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Abstract: Two polymorphs of Cy3PAu[SC(OEt)=N(C6H4Cl-3)],
that is a triclinic form (P1 with Z′ = 1; the α-form) and
a monoclinic form (P21/c; Z′ = 1; the β-form) have been
characterised. The molecular structures feature linear
P–Au–S coordination geometries with close intramolecular
Au⋯O(ethoxy) contacts of 3.1552(17) and 3.097(2) Å for the
α- and β-forms, respectively. The major conformational dif-
ferences between the polymorphs relates to the relative
orientations of the thiocarbamato anions and of the cyclo-
hexylphosphane ligands. Computational chemistry shows
the molecular structures to be isoenergetic (single-point
calculations) and to have practically a zero barrier to
interconversion. An analysis of the molecular packing
highlights the importance of cyclohexyl-C–H···S(thiolate)
and methyl-C–H···π(chlorophenyl) contacts in the crystal
of the α-form, and methyl-C–H···π(chlorophenyl) and
π(chlorophenyl)···π(chlorophenyl) contacts in the packing
of the β-form. While similarities are apparent in the solid-
state luminescence spectra, different electronic transitions
are responsible for the spectroscopic observations.

Keywords: crystal structure; polymorphism; supramolecu-
lar chemistry; Hirshfeld surface analysis; solid-state lumi-
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1 Introduction

The original interest in phosphanegold(I) thiocarbamato
species, that is, molecules having the general formula
R3PAu[SC(OR′)=NR′′], for R/R′/R′′ = alkyl/aryl, related to their

putative biological properties. Thus, the pharmacological
potential of these molecules has been evaluated in the
context of cancer1–3 and microbes.4,5 This practical interest
has been supported by crystallographic studies for unam-
biguous structural characterisation. Indeed, the relative
ease of crystallisation of these molecules has enabled some
systematic studies delineating molecular packing prefer-
ences6,7 and correlations with solid-state luminescence.8

During these studies, instances of conformational poly-
morphism have arisen, that is, where one or more of the
phosphane and thiocarbamato residues exhibit distinctive
conformations.9–12

The phenomenon of polymorphism is well documented
and has an enormous impact upon the pharmaceutical and
several other industries.13–19 Polymorphs can exhibit quite
distinctive packing arrangements for molecules resulting
in specific physiochemical properties: the discovery of a new
polymorph with favourable characteristics, for example, the
histamine-2 blocker Zantac® (Ranitidine Hydrochloride),20–22

or even the intriguing “disappearing polymorph” phenome-
non,23–25 for example, the protease inhibitor Ritonavir®,26–28

can have considerable ramifications for intellectual property
issues.29–37 The difficulty with polymorphism is highlighted
by computational chemistry studies which show the energy
differences between polymorphs can be rather small, with the
majority of polymorphs differing in lattice energy by less than
6 kJ/mol,38–48 which provides a rationale for concomitant
crystallisation49 whereby polymorphs can precipitate from
the same solution concomitantly, an area still attracting
considerable attention.50–54

Given the interest in the biological properties of R3PAu
[SC(OR′)=NR′′] and related binuclear species, these molecules
have been characterised inover 80 crystal structures included
in the Cambridge Structural Database (CSD),55 which was
searched employing standard procedures.56 The over-
whelming majority of molecules adopt structures related to
the generic structure shown in Figure 1a,where the gold atom
is coordinated in a linear fashion by the phosphane-P and
thiolate-S atoms, with the thiocarbamato ligand orientated to
place the alkoxy-O atom in close proximity to the gold atom.
Among the structures of R3PAu[SC(OR′)=NR′′] deposited in the
CSD, there are only three pairs of polymorphs, all of which
may be classified as conformational polymorphs.
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For the triclinic (P1)57 and monoclinic (P21/n)58 poly-
morphs of Ph3PAu[SC(OMe)=N(C6H4Cl-3)], the thio-
carbamato ligand is orientated, as in Figure 1a, but adopt
quite different conformations with respect to the Ph3PAu
residue. The remaining pairs of polymorphs reflect the
carbophilic nature of gold,59–62 whereby the thiocarbamato-
phenyl rings interact weakly with the gold centre to form a
stabilising interaction in one polymorphic form, akin to the
orientation illustrated in Figure 1b, and with the
thiocarbamato-O atom close to the gold atom in the other
form, as in Figure 1a. The well recognised carbophilic nature
of gold is a trait clearly of importance to the burgeoning field
of gold catalysis.63–68 In keeping with the fashion where
intermolecular interactions are classified in terms of the
Group of the Periodic Table the element belongs to69–71 and
which often rely on the σ-/π-hole concept of non-covalent
bonding,72–79 Au···π(C) interactions are now incorporated
under the aegis “regium-bonding” which also includes
interactions involving the lighter coinage elements, that is,
copper and silver.80–83

