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Abstract

The synthesis and characterization of the gold(III) complexes [(HSDT)AuX2] and [(HSDT)2Au]X (X = Cl, Br; HSDT = sarco-

sinedithiocarbamate (N-methylglycinedithiocarbamate)) are reported. In the discussed compounds coordination takes place through

the sulfur atoms in a square-planar geometry around the gold(III) metal center. The characterization of the complexes has been

carried out by means of elemental analysis, conductance measurements, FT-IR, 1H and 13C NMR spectroscopy, and thermogravi-

metric analysis. In addition, the molecular structure of the 1:1 metal-to-ligand complexes has been further investigated by means of

density functional calculations, confirming the conclusions reached upon application of the other chemical characterization tech-

niques. The complex [(HSDT)3Au] has been also synthesized and characterized by mass spectrometry, FT-IR, NMR and X-ray pho-

toelectron spectroscopy, even if a definitive determination of its structure has not been undoubtedly accomplished.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In the widespread scenario of gold organometallic

chemistry [1–3], different aspects are receiving increasing

attention, such as the study of gold compounds in unu-

sual oxidation states and stereochemistry [4–7], the bio-

inorganic chemistry of certain gold complexes for the

treatment of rheumatoid arthritis (chrysotherapy) and

their antitumor and antimicrobial properties [8]. Other

research work has been devoted to the synthesis and
properties of gold clusters and other complexes with

gold–metal bonds [9,10].
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In recent years, much interest has been focused on the

synthesis of gold(I) derivatives containing sulfur and/or
phosphorous donor ligands [11–13]. Among the former,

dithiocarbamate complexes have been extensively stud-

ied in view of their applications as vulcanization acceler-

ators, flotation agents and pesticides [14,15]; their

antimicrobial activity has been reported [16,17] and they

have been used to fight against metal poisoning [18].

In the literature, a large number of gold(I) [19,20],

gold(III) [20–22] and gold(II) [4,23] dithiocarbamate
syntheses are present. In particular, binuclear gold(I)

dithiocarbamate derivatives have drawn considerable re-

cent attention due to their significant medical applica-

tions or useful optical properties [19c].

The dithiocarbamate moiety has received much atten-

tion in recent years due to its ability to act as a bidentate

ligand. Dithiocarbamates may easily undergo many
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different reactions, thus being useful when studying sub-

stitution reactions in cation-bound ligands or between

the ligands themselves. The introduction of the dithio-

carbamate group in a-amino acids gives rise to mole-

cules with up to three potential bonding residuals:

amino (–NH2, –NHR, –NHRR 0), dithiocarbamate
(–CSS�) and carboxylate (–COO�). Many proteins have

cysteine and methionine residuals, which are both char-

acterized by the presence of a sulfur atom in their struc-

ture. Consequently, dithiocarbamate derivatives of a-
amino acids may be considered as valid models to study

the coordination of proteins to metallic cations. Unfor-

tunately, only few literature contributions on the synthe-

sis of such complexes are available up to date [21,24–27].
In this work, compounds formed through reaction of

dithiocarbamate derived from N-methylglycine (sarco-

sine) in 1:1, 1:2 and 1:3 metal-to-ligand ratios have been

synthesized and characterized by different analytical

techniques, in order to gain as much information as pos-

sible on their chemico-physical properties. Remarkably,

particular attention has been paid to the characteriza-

tion of 1:3 metal-to-ligand complex, for which a defini-
tive determination of the chemical structure has not

been accomplished yet. In the present paper the most

relevant experimental and theoretical results are pre-

sented and discussed.
2. Experimental

2.1. Apparatus

N-Methylglycine (Aldrich), KAuCl4 and KAuBr4
(Alfa Aesar) were used as received. All other reagents

and solvents were used as purchased without any further

purification.

Conductivity measurements were carried out with

an Amel 134-type conductivity bridge for freshly
prepared 1.0 · 10�3 mol L�1 solutions in DMSO at

(25.0 ± 0.1) �C.
FT-IR spectra were recorded in nujol between two

polyethylene tablets on a Nicolet Vacuum Far FT-IR

20F spectrophotometer for the range 50–600 cm�1,

and in solid KBr on a Nicolet FT-IR 55XC spectropho-

tometer for the range 400–4000 cm�1.
1H NMR spectra were recorded in DMSO-d6 on a

Bruker Avance DRX400 spectrophotometer, equipped

with a Silicon Graphics O2 workstation operating in

Fourier transform, using tetramethylsilane (TMS) as

internal standard. 13C NMR spectra were recorded on

the same instrument using TMS as internal standard;

proton noise decoupling was normally used to obtain

an increase of the observed resonance peaks intensity.

