) the
sulfur acting as a thiolate-bridge, (iv) both thiolate bridging and cyanide coordination. With PPhs two
different binding modes are seen in complexes [Hg{SCsHzXN(C=N)}(PPhs)], being dependant upon the
nature of the arene-substituent, while addition of excess PPhs affords mononuclear [Hg{SCgH3XN(C=N)}
(PPhs3),]. With dppm, binuclear [Hg(SC6H3XN(CEN)}(Kl-dppm)]z result in which the diphosphine binds in a
monodentate fashion. With the more flexible diphosphines, dppe and dppb, coordination polymers [Hg
{SCHsXN(C=N)} (k% k*-diphosphine)l, result in which ocap binds in a simple chelate fashion. Somewhat
unexpectedly, with dppp, binuclear complexes [ng{SC6H3XN(CEN)}Z(p,Kl,Kl-dppp)] result in which two
diphosphines bridge the Hg, centre, while with dppf mononuclear chelates are proposed to result. Thus,
the simple and high-yielding ring-opening of 2-aminobenzothiazole and substituted derivatives by mer-
curic acetate provides ready access to a range of novel ortho-cyano-aminothiophenolate complexes,
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1. Introduction

The coordination chemistry of so-called non-innocent ligands®
is an area of intense research interest of which dithiolenes®
and to a lesser extent, ortho-aminothiophenolates®® (Chart 1)
are good examples. Both can adopt different resonance forms,
rendering them redox active and capable of stabilising
metals in a wide range of oxidation states. The vast majority of
ortho-aminothiophenolate chemistry focuses on the parent
ligand (E = NH) as it is easily accessible from ortho-aminothio-
phenol or bis(ortho-aminophenyl)disulfide.>® In contrast,
N-functionalised derivatives have received less attention
despite allowing for fine-tuning of steric and electronic pro-
perties. A rare amino-substituent is the cyano group,’ yet such
species could potentially exhibit interesting electronic and
redox properties resulting from the potential delocalisation of
electron-density over the N-C=N moiety. A few years ago, we
reported our preliminary observations of the serendipitous
synthesis of ortho-cyano-aminothiophenolate (ocap) complexes
of mercury via the ring-opening dehydrogenation of 2-amino-
benzothiazole (abt) and some derivatives.® Herein we develop
this chemistry, showing that a range of such ligands are
readily accessible in a simple one-pot reaction, and these com-
plexes react with phosphines to give complexes displaying
varying coordination geometries of the ortho-cyano-aminothio-
phenolate ligand.

E=§,NH

Chart 1 Resonance hybrids of dithiolene (E = S) and ortho-aminothio-
phenolate (E = NH) ligands.

N Hg(OAC),, EtOH, A
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S -2 HOAc
X
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2. Results and discussion

(i) Ring-opening of 2-aminobenzothiazoles (abt) upon
reaction with Hg(OAc),: synthesis of ortho-cyano-aminothio-
phenolate (ocap) complexes [Hg{SCcH;XN(C=N)}],, (1a-€)

Addition of 2-aminobenzothiazole (abt) and substituted deriva-
tives to Hg(OAc), in warm ethanol led to the high yield
(70-90%) formation of ring-opened ortho-cyano-aminothio-
phenolate complexes formulated as [Hg{SCsH:;XN(C=N)}],
(1a-e) (Scheme 1). A major ligand rearrangement was immedi-
ately apparent from the disappearance of the amine protons in
the "H NMR spectrum, being confirmed by the appearance of
a strong absorption at ca. 2120 cm™" associated with a C=N
group in IR spectra. Complexes 1a-e are only sparingly soluble
in organic solvents, suggesting that they are probably coordi-
nation polymers. We also prepared 1a in similar yields upon
addition of NaOAc to an ethanol solution of [HgCl,(abt)],..°

We have been unable to crystallographically characterise
these species and thus unambiguously assign the ocap coordi-
nation mode, although based on the different binding modes
seen in phosphine adducts (A-C Chart 2 see later) we speculate
that they most likely act as a tetra-coordinating ligand (D)
binding through both nitrogen atoms and with a bridging
sulfur, giving rise to a coordination polymer.