Thus, over 20 years since the initial report of monoclinic
(P21/n) Ph3PAu[SC(OEt)=NPh],84 which adopts the motif
shown in Figure 1a, a second monoclinic (P21/c) polymorph
was characterised85 which exhibits the motif shown in
Figure 1b, that is, with an intramolecular Au···π(phenyl)
interaction. Experiments showed the conformation with
an intramolecular Au⋯O interaction was the kinetic
outcome of crystallisation and that with the Au···π contact,
the thermodynamic outcome.85 Computational chemistry
indicates the intramolecular Au···π contact is over 20 kJ/mol
more stabilising than that with the Au⋯O interaction.85,86

The final pair of monoclinic polymorphs, that is, with
formula (4-tolyl)3PAu[SC(OEt)=N(C6H4NO2-4)], exhibit
similar behaviourwith an intramolecular Au⋯O interaction
found in the P21/c form87 and a Au···π contact in the Cc
form.88

In continuation of structural studies on this class of
compound, which have shown some interesting crystallo-
graphic phenomena over the years,6–8 the title compound
was synthesised, being motivated by the desire to expand
the range of substitution patterns in the N-bound sub-
stituents of the thiocarbamato anions and the relationship

between this and anti-cancer and anti-microbial activity,
herein is reported the crystal and molecular structures of
two polymorphs of the formula Cy3PAu[SC(OEt)= N(C6H4Cl-
3)], an analysis of the molecular packing including an eval-
uation of the calculated Hirshfeld surfaces as well as
computational chemistry.

2 Materials and methods

2.1 Chemicals and instrumentation

All solvents were obtained from Merck and used as
supplied. The chemicals were used as received without
further purification: tricyclohexylphosphane (Aldrich),
potassium tetrachloridoaurate(III) (Acros Organic), 3-chlor-
ophenyl isothiocyanate (Merck), sodium sulphite (Merck) and
sodium hydroxide (Merck). The ligand, EtOC(=S)N(H)C6H4Cl-3,
was prepared by reacting 3-chlorophenyl isothiocyanate with
ethanol in thepresence of base. Tricyclohexylphosphanegold(I)
chloride was prepared from the reduction of potassium
tetrachloroaurate(III) by sodium sulphite followed by the
addition of a molar equivalent of tricyclohexylphosphane.

Themelting points were determined on a Stuart melting
point apparatus SMP30 (Cole-Parmer, Chicago, USA). The 1H
and 13C{1H} NMR spectra were recorded in CDCl3 solution
on a Bruker Ascend 400MHz NMR spectrometer (Bruker,
Billerica, MA, USA) with chemical shifts relative to tetra-
methylsilane. The 31P{1H} NMR spectra were recorded in
CDCl3 solution on the same instrument with the chemical
shifts recorded relative to 85 % aqueous H3PO4 as external
reference; abbreviations for NMR assignments: br, broad;
d, doublet; t, triplet; q, quartet; m, multiplet. The IR spectra
were measured on a Bruker Vertex 70v FTIR spectropho-
tometer (Bruker, Billerica, MA, USA) from 4,000 to 400 cm−1;
abbreviations: s, strong;m, medium. The elemental analyses
were performed on a Leco TruSpec Micro CHN Elemental
Analyser (Leco, Saint Joseph, MI, USA). The luminescence
spectra of solid samples were recorded on a JASCO FP-8600
spectrofluorometer (JASCO Corporation, Tokyo, Japan)
equipped with liquid nitrogen cooled 100 mm ϕ integrating
sphere. The low-temperature luminescent measurements
were carried out on powdered samples immersed in a liquid
nitrogen bath with constant flush of dried N2. The powder
X-ray diffraction (PXRD) measurements were performed
on a Rigaku SmartLab with CuKα1 radiation (λ = 1.54060 Å)
in the 2θ range from 5 to 40° with a step size of 0.010°.
The experimental PXRD patterns were compared to the
simulated PXRD patterns calculated from the respective
Crystallographic Information File (CIFs) using the Rigaku
PDXL2 structure analysis software package.

