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The reaction of the phosphine thiosemicarbazone ligands HLPH and HLPMe with Au(1) ions yields
the gold complexes [Au;(HLPH),CL,]CI-:2MeOH (1-2MeOH) and [Au,(HLPMe)Cl,] (2). The structures
determined by X Ray diffraction, [Au;(HLPH),Cl,]Cl-4MeOH (1-4MeOH) and [Au,(HLPMe)CL,], (2),
are the first examples of gold(1) thiosemicarbazone clusters showing aurophilicity. The structure of the
trinuclear cation 1 contains the Au(1) atom located in an inversion centre, being connected to another
gold(1) atom, Au(2), through a phosphino thiosemicarbazone molecule which acts as a S,P-bridging
ligand. Additionally, every gold(1) atom in the trinuclear cation 1 assembles into trinuclear linear cluster
units by means of close gold—gold interactions, being connected through the crystal cell in a 2D zigzag
mode. The crystal structure of [Au,(HLPMe)Cl,], (2) contains one discrete molecule [(AuCl),(HLPMe)]
in the asymmetric unit, which is further assembled into tetranuclear [(AuCl),(HLPMe)], units by means
of close gold—gold interactions. Both clusters are highly luminescent in solution.

Introduction

Polynuclear gold(1) complexes have received much interest
in recent decades mainly due to their intriguing structural
dispositions,' their rich photoluminescent properties* or even
their potential applications in very different fields such as
pharmaceutics,® optical sensors,* chemosensing,’ efc. Heteroleptic
phosphine thiolato gold(l) complexes can be considered an
important class of polynuclear compounds, because the presence
of several P-Au-S structural units in their structures facilitates
the formation of Au---Au interactions. These contacts, which
are comparable in strength with hydrogen bonding,® have been
recognized as a major motif for the design of functional molecular
and supramolecular arrangements, both in the solid state and in
solution.” While playing a significant role in the supramolecular
aggregation pattern of gold(l) compounds, the existence of au-
rophilic interactions is not a requirement for luminescence, though
they may influence the emission of phosphino gold(1) thiolates.?
The use of thiosemicarbazone ligands as thiolate scaffolds to
stabilize gold(1) ions in the presence of phosphines is a quite
recent event. Thus in 2006, Casas et al. published a [P,S]-monomer
gold(1) compound derived from K; vitamin-thiosemicarbazone
ligand and triphenylphosphine as co-ligand (Scheme 1a).” In
2006 Lobana et al. reported a S,-monomer gold() complex
exclusively derived from 3-nitrobenzaldehyde thiosemicarbazone,
which was isolated as a homoleptic thiosemicarbazonate complex,
despite its synthesis in the presence of triphenylphosphine (Scheme
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1b).’ More recently, another S,-dimer gold(1) complex has been
reported, [Au(H,Plhexim)],Cl,-Ss-6H,O, but this complex was
isolated after reduction of the expected gold(ir) complex by the
thiosemicarbazone thione group (Scheme Ic)."

Recently, we have started to use phosphino thiosemicarbazone
ligands in order to achieve M(1) (M = Cu, Ag, Au) homoleptic
calcogenide compounds. These ligands were previously employed
to obtain Ni(11),"” Au(im)® and Pt(i1)** complexes only. Func-
tionalization of a thiosemicarbazide skeleton with a phosphine
head by means of a simple iminic condensation allowed us to
isolate different Ag(1) clusters,’” Cu(i) monomers,'® and two Au(I)
dinuclear complexes, the cation [Au(HLPPh)],>* (Scheme 1d),"”
and the chloro-cation [Au,(HLPELt),CI]* (Scheme le).'* None of
these gold(1) compounds exhibit aurophilicity,® since they do not
display any Au—Au interaction.

Owing to the scantiness of reports on thiosemicarbazone
Au(1) complexes and with the aim of exploring if the terminal
substituents of the thiosemicarbazone branch play any role in the
stoichiometry, the nuclearity and the photophysical properties of
the resultant compounds, we decide to further explore the coordi-
native behaviour of phosphino thiosemicarbazone ligands towards
gold(1) ions. In this occasion we have studied the interaction
of the 4-N unsubstituted and 4-N-methyl substituted phosphino
thiosemicarbazone ligands (Scheme 2). As a result of our studies,
we report herein the first cases of Au(1) thiosemicarbazone cluster
compounds showing aurophilicity.

Results and discussion

Chemistry

The ligands HLPH and HLPMe (Scheme 2) were synthe-
sized by condensation of 2-diphenylphosphinebenzaldehyde with
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Scheme 1  Gold(1) complexes with thiosemicarbazone ligands.
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thiosemicarbazide and 4- N-methylthiosemicarbazide respectively,
following the published procedure.’*” Crystallization of the
ethanolic mother-liquors gave rise to good quality crystals of both
phosphino thiosemicarbazone ligands.