(ii) Probing the mechanism of the ring-opening reaction:
characterisation of intermediate [Hg(kx”-OAc)(EtOH)(p-
HNCNSCgH,)], (3)

The reaction appears to be limited to Hg(OAc),, since other
mercury salts give simple adducts in which abt is bound
through the endocyclic nitrogen.’ For example, we recently
crystallographically characterised [Hg(sac),(abt)L] (2a-b) (L =
MeOH, DMSO) (Chart 3) formed upon addition of two equiva-
lents of sodium saccharinate (Nasac) to [HgCl,(abt)],."°
Chart 3 gives a comparison of important bond lengths within
these two closely related molecules. Consideration of the C-N

2
&
N\ NaOAc
/C( Hg | <——— [HgCly(abt)],
X S/ X=H

n
1a-e

Scheme 1 Synthesis of ocap complexes la—e via ring-opening of abt upon reaction with Hg(OAc),.
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Chart 2 Binding modes (A-D) of the ortho-cyano-aminothiophenolate (ocap) ligand.
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Chart 3 A summary of important bond lengths in [Hg(sac),(abt)L] (2a—b) (L = MeOH, DMSO) and resonance hybrids for Hg(i)-abt complexes.

bond distances within the abt ligands provides insight into
the nature of its bonding to mercury. Thus, while errors are
high and differences are not with the accepted 3¢ range, there
is nevertheless a clear trend. Thus, the putative C=N double
bond [2a N(3)-C(3) 1.302(10); 2b N(3)-C(15) 1.330(8) A] is
longer than the supposed single C-N bond to the amine
[2a N(4)-C(3) 1.279(10); 2b N(4)-C(15) 1.298(8) A] suggesting
that the zwitterionic resonance form cannot be discounted
(Chart 3). This suggests that binding of abt to the Hg(u) centre
significantly perturbs its electronic structure leading to a
favouring of the zwitterionic enamide over the enamine form.

In order to further probe the ring-opening process,
we carried out the reaction of abt and Hg(OAc), at 0 °C and
were able to isolate intermediate [Hg(k>-OAc)(EtOH)(p-
HNCNSC¢H,)], (3) in good yield (Scheme 2). An X-ray crystallo-
graphic study was undertaken the results of which are dis-
played in Fig. 1.

The molecule consists of a Hg(u)-Hg(u) centre spanned by
two 2-aminobenzothiazolate ligands, resulting from deproto-
nation of abt. Binding to mercury is through the two nitrogen
atoms, the distance to the endocyclic nitrogen of 2.071(6) A
being slightly longer than that of 2.040(8) A to the exocyclic
amide. The two N-C bonds differ significantly, that to the
amide [N2-C1 1.286(10) B] being shorter than the endocyclic
bond [N1-C1 1.348(11) A]. The coordination sphere of each
mercury atom is completed by a chelating acetate ligand [O1-
Hg1-02 51.38(2)°] and a molecule of ethanol. Thus, ignoring
the metal-metal interaction, each mercury center is five-coor-
dinate and the coordination geometry is best described as a
highly distorted trigonal bipyramid with the two nitrogen
atoms occupying axial sites [N1-Hg1-N2 158.8(2)°]. Two reso-
nance structures can be drawn for the bridging 2-aminoben-
zothiazolate ligand (Chart 4) and on the basis of the bond

S
NSy
EtOH O=CMe
©: \>_NH 9(OAc),, EtOH, 0°C O\ Ig ------- I\-ig/\?é
—>
- HOAc Mecgo/ \ ,\!,H\EtOH

Scheme 2 Formation of 3 from reaction of abt and Hg(OAc), at 0 °C.

This journal is © The Royal Society of Chemistry 2022

Fig. 1 Molecular structure of 3. Thermal ellipsoids are displayed at 50%
probability and hydrogen atoms omitted for clarity. Selected bond
lengths (A) and bond angles (°): Hgl-Hg1A 3.094(1), Hgl-N1 2.067(6),
Hg1-N2 2.040(8), Hgl-01 2.560(7), Hg1-02 2.481(6), Hgl-03 2.592(8),
N1-C1A 1.348(11), N2—-C1 1.286(10), C1-S1A 1.738(8); N1IA-C1-N2 126.5(7),
N1-Hg—-N2 158.5(2), O1-Hg-02 114.5(2), N1-Hg1-03 91.1(2).