Figure 1: Chemical diagrams for the conformational polymorphs for
R3PAu[SC(OR’)=NPh].
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2.2 Synthesis and characterisation

Synthesis of Cy3PAu[SC(OEt)=N(C6H4Cl-3)], 1: Sodium
hydroxide (0.5 mmol, 0.020 g) in water (1 ml) was added
to a suspension of tricyclohexylphosphanegold(I) chloride
(0.5 mmol, 0.256 g) in acetonitrile (10 ml) followed by
the addition of EtOC(=S)N(H)C6H4Cl-3 (0.5 mmol, 0.108 g)
in dichloromethane (10 ml). After 3 h stirring at room
temperature, the resulting mixture was left for slow
evaporation at room temperature, yielding fine needles
(β-form of 1) after 3 weeks.

Yield: 0.249 g, 72 %. M.pt: 436.9–437.2 K. Anal. Calc’d for
C27H42AuClNOPS: C, 46.86; H, 6.12; N, 2.02. Found: C, 46.48; H,
6.14; N, 2.13 %. FTIR (cm−1): 1,577 (s) ν(C=N), 1,149 (s) ν(C–O),
1,087 (m) ν(C–S). 1H NMR {CDCl3}: δ 7.17 (t, 1H, aryl-H5,
JHH = 7.77 Hz), 6.95–6.93 (m, 2H, aryl-H2,4), 6.81 (d, 1H, aryl-H6,
JHH = 7.80 Hz), 4.30 (q, 2H, OCH2, JHH = 6.94 Hz), 2.02–1.21 (m,
br, 33H, Cy3P), 1.31 (t, 3H, CH3, JHH = 7.13 Hz) ppm. 13C{1H}
NMR {CDCl3}: 165.5 (Cq), 152.3 (aryl-C1), 133.8 (aryl-C3), 129.4
(aryl-C5), 122.5 (aryl-C4), 122.3 (aryl-C2), 120.6 (aryl-C6), 63.7
(OCH2), 33.3 (d, 1-PC6H11, JCP = 27.98 Hz), 30.7 (s, 2-PC6H11), 27.0
(d, 3-PC6H11, JCP = 12.07 Hz), 25.9 (d, 4-PC6H11, JCP = 0.95 Hz), 14.6
(CH3) ppm. 31P{1H} NMR {CDCl3}: 56.8 ppm. The original
spectra are given in Supplementary Materials Figure S1 (IR)
and Figure S2 (1H, 13C{1H} and 31P{1H} NMR).

2.3 Polymorph screening

Compound 1 was recrystallised from six solvent systems,
that is, acetonitrile/chloroform (1:1 v/v), acetonitrile/
dichloromethane (1:1 v/v), dichloromethane/ethanol (1:1 v/v),
dichloromethane/isopropanol (1:1 v/v), chloroform/ethanol
(1:1 v/v) and ethanol. From these trials, the α-form of 1 was
obtained from the slow evaporation of 1 from its ethanol
solution (M.pt: 437.1–437.4 K); the β-form of 1was recovered
from the remaining solutions. The obtained powders from
each recrystallisation were subjected to PXRD analysis; the
measured powder patterns were compared with the pattern
generated from the respective CIF file for each of the α-and
β-forms of 1.