The synthesis of the gold(l) complexes was performed by
treatment of a solution of Au(tdg)Cl (tdg = thiodiglycol = 2,2’-
thiobis(ethanol) with the ligands HLPH and HLPMe. The two
complexes were readily characterized by elemental analysis, IR,
mass spectrometry (ESI+), 'H and *' P NMR spectroscopy, the pro-
posed formulae being [Au;(HLPH),Cl,]JC1-:2MeOH (1-2MeOH)
and [Au,(HLPMe)Cl,] (2). The complexes are air- and light-
stable and soluble in common organic solvents. Partial evap-
oration of the solvent afforded the crystalline products
[Au;(HLPH),CL,]Cl-4MeOH (1-4MeOH) and [Au,(HLPMe)Cl,]
2).

The presence of V(NH) bands in the range 3400-3200 cm™
confirms the coordination of the neutral ligands HLPH and
HLPMe to the Au(1) centres. The IR absorptions attributable to
the C=S group have undergone low energy shifts with respect to
the free ligands, this being indicative of the C—=S bond weakening
after coordination. We also have observed that the v(C-N + C-
C) bands have experienced some displacement in all complexes,
probably due to the establishment of hydrogen-bond interactions,
because coordination through the nitrogen atoms is unlikely.

The molar conductance value of 62.2 uS cm™, measured for
the gold(r) complex 1-2MeOH is in agreement with a 1:1 elec-
trolyte compound. For complex 2, the low value of conductance
experimentally measured of 13.2 uS cm™, corresponds to a non-

electrolyte.”® The maintenance of the structure of the complexes
in solution is further supported by ESI+ mass spectrometry. The
mass spectrum of 1-:2MeOH exhibits the fragments [Au(HLPH)]*,
[Au,(HLPH),]** and [Au;(HLPH),]**, thus confirming the pro-
posed stoichiometry in solution. For 2 we have identified the
[Au(HLPMe)J*, [Au,(HLPMe),]** and [Au;(HLPH),]** fragments.
The latter could correspond to species polymerized by means of
Au- - - Au interactions.

The "H NMR spectra for the gold(1) complexes 1.2MeOH
and 2 show the characteristic NH thiosemicarbazone signals, but
shifted downfield with respect to the free ligands, which points
towards a neutral character of the ligands in these complexes.
The displacement experienced by these signals (ca. 0.7 ppm
in 1.2MeOH and 0.2 ppm in 2) could be attributed to the
establishment of hydrogen-bond interactions in solution.” The
imine signal hardly changes position in the spectra, which rules
out the coordination of the imine nitrogen to the soft gold(1)
centres. The *'P spectra exhibit single signals at 29.7 (1.2MeOH)
and 29.9 (2) ppm respectively, depicting the equivalence of the
phosphine groups in these complexes. These signals are very
significantly shifted downfield compared with the corresponding
free ligands (~40 ppm), being indicative of coordination through
to the phosphorus atom. These values compare well with those
found in polynuclear gold(r) complexes having [PCI] linear kernels
and showing aurophilic interactions.”

Structural studies

Crystal structures of HLPH and HLPMe. The molecular
structures of the ligands HLPH and HLPMe are shown in Fig. 1
and 2 respectively, while selected geometric parameters are given
in Table 2.

The ligands HLPH and HLPMe crystallize in the triclinic
P1 space group as two independent molecules in the asymmetric
unit (denoted as I and II for each ligand). In both compounds
all the molecules are E isomers in terms of the phosphorus-
azomethine nitrogen positions, but in HLPH the two molecules
have the same conformation, while in HLPMe they show opposite
arrangements. In the molecule I these atoms are located cis, while
in the molecule II they appear trans for the two molecules in
HLPH.* These different orientations could be attributed to the
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Fig. 1 Molecular structure and numbering scheme for the two indepen-
dent molecules in the HPLH asymmetric unit.

packing resulting from different hydrogen-bond patterns and/or
n-stacking interactions.

In HLPH, both molecules feature the typical intramolecular
N-H--- N hydrogen bond of thiosemicarbazone moeities, which
involves the thioamide nitrogen [N(14), N(24)] and the imine
nitrogen atom [N(12), N(22)] (Table S1, ESIt), together with
a non-classical C-H---P interaction established between the
imine carbon and the phosphorus atoms. Both conformers are
linked in the asymmetric unit by an intermolecular hydrogen
bond engaging the thioamide N(24)-hydrogen atom of II and
the thioamide sulfur atom S(1) of I (Fig. S1, ESIt). In addition,
molecule I features intermolecular N-H---S hydrogen bonds

involving the hydrazide and the thiomide nitrogen atoms and the
thioamide sulfur, while molecule II exhibits those involving the
hydrazide nitrogen atom only. The arrangement of the molecules
is additionally influenced by the existence of a weak C-H--- =
Cg = 3.078

interaction [C(35)-H(35)--- Cg{C(51)/C(56)}; H---
A, a=151.9° and B = 15.0°] (Cg = ring centroid).?