S S
BN A
HNZ \G HNT Sy
Hg------ Hg Hg-—--- Hg

Chart 4 Resonance hybrids for the bridging 2-aminobenzothiazolate
ligand.

lengths and angles found in 3 we conclude that actual struc-
ture lies closer to the zwitterionic form.

Redissolving 3 in ethanol and heating afforded 1a. This
allows a plausible mechanistic pathway for the formation of
[Hg{SCcH;XN(C=N)}], (1a-e) (Scheme 3) to be suggested.
Initial generation of a simple abt adduct is proposed, two reso-
nance hybrids of which are possible. As a result of the change
in electronegativity of the endocyclic nitrogen upon binding to
Hg(u), the zwitterionic hybrid is populated which has an acidic
proton and can eliminate acetic acid. This leads to formation
of an uncharged mercuric amide (ketimide); dimerisation and
addition of ethanol to which afford intermediate 3. Upon
heating, elimination of a second equivalent of acetic acid
affords a highly strained bridging diamide, which undergoes

Dalton Trans., 2022, 51, 7889-7898 | 7891
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Scheme 3 Suggested pathway for the ring-open dehydrogenation of abt upon reaction with Hg(OAc),.

C-S bond scission, and rotation about the single N-Ar bond
allows sulfur to find to bind to chalcogenophilic Hg(u) result-
ing in formation of 1.

(iii) Reactions with PPh;: synthesis of [Hg{SCcsH;XN(C=N)}
(PPhy)], (4) and identification of two structural types

We note at the outset of our reactivity studies that Hg(u) is a
d'® metal centre and thus, lacking any crystal field stabilis-
ation energy, is labile. This, coupled with the large size and
relatively soft nature of Hg(u) suggests that the structures of the
phosphine adducts shown below are likely those which have
the lowest ground state energies in the solid-state. In solution
there may well be a number of interconverting species, and
this is validated by the broad nature of the *'P{"H} NMR
spectra. Thus, we do not suggest that the different coordi-

nation geometries shown in the solid-state are also those
adopted in solution.

We began our exploration of the chemistry of 1a-e by trying
to break down the supposed polymeric framework upon reac-
tion with PPh;. This strategy was successful and in all cases
addition of ca. 2 equivalents of PPh; resulted in formation of
adducts [Hg{SCsH3XN(C=N)}(PPh;)], in high (60-83%) yields,
being isolated as pale yellow air-stable solids (Scheme 4).
Phosphine coordination was easily confirmed in the *'P{'H}
NMR spectra, all showing a broad singlet resonance at ca.
25-35 ppm and in the IR spectrum the distinct C=N vibration
was still apparent.

Crystal structures were carried out on 4a, 4b and 4d and
these revealed that the solid-state structure, and in some cases
the coordination mode of the ocap ligand was dependent

X
PPhsy
P H
¢ C&)\‘ Hg—=$
e
Ph3P/,, / N KU ~exy PPhs N\H PPhy "‘l AN
Sc. / Ny 9 peh, « g X =H S.......TQ—Né
n
d 4b-e 1a-e PhsP 4a
X xs PPhs ‘ N /:’Ph3
/i
c
U
N{  wPPhs
M9~eppn,
X S

Scheme 4 Reactions of 1la—e with PPhs.
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Fig. 2 Molecular structure of [Hg{SCsH4N(C=N)}PPhs)], 4a. Thermal
ellipsoids are displayed at 50% probability and hydrogen atoms omitted
for clarity. Selected bond lengths (A) and bond angles (°): Hgl-N1
2.312(4), Hg1-S1 2.352(2), Hg1-P1 2.373(2), Hg1l-N2A 2.517(5), N1-C1
1.287(6), N2—C1 1.153(6), S1-Hg1-N1 81.76(11), N1-Hg1-N2A 91.86(14),
S1-Hg1l-P1147.76(5), N1-Hg1-P1 122.04(11), N1-C1-N2 176.2(6).