2.4 X-ray crystallography

The X-ray intensity data for colourless crystals of the α-and
β-forms of 1were measured at T = 100 K on a Rigaku/Oxford
Diffraction XtaLAB Synergy (Dualflex, AtlasS2) diffractom-
eter (Rigaku Oxford Diffraction, Oxford, UK) fitted with
CuKα radiation (λ = 1.54178 Å). CrysAlisPro (Oxfordshire,
England)89 was employed for data reduction, including

gaussian absorption corrections. The structures were
solved by dual space direct methods using SHELXT90 and
refined (anisotropic displacement parameters and C-bound
H atoms in the riding model approximation) on F2.91 A
weighting scheme of the form w = 1/[σ2(Fo2) + (aP)2 + bP],
where P = (Fo2 + 2Fc2)/3), was introduced in each case.
The molecular structure diagrams were generated with
ORTEP for Windows92 with 50 % displacement ellipsoids,
and the packing diagrams were drawn with DIAMOND.93

The residual electron density peaks for the α-form were
near the Au atom while those for the β-form were in the
vicinity of the chlorophenyl ring. Additional data analysis
was made with PLATON.94 Crystal data and refinement
details are given in Table 1.

2.5 Computational details

The molecular geometries of polymorphs α and β were
optimised in the framework of density functional theory
(DFT) at the M06 level of theory.95 A pruned super-fine
integral grid (175, 974) was used for all calculations. All

Table : Crystallographic data and refinement details for the α- and
β-forms of .

Polymorph α β

Formula CHAuClNOPS CHAuClNOPS
Molecular weight . .
Crystal size/mm

. × . × . . × . × .
Colour Colourless Colourless
Crystal system Triclinic Monoclinic
Space group P P/c
a/Å .() .()
b/Å .() .()
c/Å .() .()
α/° .() 

β/° .() .()
γ/° .() 

V/Å ,.() ,.()
Z  

Dc/g cm−
. .

μ/mm−
. .

Measured data , ,
θ range (% compl.)/° .–. .–.
Unique data , ,
Observed data (I ≥ .σ(I)) , ,
No. parameters  

R, obs. data; all data .; . .; .
a; b in weighting scheme .; . .; .
Rw, obs. data; all data .; . .; .
Range of residual electron density
peaks/eÅ−

−.–+. −.–+.

CCDC deposition number  
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atomswere described by the Pople-type 6–311++G(d,p) basis
set. The harmonic frequency analyseswere performed on all
optimised geometries to confirm that the structures had
converged to local minima on the potential energy surface
(PES). The relative enthalpies were calculated and corrected
by zero-point vibration energies (ZPVE). The TD-DFT calcu-
lations were also performed on the M06 optimised structure
at the PBE0 level of theory96 to obtain their absorption
spectra. All DFT calculations were performed using the
Gaussian 16 software package.97

3 Results and discussion

3.1 Isolation and spectroscopic
characterisation

Two polymorphs of Cy3PAu[SC(OEt)=N(C6H4Cl-3)], 1,
have been characterised after recrystallisation by slow
evaporation at room temperature, namely, a triclinic form
(P1 with Z′ = 1; from ethanol) and a monoclinic form (P21/c;
Z′ = 1; from acetonitrile/dichloromethane, 1:1 v/v); the
polymorphs are labelled the α- and β-forms, respectively.
Recrystallisation experiments of 1 from acetonitrile/chlo-
roform (1:1 v/v), acetonitrile/dichloromethane (1:1 v/v),
dichloromethane/ethanol (1:1 v/v), dichloromethane/iso-
propanol (1:1 v/v), chloroform/ethanol (1:1 v/v) and ethanol
solutions were conducted. The measured PXRD patterns
indicated the β-formwas obtained exclusively except from
ethanol solution, which yielded the α-form only.

The IR spectra of the α- and β-forms of 1 show no sig-
nificant differences and reveal the presence of characteristic
thiocarbamato bands at 1,577, 1,149 and 1,087 cm−1, which
correspond to the stretching vibrations of the ν(C=N), ν(C–O)
and ν(C–S) bonds, respectively.