\\w
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In HLPMe, molecule I displays a similar hydrogen bonding pat-
tern than that in HLPH (Table S1, ESIT) while molecule I exhibits
a different conformation, due to the absence of the intramolecular
hydrogen bonds N(14)-H(14A) - - - N(12) and C(17)-H(17) - - - P(1)
(Fig. S2, ESIY), together with the existence of weak n—r stacking
[Cg{C(61)/C(66)}~Cg{C(61)/C(66)}, 2 — x, =y, 1 — z; 3.970 A,
o = 0.0°]® and w-ring interactions [ 2.951-3.182 A for H--- Cg,
131.0-161.0° for o and 14.1-15.6° for S].

All the bond distances and angles are in the usual range found
for phosphine,® and thiosemicarbazone ligands,” and does not
merit further analysis.

Crystal structure of [Au;(HLPH),Cl,]Cl1-4MeOH (1-4MeOH).
The compound 1-4MeOH crystallizes in the monoclinic space
group P2,/c¢ with half a molecule in the asymmetric unit. The
gold(1) atom Au(1) is located in the inversion centre at a special
position, being connected to another gold(r) atom, Au(2), through
a phosphino thiosemicarbazone molecule, which acts as a S,P-
bridging ligand. Consequently, the complex is composed of a
trinuclear gold(1) cation (Fig. 3), a chloride anion with a 50%
occupation and four methanol solvate molecules. Thus, every
external Au() in the cation exhibits a distorted linear kernel by
coordination to the phosphorus and the chloride atoms, with a
P(1)-Au(2)-Cl(1) angle of 177.99(5)°. The deviation from linearity
could be attributed to the establishment of short intermolecular
Au- - - Auinteractions (vide infra).®* The central gold of the cation
exhibits a perfect linear geometry (S—Au-S angle is 180°). This
angle is notably higher than those in gold thiosemicarbazone
complexes exhibiting an S-Au-S mode."

The Au-P and Au-Cl bond lengths of 2.228(1) and 2.303(2)
A, respectively, are well within range reported for other Cl-Au—
P complexes.® The Au(2)-S(1) bond lengths of 2.297(2) A are
shorter than that of 2.319(1) A found in [AuCI(HL)(PEt,)] (HL =
Vit K; thiosemicarbazone),” but within the range observed for
gold(1) thiolate complexes (2.276-2.292 A), as a result of the
perfect S-Au-S alignment.?”

Moreover the structure of 1-4MeOH exhibits two short dis-
tances, Aul---H14B (2.88 A) that could be considered weak
agnostic interactions (Fig. 4).® The AuS,H, skeleton is almost
planar [the deviation of Au(l) from the least-squares plane is

Fig.2 Molecular structure and numbering scheme for the two independent molecules in the HPLMe asymmetric unit.
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Table 1 Crystal data and structure refinement for the compounds HLPH, HLPMe, 1-4MeOH and 2

HLPH HLPMe 1-4MeOH 2
Empirical formula C, HsN;PS C, H,,N;PS C,H;,Au; CI;N(O,P,S, C,,H,Au,CL,N,PS
M, 363.40 377.43 1552.23 842.26
Crystal system Triclinic Triclinic Monoclinic Triclinic
Space group P1 Pl P2,/n P1
a/A 8.6649(6) 8.3820(9) 10.769(3) 9.1233(8)
h/é 13.2989(10) 13.9983(15) 10.466(2) 10.3094(8)
c/A 16.2517(11) 18.2378(18) 23.213(5) 13.3409(11)
a/° 84.183(4) 72.072(6) 90 100.296(4)
B/° 88.693(4) 82.970(5) 92.877(4) 105.008(4)
y/° 89.976(4) 78.154(5) 90 96.479(4)
v/A 1862.6(2) 1988.6(4) 2613.0(10) 1175.64(17)
VA 4 4 2 2
D./Mgm™ 1.296 1.261 1.973 2.379
u/mm™ 0.267 0.252 8.741 12.863
F(000) 760 792 1480 780
Crystal size/mm 0.24 % 0.09 x 0.04 0.37 % 0.05 % 0.04 0.20 x 0.07 x 0.05 0.22 % 0.14 % 0.05
6 range/° 1.26-26.55 1.55-26.54 1.76-26.37 1.62-34.97
Limiting indices ikl -10/10,-16/16, 0/20 -10/10,-16/17,0/22 —-13/13,0/13,0/29 -14/14,-16/16, 0/21
Refl. collect/unique 33453/7639 37195/8169 29302/5341 48953/10345
Ry 0.050 0.0739 0.0479
Completeness 6/° 26.55 (98.6%) 26.54 (98.6%) 26.37 (100%) 34.97 (99.9%)
Max./min. transm. 0.9894/0.9388 0.9900/0.9124 0.6690/0.2738 0.5656/0.1641
Data/parameters 7639/451 8169/469 5341/279 10345/271
Goodness-of-fit on F? 1.067 0.944 1.081 1.084
Final R indices R, =0.0891 R, =0.0734 R, =0.0235 R, =0.0263
WR, =0.2345 WR, =0.1704 WR, =0.0432 WR, =0.0557
R indices (all data) R, =0.1387 R, =0.1308 R, =0.0626 R, =0.0354
wR, =0.2598 WR, =0.1935 WR, =0.0988 WR, =0.0581
APrax/min/ € A7 2.691/-0.502 1.215/-0.688 3.395/-3.451 4.123/-2.774