upon the nature of the ocap ligand. The molecular structure of
[Hg{SCcH,N(C=N)}(PPh;)], (4a) is shown in Fig. 2.° It is a
centrosymmetric dimer in which the coordination geometry at
each Hg(u) centre is a distorted N,PS tetrahedron. The ortho-
cyano-aminothiophenolate ligands adopts coordination mode

(a)

View Article Online
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B (Chart 2) chelating to one mercury [N1-Hg1-S1 81.76(11)°],
while bridging to a second through coordination of cyanide.
This gives an eight-membered Hg,N,C, ring which, because of
the linear nature of the N-C=N subunit, is akin to a chair con-
figuration of a six-membered ring. As expected, the two Hg-N
distances differ significantly, the longer Hg1-N2A of 2.517(5) A
being akin to a simple mercury-amide interaction. Perhaps
most importantly, adoption of this bonding mode has little
effect on the bond distances within the N-C=N moiety which
still displays long and short N-C interactions [N1-C1 1.287(6),
N2-C1 1.153(6) A]. This is also reflected in the observation of a
strong C=N stretch at 2140 cm™" in the IR spectrum.
Complexes 4b-e have a different solid-state structure to that
in 4a, the ocap ligands adopting coordination mode C
(Chart 2). The molecular structure of [Hg{SCsH;BrN(C=N)}
(PPh;)], (4d) is shown in Fig. 3.% It is again a centrosymmetric
dimer, but unlike 4a consists of a central Hg,S, core with each
mercury centre also being coordinated to one phosphine and a
nitrogen of an N-C=N moiety. Both Hg-S and Hg-N bond
lengths are slightly shorter than those in 4a and the Hg-P dis-
tance is longer. The N-C=N subunit is linear [N1-C1-N2
174.6(7)°] and shows long [N1-C1 1.287(8) A] and short [N2-
C1 1.154(8) A] N-C bonds. Bridging of the thiolate ligands is
highly asymmetric [Hg1-S1 2.411(2), Hg1-S1A 2.871(2) A],
suggesting a better Lewis model is that shown in Fig. 3b.
Reasons for the adoption of different binding modes of
ocap are not obvious. It is hard to attribute the difference to
steric effects as only minor changes are made at a ring posi-
tion, which appears not to show and significant intra- or inter-
molecular interactions in either form. In the solid state, the

Ph 3 P///,,h / S\H “\\\\N \C =

=N

H g
NSeo @ N YPPhg
N
4b-e
X

(b)

Fig. 3 (a) Molecular structure of 4d.® Thermal ellipsoids are displayed at 50% probability and hydrogen atoms omitted for clarity. Selected bond
lengths (A) and bond angles (°): Hg1-N1 2.266(5), Hg1-S1 2.411(2), Hg1-S1A 2.871(2), Hgl-P1 2.272(2), N1-C1 1.287(8), N2—-C1 1.154(8); Hg1-S1-
Hg1A 83.57(5), S1-Hg1-S1A 96.43(5), S1-Hg1-N1 80.76(14), P1-Hg—-S1 151.40(6), P1-Hg1-N1 122.19(13), N1-C1-N2 174.6(7); (b) line drawing high-

lighting the bonding within 4b—e.

This journal is © The Royal Society of Chemistry 2022
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Y(C=N) vibration in the IR spectrum varies little between
different binding types (4a 2140, 4b-c 2142 cm™") although for
4d it is seen at 2163 cm ™. In solution the *'P{'"H} NMR chemi-
cal shifts vary a little more (4a 36.5, 4b-d 25.4-29.0 ppm) but
4e at 35.6 ppm points away from a differentiation of bonding
types. Likely, binding modes B and C have similar energies
and it may be secondary intermolecular interactions which
serve to dictate the coordination mode adopted.

Addition of a slight excess of PPh; to either 1a or 4a and
heating in CHCI; resulted in formation of a new complex
believed to be the bis(phosphine) adduct, [Hg{SCsH,N(C=N)}
(PPh3),] (5) (Scheme 4). Elemental analysis was consistent with
this formulation and the '"H NMR spectrum showed a 2:1
ratio of phosphine and ocap ligands. In the *'P{"H} NMR spec-
trum a broad singlet at 29.2 ppm can be compared to that at
36.5 ppm in 4a. We propose a mononuclear structure akin to
that found for [HgCl,(PPh;),]"" in which the Hg(u) centre is a
distorted tetrahedron. We have been unable to confirm this by
X-ray crystallography and the broad nature of the *'P{"H} NMR
spectra leads us to suggest that there is an equilibrium
between 5 and a three coordinate [Hg{SCsH,N(C=N)}(PPh;)]
which can in turn dimerize. For example, we note that with
bulky phosphine ligands both 4- and 3-coordinate dihalide
complexes can be isolated.'” The broad nature of the *'P{"H}
NMR spectra is also the likely reason we have been unable to
observe *'P-'°°Hg couplings."?