Compound 1 is anticipated to undergo complete relax-
ation in CDCl3 solution, leading to uniform NMR character-
istics for both polymorphs. Indeed, the spectra were
identical and exhibited the expected resonances and inte-
gration in the 1H NMR spectrum. The notable feature of the
13C{1H} NMR spectrum is the most shielded resonance at
165.5 ppm due to the quaternary carbon of the thio-
carbamato ligand.

The luminescence profiles of the α- and β-forms of 1
were investigated in the solid-state at 77 K. Each poly-
morphic form displayed similar excitation spectra but with
an opposite pattern of peak maxima, Table 2 and Figure 2.
Thus, λmax was 301 nm for the α-form while for the β-form,
λmax was the high energy peak at 264 nm. The low intensity
peaks were at λ = 271 and 295 nm for the α- and β-forms,

respectively. Despite the distinct excitation spectra, in both
cases, the α-and β-forms exhibited emission profiles that
peaked at around 600 nm, see Figure 2. The low-energy
emissions at approximately 600 nm are attributed to
thiolate-to-gold ligand-to-metal charge transfer (LMCT)
transitions.98 This assignment is supported by the expecta-
tion that thiolate-to-phosphine ligand-to-ligand charge
transfer (LLCT) transitions would occur at higher energies.98

Based on the calculated UV spectrum, the absorption
peak at 301 nm observed for the α-form arises from the
HOMO to LUMO +1 transition, due to the excitation of a
π-electron of the thiocarbamato ligand to the d orbital of the
gold centre. On the other hand, the absorption peak at
264 nm in the experimental excitation spectrum of the
β-form is due to the HOMO to LUMO + 2 transition. The
transitions are shown in the spatial plots of Figure 3.

Table : Solid-state luminescence data for the α- and β-forms of .

Compound λ (excitation; nm) λ (emisson; nm) Relative intensity

α-form  

 

 

β-form  

 

 

Figure 2: Solid-state excitation (blue trace) and emission (red trace)
spectra measured at 77 K for the (a) α-form (λex = 301 nm) and (b) β-form
(λex = 264 nm).
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3.2 Molecular structures

While to a first approximation the molecular structures in
the α- and β-forms of 1 are similar, notable conformational
differences are apparent from the molecular structure
diagrams illustrated in Figure 4; key geometric parameters
are collected in Table 3. For each polymorph, the gold atom
is linearly coordinated by sulphur and phosphorus atoms.
The free ligand, that is, S=C(OEt)N(H)C6H4Cl-3, is available
for comparison of key geometric parameters.99 The
lengthening and shortening of the C1–S1 and C1–N1 bond
lengths of 1.6676(16) and 1.340(2) Å, respectively, compared
with those in the α- and β-forms of 1 is particularly note-
worthy as are the angles subtended at the quaternary-C1
atom. Specifically, the angles subtended at the C1 atom by
the doubly-bonded N1 atom are systematically wider than
those of the free ligand, that is, S1–C1–N1 = 122.27(11)° and

O1–C1–N1 = 113.07(13)°, and concomitant reduction in the
S1–C1–O1 angle, 124.66(11)°.99 These data confirm the S1
atoms in the α- and β-forms are coordinating the gold atom
as thiolato-S atoms.

The bond lengths involving the sulphur and phos-
phorus atoms represent the major geometric differences
between the molecules; as per normally observed, the
Au–S1 bond length is longer than the Au–P1 bond. The
Au–S1 bond length in the α-form [2.2971(6) Å] is shorter
than the equivalent bond in the β-form [2.3157(7) Å], and a
similar trend is evident in the Au–P1 bond lengths although
not as pronounced, that is, 2.2667(6) compared with
2.2704(7) Å. These trends are clearly related to the close
approach of the ethoxy-O atom to the gold centre which is
shorter by approximately 0.06 Å in the β-form, Table 3; a
further reason for the relative elongation of the Au–S1
bond in the α-form might relate to the participation of
the thiolato-S1 atom in a close intermolecular contact, as
discussed below.