Table 2  Selected bond lengths (A) and angles (°) for HLPH and HLPMe

HLPH-I HLPMe-I HLPH-II HLPMe-II
S(1)-C(18) 1.682(5) 1.689(4) S(2)-C(28) 1.688(5) 1.683(4)
C(18)-N(14) 1.331(6) 1.325(5) C(28)-N(24) 1.314(6) 1.330(5)
N(13)-N(12) 1.383(5) 1.368(4) N(23)-N(22) 1.383(5) 1.382(4)
N(12)-C(17) 1.280(6) 1.289(5) N(22)-C(27) 1.270(6) 1.273(5)
S(1)-C(18)-N(14) 122.2(4) 124.7(3) S(2)-C(28)-N(24) 122.4(4) 124.0(3)
S(1)-C(18)-N(13) 119.9(4) 119.5(3) S(2)-C(28)-N(23) 119.6(4) 119.6(3)
N(14)-C(18)-N(13) 117.9(4) 115.8(4) N(24)-C(28)-N(23) 118.0(4) 116.4(3)
C(18)-N(13)-N(12) 120.3(4) 119.7(3) C(28)-N(23)-N(22) 119.8(4) 119.6(3)
N(13)-N(12)-C(17) 115.9(4) 115.2(3) N(23)-N(22)-C(27) 115.6(4) 117.0(3)
N(12)-C(17)-C(16) 121.1(4) 122.1(4) N(22)-C(27)-C(26) 120.5(4) 120.4(3)

Fig.3 View of the cation in 1-4MeOH, showing the numbering scheme of the atoms in the molecule. Symmetry codes are given in Table 3.
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Fig. 4 View of the associated molecules of cation 1 as present in the crystal, showing the linear gold(1) trimers. The dotted lines indicate the aurophilic

and weak agostic interactions.

Table 3 Selected bond lengths (A) and angles (°) for 1-4MeOH and 2

1-4MeOH 2
Au(1)-S(1) 2.2972(15)  Au(2)-S(1) 2.2659(8)
Au(1)-S(1)" 22972(15)  Au(2)-Cl(2) 2.3020(8)
Au(1)-Au(2)? 3.1480(5)  Au(1)-Au(2)' 3.0492(3)
Au(1)-Au(2)? 3.1480(5)  Au(1)-Cl(1)' 3.5034(7)
Au(2)-P(1) 2.2278(13)  Au(1)-P(1) 2.2341(7)
Au(2)-CI(1) 2.3026(16)  Au(1)-CI(1) 2.3172(7)
Au(2)-Au(l)* 3.1480(5)  Au(l)-Au(l)' 4.5659(4)
S(1)'~Au(1)-S(1) 180.00 S(1)-Au(2)-Cl(2) 169.80(3)
P(1)-Au(2)-CI(1) 177.99G5)  P(1)-Au(1)-CI(1) 173.01(3)
Au2*-Au(1)-Au(2y  180.00 P(1)-Au(1)-CI(1)'  95.06(2)
CI(1)-Au(1)-CI(1)'  78.62(2)

Symmetry transformations: for 1.4MeOH: 1: —x, -y — 1, —z + 1; 2: —x, -y,
—z+ 13 x,y-Lzdx,y+1,zfor2: 1. —x+ 1,—y + 1, —z.

0.792(3) A] and forms a dihedral angle of 17.4(2)° with the
thiosemicarbazone moiety.

More interestingly, every gold(l) atom in cation 1 assembles
into trinuclear linear gold(r) units by means of close aurophililic
interactions (Fig. 4), and therefore this complex is a cluster
compound. Thus, every central S,S-coordinated Au(l) atoms
occupies the central site of the cluster. The other two gold(1)
atoms (Au(2)), which belong to different trimer complexes,
are located at the sides of the aggregate. The Au(l)---Au(2)
distances of 3.1480(5) A fall within the aurophilic range, being
indicative of a significant interaction between the two pairs of gold
centres.”*

Of particular interest is the perfect linear arrangement adopted
by the trinuclear core in the [Au;(HPLH),Cl,]* cation, which arises
from the Au(1) atom position in the inversion centre of the trimer.
The S(1)-Au(1)-S(1?) (a: —x, =y — 1, —z + 1), CI(1°)-Au(2°)-P(1°)
(b: =x, =y, —z + 1) and CI(°)-Au(2°)-P(1°) (c: x, y — 1, z) vectors are
not parallel, but are twisted by 77.20(5) and —91.2(1)°, respectively.

As a result of the establishment of the gold—gold interactions
the different linear trimers are connected through the crystal cell
in a 2D zigzag mode (Fig. S3, ESI+).