(iv) Reactions with bis(diphenylphosphino)methane (dppm):
synthesis of binuclear [Hg{SCcH;XN(C=N)}(x"'-dppm)], (6)

We next studied reactions of 1 with diphosphines, expecting to
generate mononuclear complexes of the type [Hg{SC¢H;XN
(C=N)}(x*>-diphosphine)] in which ocap adopts coordination
mode A. We began with the small bite-angle bis(diphenylpho-
sphino)methane (dppm) which normally acts as a bridging
ligand but can also bind in a chelate or monodentate
fashion.™ Reactions with equimolar amounts of 1a-d in EtOH
at room temperature led to isolation of [Hg{SCsH;XN(C=N)}
(x'-dppm)], (6a-d) as pale yellow solids in ca. 60-85% yields
(Scheme 5).

The *'P{'H} NMR spectrum clearly shows that the dipho-
sphine is monodentate, two doublets at 9.9 and —2.6 ppm (Jpp
29 Hz) for 6a being consistent with coordinated and uncoordi-
nated PPh, groups respectively. We have also not been able to

X
PPh,
< S, N
Ph,P- R ~C=
NS T
—_— %C\N/ \S/ Phy
Ph,P
X 6a-d

Scheme 5 Reactions of 1a—d with dppm.
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observe *'P-'’Hg couplings for 6 despite the “sharp” nature
of the *'P signals and this may be due to a slow exchange of
bound and free phosphorus atoms. The proposed structure
was confirmed by a preliminary crystallographic study of 6a
(ESI Fig. 1}) which also confirms the adoption of binding
mode C in which sulfur bridges the Hg---Hg vector. The mono-
dentate nature of the dppm in 6 has literature precedent.
Peringer and co-workers have studied reactions of dppm
with a range of Hg(u) salts,">*® for example, addition to
[Hg(O3SCF3),] affords [Hg(k'-dppm),][O3SCF;],.'® Here the two
ends of the diphosphine exchange on the NMR timescale'®
presumably via a three-coordinate intermediate. No such inter-
conversion of the two ends of the diphosphine are seen in 6.
Indeed, in an attempt to disrupt the binuclear framework and
force the dppm ligand to adopt a chelate or bridging mode, 6a
was heated at reflux in CHCl; for 8 h leading (after cooling) to
the formation of green-yellow crystals identified by X-ray diffr-
action (see ESIf) as the known complex [Hg,(p-Cl)(p-
dppm),Cl,]JCL*® Thus, rather than breaking the dimercury
moiety, coordination of the second phosphorus centre has led
to elimination of the ocap ligands.

(v) Reactions with 1,2-bis(diphenylphosphino)ethane (dppe):
synthesis of coordination polymers [Hg{SCsH;XN(C=N)}
(r-x",x"-dppe)], (7a) and [Hg(DMF){SCcHXN(C=N)}(p-k",x"-
dppe)]. (7b-d)

We next turned our attention to more flexible diphosphines, a
number of which have been shown to afford chelate complexes
of the type [HgX,(k*-diphosphine)]."®*%*" Firstly, we explored
the chemistry of 1,2-bis(diphenylphosphino)ethane (dppe). In
contrast to reactions of Hg(u) salts with dppm, addition of
dppe to [Hg(O;SCF;),] yields the bis(chelate) [Hg(i*
dppe),][03SCF;],,"® while with Hgl, the coordination polymer
[HgL,(H,O)(p—«",x'-dppe)], is formed, in which the dppe
ligand links together 5-coordinate Hg(u) centres.>*

Reactions of 1 with dppe led to the isolation of coordi-
nation polymers 7a-d (Scheme 6) in which the diphosphine
bridges between mercury centres. We were able to crystallise
7a from CHCl;, but in contrast 7b-d were not particularly
soluble in CHCI; and hence all were recrystallised from DMF.
After recrystallisation elemental analysis consistently showed
the presence of one equivalent of DMF per mercury. This was
borne out by the crystallographic characterisation of 7b as
shown in Fig. 4.