The central CNOS residue is strictly planar exhibiting a
r.m.s. deviations of 0.0006 and 0.0070 Å for the α- and
β-forms, respectively.While this planarity generally extends
to the ethoxy groups, kinks, in opposite orientations, of up to
20° are noted in the C1–N1–C2–C3 and C1–N1–C2–C7 torsion
angles, Table 3. These differences between molecules
notwithstanding, as evident from Figure 4c and d, rather
large conformational disparities are apparent. In Figure 4c,
the cyclohexyl groups of the two molecules have been
overlaid resulting in very distinct relative orientations for
the thiocarbamato residues, as reflected in a difference of
approximately 43° in the P1–Au–S1–C1 torsion angles. When
the thiocarbamato residues are overlaid, Figure 4d, the

Figure 3: Spatial plots (isovalue = 0.03 a.u.) of selectedmolecular orbitals
for the (a) α-form and (b) β-form calculated for each optimised ground
state geometry.

Figure 4: Molecular structures of the (a) α-form
and (b) β-form of 1 showing atom labelling
schemes and 50 % displacement ellipsoids,
and overlay diagrams of the α- (red image)
and β-forms (blue image) overlapped so that
the (c) cyclohexyl groups are coincident and
(d) the thiocarbamato residues are coincident.
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cyclohexyl residues in the polymorphs are rotated by
approximately 60° with respect to each other.

Density functional theory (DFT) calculations were
performed on the α- and β-forms at the M06 level of theory.
Preliminary calculations show both α- and β-forms are iso-
energetic based on single-point calculations with the energy
calculated for the α-form computing to 433.78 eV compared
with 433.79 eV for the β-form.

This conclusion was confirmed by an evaluation of
the isomerisation kinetics between the α- and β-forms.
Specifically, the Au–S1 bond rotation kinetics were calculated
by using constrained structural optimisation at different
P1–Au–S1–C1 dihedral angles. The rotation about the Au–S1
bond in each of the α- and β-forms of 1 is effectively
barrierless, as illustrated for the α-form in Figure 5.

3.3 Molecular packing

The analysis of the molecular packing was initially
conducted based on geometric considerations94 followed by
an analysis of surface contacts; the geometric parameters
characterising the identified intermolecular contacts in the
crystals are listed in Table 4. Two short contacts were
detected for the α-form, namely cyclohexyl-C–H⋯S(thiolate)
and methyl-C–H⋯π(chlorophenyl) contacts which occur

between molecules aligned along the a-axis as shown in
Figure 6a. The chains pack without directional interactions
between them; a view of the unit-cell contents is shown in
Figure 6b.

A distinct mode of packing is noted for the crystal of the
β-form of 1. In this case, methyl-C–H⋯π(chlorophenyl) and
π(chlorophenyl)⋯π(chlorophenyl) contacts are apparent,
each occurring between centrosymmetrically related mole-
cules aligned along the c-axis. The slippage between the
parallel chlorophenyl rings involved in the π⋯π interaction
is 2.15 Å with the result that the closest C⋯C contact within
the pair of participating rings of 3.370(5) Å occurs between C5
atoms [symmetry operation: 1 − x, 1 − y, − z]. A view of the
supramolecular chain featuring these contacts is shown in

Table : Selected bond lengths (Å) and angles (°) for the α- and β-forms of .

Parameter α-form β-form Parameter α-form β-form

Au–S .() .() Au–S–C–N −.() .()
Au–P .() .() S–C–O–C .() −.()
Au⋯O .() .() S–C–N–C −.() −.()
C–S .() .() P–Au–S–C .() .()
C–O .() .() C–O–C–C −.() .()
C–N .() .() C–N–C–C .() −.()
C–N .() .() C–N–C–C −.() .()
P–Au–S .() .() Au–P–C–C .() .()
Au–S–C .() .() Au–P–C–C −.() −.()
S–C–O .() .() Au–P–C–C −.() −.()
S–C–N .() .() Au–P–C–C −.() .()
O–C–N .() .() Au–P–C–C −.() −.()
Au–S–C–O −.() −.() Au–P–C–C −.() −.()

Figure 5: The relative enthalpies calculated for
the α-form at P1–Au–S1–C1 torsion angles (TA)
of 120, 0 and 80°. Regardless of the value of the
torsion angle, the enthalpy computes to
0 kJ/mol.