The existence of linearity in trinuclear Au(1) clusters is not
frequent®! and contrasts with most of the reported cases, for
which bent*? or triangular®*® arrangements have been observed.
The bending degree in Au(1) cluster chains is closely related with
the strength of the Au - - - Au interactions whiting the cluster. Thus,
a larger bending angle has been attributed to strong Au---Au
interactions, which could be enhanced by the coordination of
halide ligands at the end of the chain.**

An additional point of interest in the structure of 1-4MeOH
lies in its crystal packing (Fig. S4, ESIT). As expected, the
thioamide and the hydrazine hydrogen atoms of the thiosemicar-
bazone, together with the hydroxyl hydrogen atoms of methanol
molecules are involved in hydrogen-bond formation (Table 4),
with N(14), N(13), O(2) and O(3) acting as the H-donors and
the chloride counter-anions, CI(2), and the oxygen atoms of
methanol molecules, O(2) and (O3), as acceptors. These inter-
actions give rise to the rings CI(2)/0(3), ClI(2)/0(3)/N(14) and
CI(2)/0(3)/N(14) of graph sets R%, (4), R*; (4), and R*; (8),
respectively.®® The chloride ions CI(2) and the oxygen atoms O(2)
and O(3) establish further hydrogen bonds with the hydrogen
atoms of methanol and the thioamide/hydrazide N-H groups,
resulting in an alternating cation-methanol-anion-methanol-
cation chain [N(13)/0(2)/C(12)/0(3)/N(14)]. Within the chain,
the hydrogen bonds combine to yield the graph set C*, (8)
(Table 4).

Crystal structure of [Au,(HLPMe)CL)], (2). compound 2 crys-
tallizes in the triclinic space group P1, with one discrete molecule
[(AuCl),(HLPMe)] in the asymmetric unit (Fig. 5). Each phos-
phino thiosemicarbazone ligand is bound to two different gold(1)
atoms, one of them, Au(1), through the phosphorus atom [Au(1)-
P(1) = 2.2341(7) A], whereas the second gold(1) ion, Au(2), is

This journal is © The Royal Society of Chemistry 2012
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Table4 Hydrogen bond parameters [A, °] for 1.4MeOH and 2

D-H A DH H-A DA /DHA
1.4McOH

N(13)-H(13A)---O2)' 088  1.88 2.749(11)  171.2
N(14)-H(14A)---O(3)' 088  2.14 2.89(2) 142.9

N(14)-H(14A)---CI(2*  0.88  2.67
N(14)-H(14B) - -- CI(1)? 0.88 2.55

3.379(9) 138.8
3.328(8) 147.6

0O(2)-H(2)- - Cl(2) 0.84  2.05 2.862(9) 162.2
0O(3)-H(3)- - C1(2)* 085 173 2.45(2) 141.5
O(3)-H(3)--- C1Q2)° 085 244 3.08(3) 1324

N(14)-H(14B)---Au(l)  0.88  2.89 3.421(7) 120.4
2

N(13)-H(13A)---CI(1))  0.83  2.55
N(14)-H(14A)---N(12)  0.76 2.18
N(14)-H(14A)---CI2)>  0.76  2.83

3.325(3) 158.0
2.606(3) 115.7
3.393(3) 132.9

C(17)-H(17)- -~ CI(1)! 098 277 3.5464() 136.53
C(23)-H(23)--- CI(1)’ 092 283 3.5854 140.73
N(13)-H(13A)---Au?) 083  2.84 3.327(2) 119.4
C(17)-H(17) - - Au(l) 098  2.86 3.389(3) 115.1

Symmetry transformations: for 1.4MeOH: 1: —x + 1, —y + 1, —z; 2: —x +
L—y,—z;3: 1+x,y,zfor2: lix+1/2,y—-1/2, -z + 1/2; 2: =x, -y, —z +
1;3:x-1/2,—y+1/2,z+ 1/2;4 —~x+1,-y+1,-z;5: x—-1,y, z.

S2

L H

CH
P
ClI2

Fig. 5 Molecular structure of complex 2.

coordinated to the thioamide sulfur atom [Au(2)-S(1) =2.2659(8)
A]. The gold(1) atoms complete their coordination sphere with
a chlorine atom [Au-Cl = av. 2.3096(8) A], therefore generating
distorted linear kernels [173.01(3)° for P(1)-Au(1)-CI(1) and of
169.80(3)° for S(1)-Au(2)-Cl(2)]. The P-Au, S-Au and Cl-Au
bond lengths fall within the range expected for linear phosphine
gold(1)-chloride systems.*

The dinuclear gold monomer [(AuCl),(P,S-HLPMe)] is further
assembled into tetranuclear [(AuCl),(HLPMe)], units by means
of close gold—gold interactions [Au(l)---Au(2?*) (a: —x + 1, —y
+ 1, —2) of 3.0492(3) A}, therefore explaining the deviation from
linearity. (Fig. 6). The dinuclear units show torsion angles CI(1)—
Au(1)-Au(2)-Cl(2) of —81.53°, which are close to the value of
90° estimated for X(1)-Au(1)-Au(2)-X(2) torsion angles in those
cases where the gold-gold separation falls in the range 3.00—
325 A

The phosphino thiosemicarbazone strands are disposed with
an anti arrangement in complex 2 probably to avoid unfavourable