We did obtain preliminary crystallographic data for 7a, and
while of low quality, the molecular structure showing a coordi-
nation polymer consisting of 4-coordinate distorted tetrahedral
Hg(u) centres linked by dppe ligands was established. In con-
trast in 7b, each Hg(u) centre is a 5-coordinate distorted trigo-
nal bipyramid, pairs of which are spanned by ocap ligands
which adopt the bridging thiolate mode C and it is these Hg,
centres that are linked by the diphosphine to give the poly-
meric structure. In many respects this mimics the structure of
dppm derivatives 6 but differs in that each Hg(u) centre is also
bound by DMF. The Hg-O bond distance of 2.882(5) A might
be considered at the upper end of such interactions but never-

This journal is © The Royal Society of Chemistry 2022
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dppe
Ph,P.

Scheme 6

structure of

Fig. 4 Molecular [Hg{SCsHsMeN(C=N)}DMF)(u—«" k*-
dppe)l, (7b). Thermal ellipsoids at the 50% level and hydrogen atoms
omitted for clarity and disordered DMF are omitted for clarity. Selected
bond lengths (A) and bond angles (°): Hg—N1 2.275(3), Hg—S 2.4370(9),
Hg(A)-S 2.9350(9), Hg—O 2.880(5), Hg—S—Hg(A) 87.12 (3), N1-Hg-P
128.61(9), N1-Hg-S 81.13(9), S—Hg—P 146.39(3), S(A)-Hg-S 92.88(3),
S(A)-Hg—-P 102.32(3). Symmetry operator A:1 —x,1 -y, 1 - z.

theless coordination of DMF is clearly shown by the trigonal
bipyramidal nature of the Hg(u) centre the DMF and one of the
sulfur ligands occupying the axial sites [S-Hg-O 172.47°].
Coordinated DMF is retained upon redissolution, with 7b-d
each showing a pair of doublets in the *'P{'"H} NMR spectrum,
for example at 27.5 and 36.5 (Jpp 36 Hz) for 7b.

We tentatively suggest that in all cases the initially formed
product has the structure adopted by 7a and upon redissolu-
tion in DMF they rearrange to form the DMF adducts, which
are subsequently retained in CDCl;. The surprising feature of
this transformation is not the coordination of the DMF, but
the increased hapticity of the ortho-cyano-aminothiophenolate
ligand; one might expect that addition of another ligand
would lead to a reduction in hapticity if it changed at all. This
presents evidence that, in solution, coordination polymers
may breakdown to yield (at least in part) mononuclear frag-
ments [Hg{SC¢H;XN(C=N)}(dppe)] which can reassemble to
give the observed coordination polymers.

This journal is © The Royal Society of Chemistry 2022
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Reactions of 1a—d with dppe followed by recrystallisation from DMF.

(vi) Reactions with 1,3-bis(diphenylphosphino)propane
(dppp): synthesis of dimeric [Hg,{SCeH;XN(C=N)},(p,k" k-
dppp)] (8)

As far as we are aware, reactions of 1,3-bis(diphenylphosphino)
propane (dppp) with Hg(u) salts have not been previously
investigated. Alyea and co-workers reported details of a closely
related diphosphine, Ph,PCH,SiMe,CH,PPh,, whereby the
central methylene unit has been replaced by SiMe,,'*? and this
leads to formation of the chelate complexes [HgX,(k>
Ph,PCH,SiMe,CH,PPh,)] which were crystallographically
characterised.