Table : Geometric parameters characterising the specified intermo-
lecular contacts in the crystals of the α- and β-forms of .

A H B H⋯B A···B A–H···B Symmetry
Operation

α-form
C Ha S . .()   + x, y, z
C Hc Cg(C–C) . .()  − x,  − y,  − z
β-form
C Ha Cg(C–C) . .()  − x, − y, − z
Cg(C–C) – Cg(C–C) – .() 

a
 − x,  − y, − z

aangle between the aromatic rings.

118 C.I. Yeo et al.: Polymorphs of Cy3PAu[SC(OEt)=N(C6H4Cl-3)]



Figure 7a. No directional interactions are noted between the
chains with the unit-cell contents illustrated in Figure 7b.

3.4 Hirshfeld surface analysis

The delineation of the molecular surface interactions
participating in molecular packing of the α- and β-forms of
1 was carried out by generating Hirshfeld surfaces

mapped over normalised contact distances, dnorm,100 and
two-dimensional fingerprint plots101 using Crystal Explorer
21102 and standard protocols.103 In these analyses, the C–H
bond lengths were adjusted to their neutron values (1.08 Å).

The analysis of the calculated surface contacts in the
α- and β-forms of 1 reveal remarkable similarities in the
predominant interactions, Figure 8. Primarily, the overall
two-dimensional fingerprint plots for each crystal present
very similar distributions, Figure 8a. This is highlighted

Figure 6: Supramolecular association in the
crystal of the α-form of 1: (a) Supramolecular
chain along the a-axis and (b) view of the
unit-cell contents shown in projection down
the a-axis. The cyclohexyl-C–H⋯S(thiolate)
and methyl-C–H⋯π(chlorophenyl) contacts
are shown as orange and purple dashed lines,
respectively. In (a), the non-participating H
atoms have been omitted.

Figure 7: Supramolecular association in the
crystal of the β-form of 1: (a) Supramolecular
chain along the c-axis and (b) view of the
unit-cell contents shown in projection down
the c-axis. The methyl-C–H···π(chlorophenyl)
and π(chlorophenyl)⋯π(chlorophenyl)
contacts are shown as purple and blue dashed
lines, respectively. In (a), the non-participating
H atoms have been omitted.

Figure 8: Two-dimensional fingerprint plots: (a) overall and those delineated into (b) H⋯H, (c) Cl⋯H/H⋯Cl, (d) C⋯H/H⋯C and (e) S⋯H/H⋯S contacts
for the α-form (upper view) and β-form.
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by the observation and the H⋯H interactions account
for 67.8 %of all surface contacts in each crystal andwhichalso
reflects the absence of strong, directional interactions in the
molecular packing, Figure 8b. Other significant contacts
include Cl⋯H/H⋯Cl interactions, accounting for approxi-
mately 10.5 and 9.8 %, respectively, followed by C⋯H/H⋯C
interactions (9.4 and 8.2 %) and S⋯H/H⋯S contacts (6.5 and
6.9 %) contacts, see Figure 8c–e.More information concerning
the supramolecular packing is apparent in the Hirshfeld
surface mapping over dnorm.

For the α-form, a red spot discerned on the Hirshfeld
surface mapped over dnorm highlights the directional inter-
action noted earlier, that is, the cyclohexyl-C17–H17a⋯S1
contact (distance: 2.77 Å), aswell as red regions corresponding
to a short ethoxy-methylene-H⋯H(methylene-cyclohexyl),
that is, C8–H8b⋯H26b–C26 (2.08 Å), and a cyclohexyl-meth-
ylene-H···H(π-chlorophenyl), that is, C18–H18b⋯H6–C6
(2.09 Å) contact; Figure 9a. The fourth red spot evident on the
dnorm-map is attributable to an ethoxy-methyl-H⋯C(π-chlor-
ophenyl) contact, that is, C9–H9c⋯C6 (2.66 Å). This latter
interactionwas also identified in the geometric analysis of the
molecular packing, as C9–H9c⋯π(C2–C7), and is clearly
indicated on the shape-index property, Figure 9b. The
C9–H9c⋯C6 contact represents a localised C9–H9c⋯π(C6)
interaction as opposed to a delocalised C9–H9c⋯π(C2–C7)
interaction.104 This is confirmed by an analysis of the
remaining H9c⋯C-ring separations which reveals a range of