Fig. 6 Intermolecular association of 2 through aurophilic interactions
(symmetry operation, a: —x + 1, —y + 1, —2).

steric interactions of the bulky phosphine that could prevent the
dimerization of the complex through Au- - - Au interactions.*
The establishment of aurophilic contacts permits the formation
of a twenty-membered metallacycle, which features a couple of
Au---Au pairs (Fig. 7). The central part of the metallacycle
ring is essentially a parallelogram with sides of 4.318(1) A
for P(1)---CI(1*) (a: —x + 1, —y + 1, —z) and 4.543(1) A for
P(1)--- CI(1), and an angle of 129.290(2)°. The thiosemicarbazone
moieties are twisted by 85.65(5)° as a result of the need to bring the
two gold atoms into close proximity and maximize the aurophilic
attractions. The conformation of the auromacrocycle is achieved
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Fig. 7 Perspective view of the Au,S,P, central core in 2, illustrating the
metallacycle structure and the endocycle weak interactions (symmetry
operation, a: —x + 1, -y + 1, —z).
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by means of weak agostic interactions between Au(2) and one
proton of the hydrazine nitrogen atom [H(13A) - - - Au(2), 2.84 A;
N(13)--- Au(2), 3.327(2) A] and also between Au(1) and a proton
of a methyl carbon atom [H(17) - - - Au(1), 2.86 A; C(17)- - - Au(1),
3.389(3) A] (Table 4).2 It is noteworthy that there are also classical
and non-classical hydrogen-bonding interactions within the ring.
Specifically, the metallacycle exhibits two hydrogen bonds, N(13)
and C(17) acting as proton donors and CI(1) as acceptor. The
metallo-ring, with approximate dimensions of the 8.20 x 8.01 A,
features a distorted square cavity through the crystal cell, the
chloride ions Cll and Clla being oriented ca. 1.6 A above and
below the cavity, respectively (Fig. 7).

In the crystal packing two-dimensional layers run approxi-
mately parallel to the plane (111) (Fig. S5, ESIT) This assembly
arises from new inter- and intramolecular hydrogen bonds involv-
ing the thioamide nitrogen atom N(14) and the C(23) atom acting
as proton donors, and the imine nitrogen atom, N(12), and the
chlorine atoms of neighbouring tetramers as acceptors (Table 4).

Photophysical studies

Electronic absorption spectroscopy. The electronic absorption
spectra of the ligands HLPH and HLPMe are very similar (Fig.
8), showing high-energy absorption shoulders at ca. 232 and
272 nm and a strong low-energy absorption band at ca. 320 nm.
The close resemblance of their UV-visible absorption spectra is
understandable since a variation in the size of the substituents
located at the terminal 4-N position of the thiosemicarbazone
should have very little influence on the spectroscopic properties
of the ligands. However, the absorption spectra of the crystalline
gold(1) complexes 1-4MeOH and 2 are notably different. Thus, UV
spectrum of complex 1-4MeOH shows a notable displacement on
the high energy absorptions with respect to the corresponding
ligand HLPH, with bands appearing at 267, 338 and 373 nm. The
spectrum of complex 2 is similar to its precursor ligand HLPMe,
but the low energy absorption band (~320 nm) is split in three
bands at 313, 325 and 340 nm. In these complexes the absorptions

0.3-
—a— HLPH
0,25 —¢— 1.4MeOH
—.— 2
0,2
0,15
0,1
0,05
0 T T T T T T 1 1
240 260 280 300 320 340 360 380 400

Wavelength

Fig. 8 Absorption spectra of the ligands HLPH and HLPMe and the
Au(1) complexes 1-4MeOH and 2 in methanol (1 x 10~ M).

below 300 nm could be attributed to intraligand (IL) transitions
of the phosphino thiosemicarbazone moieties, while the lowest
energy bands are characteristic of thiolato gold() phosphine
systems.*’

The emission spectra of the ligands HLPH and HLPMe
and their corresponding Au(1) complexes 1-4MeOH and 2 were
recorded at room temperature in methanol (Fig. 9). These spectra
exhibit intense bands, with maxima at ca. 359 (HLPH), 353
(HLPMe), 415 (1-4MeOH) and 378 (2) nm (excitation at 320
(HLPH, HLPMe) or 340 nm (1-4MeOH and 2). As it can be
seen from the data, the emissions in the complexes are slightly red-
shifted by 56 (1-4MeOH) and 38 (2) cm™, respectively, compared
with the emissions in the parent ligands. It has been reported that
the luminescence properties in most phosphine gold(r) thiolates
are determined mainly by the nature of the thiolate ligand.
Although the phosphine ligand often contains a chromophore, the
optical processes predominantly occur via the excitation of sulfur
with subsequent charge transfer to gold.' Another factor to be
considered in halo phosphine Au(1) complexes is the contribution
of halide ligands to the energy levels.* Whereas the existence of
Au-Au interactions, either intermolecularly or intramolecularly,
is not mandatory for emission in thiolates, if present, they could
influence the emission energy and the excitation maxima of the
metal complexes.>#*

25 10*
= HLPH
——— HLPMe
—— 1.4MeOH
210 2
2
[7]
5 4
£ 1510
110*
5000
0 1 1 1 1 1
340 360 380 400 420 440

Wavelength

Fig.9 Emission spectra of the ligands HLPH and HLPMe and the Au(1)
complexes 1-4MeOH and 2 in methanol (1 x 10° M).