Reactions of 1a-d with equimolar amounts of dppp
afforded [Hg,{SCcH;XN(C=N)},(u,x",x"-dppp)] (8a-d) in high
yields (70-80%) (Scheme 7). Crystal structures were carried out
on 8b-c and as they are not significantly different only that for
8c is discussed here. Unexpectedly these are binuclear com-
plexes in which Hg---Hg vector is spanned by a diphosphine
and two ocap ligands. The latter bind in mode B (Chart 2)
acting as a chelate to one metal centre and linking to the
second through coordination of the C=N moiety. Binding of
the dppp constricts the two ocap ligands to adopt a syn rather
than the anti-conformation seen in 4a (see above). This does
not affect the bite angle significantly [S1-Hg1-N1 81.05(17),
S2-Hg2-N3 81.46(18)°].

In the solid-state, the two phosphorus centres in 8b-c are
non-equivalent and this is retained in solution, *'P{'H}
NMR spectra consisting of a pair of doublets; in 8c at
21.5 and 36.5 ppm (Jpp 41 Hz). In contrast, both 8a and
8d display only a singlet resonance, although it is broad.

X
2.8

SCE=ENGN, S

dppp Q\N_C/

H
-
thp\/\/Pth

8a-d

Scheme 7 Reactions of 1 with dppp.
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We cannot say for certain that the same structure is adopted
in these complexes. The different *'P NMR spectra
may result from a different structural type of due to the flexi-
bility of the core, leading to either solution equivalence or
near equivalence of the two phosphorus nuclei.
Unfortunately, in the absence of structural data for either 8a
or 8d we are unable to differentiate between these
possibilities.

(vii) Reactions with 1,4-bis(diphenylphosphino)butane
(dppb): synthesis of coordination polymers [Hg{SCcsH;XN
(C=N)}(u-x",x"'-dppb)], (9a-d)

Reactions of 1a-d with bis(diphenylphosphino)butane (dppb)
proceeded at room temperature over 1 h to afford coordination
polymers [Hg{SCeHzXN(C=N)}(p-x",x'-dppb)], (9a-d)
(Scheme 8). This is confirmed by the molecular structure of
[Hg{SCsH;MeN(C=N){Ph,P(CH,),PPh,}], (9b) (Fig. 6)° which
is similar to that of 7a (Fig. 5), consisting of a 1D coordination
polymer in which tetrahedral Hg(u) centres are linked by
diphosphines. The ocap ligand binds in a simple chelating
fashion (A Chart 2) subtending and angle of 81.13(9)° at
mercury. Both Hg-S and Hg-N bond lengths of 2.437(1) and
2.275(3) A respectively are within the expected ranges. This
binding mode is akin to that previously found for Hg(u) 1,2-
benzenedithiolate complexes such as [Hg(SCeH,S),][NEty],.>?
This is in accord with the linear nature of the N-C=N unit
[N1-C7-N2 177.45(5)°] and the significant difference in the
nitrogen—carbon bonds [N1-C7 1.307(5), N2-C7 1.149(6) A].
The structure of 9b is akin to that of [Hg(SCsS;S)
(Ph,PCH,CH,PPh,)], reported by McKenzie and co-workers™’
in which the dithiolate ligand subtends an angle of 89.56(8)°
at the metal centre and Hg-S bonds are 2.560(3) and 2.530(3)
A. The *'P{'"H} NMR spectra of 9b-d all show a pair of doublets
suggesting that the inequivalence of the phosphorus centres
observed in the solid-state for 9b is maintained in solution;
although notably 9a shows only a single resonance, albeit
broad.

(viii) Reactions with 1,1'-bis(diphenylphosphino)ferrocene
(dppf)

The diphosphine 1,1-bis(diphenylphosphino)ferrocene (dppf)
is known to be extremely flexible and able to bind to metals in
a range of different ways. Most relevant to our work is the
observation that addition of dppf to a range of mercuric

Phy

P, S
F@'e— '/,,,H/ jg/x
g dppf
<57
Ph, C/
1l
N 10a,e

Scheme 8 Reactions of 1 with dppb and dppf.
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Fig. 5 Molecular structure of [Hg{SCgH3CIN(C=N)},(u-dppp)] (8c).
Thermal ellipsoids at the 50% level and hydrogen atoms are omitted for
clarity. Selected bond lengths (A) and bond angles (°): Hg1-N1 2.367(6),
Hg1-N4 2.835(6), Hg2-N2 2.723(6), Hg2—-N3 2.249(8), Hgl-S1 2.372(2),
Hg2-S2 2.372(2), Hgl-P1 2.395(2), Hg2—-P2 2.385(2), Hgl:--.Hg2 5.481(2),
N1-C7 1.312(11), N2-C7 1.149(11), N3-C14 1.280(12), N4-C14 1.173(12);
N1-Hgl-S1 81.06(18), N1-Hgl-P1 114.72(18), S1-Hgl-P1 157.36(8),
N3-Hg2-S2 81.6(2), N3-Hg2-P2 122.5(2), S2—-Hg2—-P2 155.74(8).