Figure 9: Views of the hirshfeld surface of the α-form mapped of 1 over
(a) dnorm in the range−0.0932 to 1.5942 arbitrary units highlighting cyclohexyl-
C17–H17a⋯S1, ethoxy-methylene-C8–H8b⋯H26b–C26(methylene-
cyclohexyl), cyclohexyl-methylene-C18–H18b⋯H6–C6(π-chlorophenyl) and
ethoxy-methyl-C9–H9c⋯C6(chlorophenyl) contacts as red spots, and the
shape-index property highlighting (b) cyclohexyl-C9–H9c⋯π(C6) and
(c) cyclohexyl-C21–H21a⋯Cl1 contacts.

Figure 10: View of the hirshfeld surface of the β-form of 1mapped over
(a) dnorm in the range −0.1802 to 1.5756 arbitrary units highlighting
cyclohexyl-C5–H5···S1, (chlorophenyl)C3–H3⋯H9a–C9(methyl-ethoxy)
and N1⋯H18b–C18(methylene-cyclohexyl) contacts and (b) shape-index
property highlighting cyclohexyl-C20–H20a···π(C2–C7) (=Cg1) and ethoxy-
methylene-C8–H8b···Au contacts.

120 C.I. Yeo et al.: Polymorphs of Cy3PAu[SC(OEt)=N(C6H4Cl-3)]



separations from 2.83 Å (H9c⋯C7) to 3.59 Å (H9c⋯C3), that is,
an asymmetric distribution substantiating the significance of
the C9–H9c⋯π(C6) contact. The other apparent contact not
identified in the above geometric analysis is indicated in
Figure 9c, namely a contact involving the chlorine atom, that
is, cyclohexyl-C21–H21a⋯Cl1 (2.92 Å).

For the β-form of 1, the dnorm surface plot shown in
Figure 10a reveals the presence of additional contacts not
identified in the conventional analysis of the molecular
packing, namely long chlorophenyl-C5–H5⋯S1 (2.79 A)
and chlorophenyl-C3–H3⋯H9a–C9(methyl-ethoxy) (1.98 Å)
contacts. Also discerned in Figure 10a, is a faint red
spot attributed to a N1⋯H18b–C18(methylene-cyclohexyl)
contact of 2.55 Å. The shape-index plot highlights the
presence of cyclohexyl-C20–H20a···π(C2–C7) interactions
which occur between centrosymmetrically related mole-
cules, Figure 10c, as identified in the above geometric anal-
ysis. More interesting is a prominent feature between the
ethoxy-methylene-C8–H8b and gold atoms (2.94 Å). Such
Au⋯H contacts have attracted interest in the recent
literature, especially in relation to gold-catalysis.105–107

4 Conclusions

Two polymorphs have been characterised for Cy3PAu
[SC(OEt)=N(C6H4Cl-3)] which differ in the conformations in
each of the thiocarbamato and cyclohexylphosphane resi-
dues. Computational chemistry confirms the molecules are
isoenergetic and to have practically a zero barrier to
interconversion about the Au–S bond. Clearly, there is a
subtle, solvent-dependent interplay between the adopted
conformation in the crystal and the prevalence of cyclo-
hexyl-C–H···S(thiolate) and methyl-C–H···π(chlorophenyl)
contacts in the α-form (isolated exclusively from ethanol
solution), and methyl-C–H···π(chlorophenyl) and π(chlor-
ophenyl)···π(chlorophenyl) contacts in the packing of the
β-form (isolated from different solvent systems other than
ethanol).
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