The fact that the ligands HLPH and HLPMe and its corre-
sponding Au(1) complexes 1-4MeOH and 2 exhibit bands at similar
energy values suggests that the emissions probably arise from the
same electronic states, and therefore they could be assignable to
intraligand (IL) or S-to-Au LMCT transitions. However some
influence from aurophilic contacts and a certain degree of charge
transfer from chloride to gold can not be discounted.®

The introduction of different substituents in the 4-N-terminal
position of the thiosemicarbazone chain affects mainly the struc-
ture of the complexes,'*'” but does not significantly their emission
properties. Thus, we must indicate that all Au() complexes
of the series HLPR (R = H, Me, Et, Ph) exhibit different
structures despite that they were synthesised by using the same
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chemical procedure and crystallised under similar conditions.
Previous works covering the structural chemistry of different N-
substituted ligands indicated that the 4-N-terminal group of the
thiosemicarbazones does not exert a great influence in the structure
of the assembled complex. The Au(l) HLPR (R = H, Me, Et,
Ph) collection of complexes breaks that prediction: the ethyl and
phenyl derivates are Au(1) dimers with metal-metal interactions
(Schemes 1d and e),'*!” while the herein presented unsubstituted
and methyl derived Au(1) complexes are trinuclear and dinuclear
complexes, further assembled by means of aurophilic interactions
(vide supra). Regarding the emissive properties, the ethyl and
phenyl derived complexes displayed enhanced luminescence, but
at similar wavelengths as their precursor ligands.'®’ In the
herein studied unsubstituted and the methyl substituted gold(1)
derivatives the emission is slightly red-shifted with respect to the
corresponding ligands. Hence, in these cases the presence of gold—
gold contacts could be a factor influencing the slight displacement
of the emission maxima.

Conclusions

In summary, tuning a thiosemicarbazone ligand with a phos-
phine group not only allows the isolation of homoleptic Au(1)
thiosemicarbazone complexes, but also leads to the first cases of
thiosemicarbazone clusters showing aurophilicity. These clusters
are luminescent at room temperature with the emission maxima
possibly influenced by the presence of multiple aurophilic contacts.
These clusters perfectly exemplify that the synergistic combination
of the attractive forces from hydrogen bonds and Au---Au
interactions contributes to the stabilization of gold(1) polymeric
arrays.

Experimental section
Materials

All solvents, thiosemicarbazide, 4-N-methylthiosemicarbazide
and 2-diphenylphosphinobenzaldehyde are commercially avail-
able and were used without further purification. Commercial
H[AuCl,] was reduced with 2,2’-thio-bis(ethanol) in a 1:1
methanol : water mixture.

Methods

Elemental analysis of C, H, N and S were performed on a
FISONS EA 1108 analyzer. 'H, “C and *'P NMR studies (H;PO,
was used as internal reference) in a VARIAN MERCURY 300
spectrometer. Infrared spectra were measured from KBr pellets on
a BRUKER IFS-66V spectrophotometer in the ranges 4000—-100
or 500-100 cm™. Electrospray ionisation (EST) mass spectra were
recorded on an API4000 Applied Biosystems mass spectrometer
with Triple Cuadrupole analyser. Conductivity was measured at
25 °C from 102 M solutions in DMF on a Crison Micro CM
2200 conductivimeter. UV-vis spectra were measured in a Hewlett
Packard 8452A spectrophotometer using 1 x 10> M solutions in
methanol. Luminescence was recorded at room temperature in a
Jovin Yvon-Spex Fluoromax-2 spectrophotometer using 1 x 107
M solutions in methanol.

Synthesis of the ligands

The ligands 2-(2-(diphenylphosphino)benzylidene) thiosemicar-
bazone (HLPH) and 2-(2-(diphenylphosphino)benzylidene)-N-
methylthiosemicarbazone (HLPMe) were prepared following the
procedure reported before,’” which is detailed in ESI{. In both
cases good quality crystals were obtained from ethanol solutions
(vide supra).

Synthesis of the complexes

The Au(l) complexes were synthesized by reaction of reduced
H[AuCl,] with the ligands HLPH and HLPMe, respectively.
The experimental procedures and the characterization data are
summarized below.