halides, HgX, (X = Cl, Br, I, CN)** affords crystallographically
characterised mononuclear [HgX,(x>-dppf)] (X = Cl, Br) in
which the diphosphine binds in a chelate fashion.>*®
Reactions of 1a and 1e with one equivalent of dppf afforded
10a and 10e respectively as analytically pure brown-yellow
solids in good yields. Each shows a singlet in the *'P{'"H} NMR
spectrum consistent with the equivalence of the two phos-
phorus centres. This does not unequivocally differentiate
between mononuclear and coordination polymer structures,
however, in light of the mononuclear nature of [HgCl,(k>
dppf)] and the simple nature of the cyclopentadienyl reso-
nances (two apparent singlets in each case) then we favour
assignment as mononuclear species (Scheme 8). We have been
unable to confirm this crystallographically.

dppb

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Molecular structure of 9b.% Thermal ellipsoids at the 50% level and hydrogen atoms are omitted for clarity. (a) Showing repeating unit, (b)
showing section of the polymeric chain. Selected bond lengths (A) and bond angles (°): Hg—N1 2.332(4), Hg—S 2.4616(13), Hg—P1 2.4650(12), Hg—P2
2.5522(13); S-Hg—N1 80.72(11), S-Hg—-P(1) 131.83(5), S-Hg—P(2) 106.56(4), P1-Hg—P2 117.88(4). Symmetry operator A: —x, 1 -y, 1 — z.

3. Summary and conclusions

In this contribution we have described the unexpected ring-
opening dehydrogenation of 2-aminobenzothiazoles (abt) at a
Hg(u) centre, resulting in the facile preparation of otherwise
inaccessible ortho-cyano-aminothiophenolate (ocap) complexes
of the type, [Hg{SCcH3;XN(C=N)}],,. Their molecular structures
have not been unequivocally established, but their insolubility
strongly suggests that they are coordination polymers,
although related cyclic oligomers cannot be completely
excluded. Precise mechanistic details of the ring-open dehy-
drogenation remain unknown, but analysis of structural para-
meters for Hg-bound abt complexes suggest that a zwitterionic
resonance hybrid which leads to enhanced acidity of the
amino-proton(s) may be important. This is further supported
by the isolation of an intermediate 2 in which a pair of depro-
tonated 2-aminobenzothiazoles bridge a Hg---Hg vector. The
ring-opening transformation appears to be specific to acetate
complexes, and this may be a result of the reversible nature of
the N-H bond scission-formation. Thus, with the weak acid,
HOAc, the transformation lies to the left-hand side, while for
stronger acids (HX, X = Cl, Br etc.) it lies to the right-hand side.

Addition of phosphines to [HZ{SCsH;XN(C=N)}], results in
scission of the polymeric (or oligomeric) structure and a series
of mono- or binuclear Hg(u) complexes, which show four
different coordination modes of the bound ocap ligands. We
rely heavily on single crystal XRD for this insight, and it may
be that some of these structures are interconverting in solu-
tion; something that requires further investigation. Perhaps
the most unexpected of these structures are the small-bite
angle diphosphine complexes, [Hg{SCqH;XN(C=N)}x'-
dppm)], in which the ocap ligands bridge the Hg, centre at
the expense of the diphosphine, which normally binds to
metals through both phosphorus atoms. In related work, we
have shown upon transmetalation of ocap from Hg(u) to Pt(u)

This journal is © The Royal Society of Chemistry 2022

and Pd(u), the ligand exclusively adopts a chelating mode.>®
Binding of ocap ligands to redox-active transition metal
centres also allows us to better study their ability to act in a
redox-active manner akin to closely related dithiolene and
ortho-aminothiophenolate ligands as discussed in the
introduction.
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