[Au;(HLPH),CL]Cl-2MeOH (1-2MeOH). 46.55 mg (0.381
mmol) of 2,2’-thiodiethanol were added to 50.29 mg (0.127
mmol) of H[AuCl,] previously dissolved in water (~2 mL). The
colourless solution formed was added to 50 mg of the ligand
HLPH (0.127 mmol) dissolved in methanol (30 mL). The clear
solution was refluxed for 2 h and then left stirring overnight
at room temperature. After that, the solution was concentrated
to a small volume (15 mL) and allowed to crystallize at room
temperature for 24 h. After that time the crystalline solid obtained
was filtered off and finally dried in vacuo. Yield: 0.15 g (79%);
mp >221 °C; C,Hu,Au;CI;NGO,P,S, (1488.18): calc.: C, 33.9;
H, 3.0; N, 5.6; S, 4.3; found: C, 33.7; H, 3.1; N, 5.6; S,
4.4%; ESI(+) 560.1 [Au(HLPH)]*; 757.6 [Au,(HLPH)]*, 1119.2
[Au,(HLPH),]**, 1315.1 [Au;(HLPH),]**; 'H NMR (DMSO-dq,
ppm): & 6.77 (m, 1H), 7.48-7.69 (m, 12H), 8.43 (m, 2H), 8.82
(s, 1H), 8.79 (s, 1H), 12.28 (s, 1H); *'P NMR (DMSO-d,, ppm):
6 29.7; IR (KBr, cm™): 3485, 3332 v(OH) + v(NH), 1553-1436
v(C=N) + v(C-N), 1080 v(N-N), 751 v(C=S); 370, 308 v(Au-
Cl); UV/Vis (MeOH): A, = 267, 338, 373 nm. Ay = 62.2 uS
cm™'. Well-shaped colourless needles of 1-4MeOH were studied by
X-ray diffraction. The same complex 1-2MeOH was obtained by
using a 3:2 metal : ligand ratio in the reaction.

[Au,(HLPMe)ClL,] 2. 93.11 mg (0.762 mmol) of 2,2'-
thiodiethanol were added to 92.27 mg (0.254 mmol) of H[AuCl,]
previously dissolved in water (~2 mL). The colourless solution
formed was added to 100 mg of the ligand HLPMe (0.254
mmol) dissolved in methanol (30 mL). The white suspension
formed was refluxed for 2 h and then left stirring overnight at
room temperature. After that, the suspended white solid was
filtered off and finally dried under vacuo. Yield 71% (0.15 g);
mp >245 °C; C,H,Au,CLLN;P;S,; (842.28): calc.: C, 29.9; H,
2.4; N, 5.0; S, 3.8; found: C, 29.8; H, 2.2; N, 5.1; S, 3.9%;
ESI(+) 574.1 [Au(HLPMe)]*; 1147.1 [Au,(HLPMe),]**; 1343.1
[Au;(HLPMe),J**; '"H NMR (DMSO-d,, ppm): § 2.98 (d, 3H),
6.75 (m, 1H), 7.70-7.43 (m, 9H), 8.39 (m, 4H), 8.69 (m, 2H), 11.88
(s, 1H); *'P NMR (DMSO-d¢, ppm): 6 29.93; IR (KBr, cm™):
3334 v(NH), 1574-1436 v(C=N) + v(C-N), 1098 v(N-N), 749
v(C=S) 408, 335 v(Au-Cl); UV/Vis (MeOH): A, = 267, 313,
325, 340 nm. Ay = 13.2 uS cm™. Recrystallization of solid 2 in
methanol at room temperature yielded the same compound as
colourless prismatic crystals.
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Crystal structure determinations

Colourless crystals of HLPH and HLPMe, [Au;(HLPH),CL,]-
Cl-4MeOH (1-4MeOH) and [Au(HLPMe),Cl], 2 were mounted
on glass fibers and used for data collection. Crystal data were
collected at 100.0(1) K (HLPLH, 2) or 110(2) K (HLPMe) using a
Bruker X8 Kappa APEXII diffractometer or at 110(2) K using a
Bruker Smart CCD 1000 diffractometer (1-4MeOH). Graphite-
monochromated Mo-Ko. radiation (1 = 0.71073 A) was used
throughout. The data for HLPH, HLPMe and 2 were processed
with APEX2%* or SAINT (1-4MeOH) and corrected for absorption
using SADABS.* The structures were solved by direct methods
using SHELXS-97* and refined by full-matrix least-squares tech-
niques against F* using SHELXL-97.* Positional and anisotropic
atomic displacement parameters were refined for all non-hydrogen
atoms. Hydrogen atoms for HLPH and 1-4MeOH were included
in geometrically idealized positions and for HLPMe and 2 were
located in difference maps. The N-H hydrogen atoms were located
unambiguously from difference Fourier maps for all compounds.
In all compounds, the hydrogen atoms were included in refinement
as fixed contributions riding on attached atoms with isotropic
displacement parameters constrained to 1.2U, of their carrier
atoms. The lowest and highest peaks in the final difference Fourier
map were located close to the phosphorus atoms in the ligands
and close to the gold atoms in complex. Criteria of a satisfactory
complete analysis were the ratios of rms shift to standard deviation
less than 0.001 and no significant features in final difference maps.
Atomic scattering factors were obtained from International Tables
for Crystallography.* Molecular graphics were prepared with
ORTEP, implemented in PLATON,* and with DIAMOND.* A
summary of the crystal data, experimental details and refinement
results are listed in Table 1.
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