Elemental analyses were performed with a Perkin–El-
mer 2400 CHN microanalyser; S, Cl and Br were deter-

mined with Schöninger method.
Thermogravimetric and differential scanning calorim-

etry curves were recorded with a TA Instruments ther-

mobalance equipped with a DSC 2929 calorimeter.

Measurements were carried out in the range 25–

1400 �C in alumina crucibles under air (flow rate

30 cm3 min�1) at a heating rate of 10 �C min�1, using
alumina as reference.

ESI-MS (electrospray mass spectra) were performed

on a Finnegan LCQ ion trap instrument operating in

positive ion mode (sheath gas flow N2: 50 a.u.; source

voltage: 4 kV; capillary voltage: 3 V; capillary tempera-

ture: 200 �C). 50 lL of the sample (2.9 · 10�3 mol L�1

in TFA/H2O/CH3CN 1:45:45) were directly injected into

the source by a syringe pump with a flow rate of
8.0 lL min�1.

X-ray photoelectron spectra (XPS) were recorded on a

ground sample of [(HSDT)3Au] (6) by a Perkin–Elmer U
5600ci spectrometer at a working pressure of lower than

2.0 · 10�9 mbar with a monochromatized AlKa source

(1486.6 eV). The spectrometer was calibrated by assum-

ing the binding energy of the Au(4f7/2) line at 84.0 eVwith

respect to the Fermi level. The standard deviation for the
binding energy values was ±0.2 eV. Binding energies were

corrected for charging effects by assigning to theC(1s) line

of adventitious carbon the value of 284.8 eV [28]. After a

Shirley-type background subtraction, the spectra were fit-

ted using anon-linear least-square fitting program, adopt-

ing Gaussian–Lorentzian peak shapes. The atomic

compositions were evaluated using sensitivity factors as

provided by U V5.4 A software.
All the computational calculations were performed by

running ADF 2002.02 code [29], a program package

based on density functional theory (DFT). Calculations

were run within the generalized gradient approximation

(GGA), with the inclusion of Becke–Perdew exchange-

correlation formulas [30,31]. A Triple-n Slater-type basis
set was used for all the atoms in the system and the relativ-

istic effect was also taken into account by employing the
ZORAHamiltonian which included the scalar relativistic

coupling. The inner cores of gold (1s–4d), sulfur (1s–2p),

oxygen (1s), carbon (1s) and bromine (1s–3d)were treated

by the frozen-core approximation. Furthermore, the har-

monic frequencies of the system were calculated by the

ADF package employing a numerical differentiation of

energy gradients in slightly displaced geometries.

2.2. General procedures and methods

N-Methylglycine (Aldrich), KAuCl4 and KAuBr4
(Alfa Aesar) were used as received. All other reagents

and solvents were used as purchased without any further

purification.

2.2.1. Preparation of the ligand Ba(SDT) Æ 3H2O (1)
The dithiocarbamate derivative of the a-amino acid

N-methylglycine (sarcosine) was prepared as the trihy-
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drated barium salt, following a method similar to that

described by Musil and Irgolic [35]. N-methylglycine

(22.95 mmol) was reacted with an aqueous solution

(70 ml) of Ba(OH)2 (22.96 mmol) and the suspension

was magnetically stirred until total dissolution was

achieved. In order to prevent the precipitation of barium
carbonate, the presence of air was avoided, performing

the reaction under a nitrogen atmosphere. Acetone

was then added until its content was �40% of the total

volume (25 ml), and subsequently CS2 (22.95 mmol) was

dropwise added. Once CS2 was dissolved, the solution

was kept under stirring at 0 �C under a nitrogen flow

for 24 h; formation of the barium salt occurred accord-

ing to the reaction shown in Fig. 1.
Addition of acetone yielded a white precipitate that

was filtered off and washed with acetone. The white solid

was finally dried in a desiccator with P4O10, the final

yield being 85%. According to the elemental and ther-

mogravimetric analyses, the compound contains three

molecules of water of crystallization.

2.2.2. Synthesis of the complexes [(HSDT)AuX2]

(X = Br (2), Cl (4))
An aqueous solution (6 ml) of Ba(SDT) Æ 3H2O

(0.98 mmol) was treated with a stoichiometric amount

of Na2CO3 (0.99 mmol), resulting in the formation of

a white precipitate (BaCO3) that was filtered off, and

the solution thus obtained was dropwise added to an

aqueous solution (2 ml) of KAuX4 (X = Cl, Br;

0.98 mmol) at 0 �C. The solution was subsequently trea-
ted with a stoichiometric amount of a 0.2 mol L�1 solu-

tion of HX (X = Cl, Br; 4.92 ml @ 0.98 mmol), yielding a

reddish-brown precipitate that was filtered off and

washed with water and diethyl ether (Fig. 2).

The reddish-brown solid was finally dried in a desic-

cator wit P4O10, the final yield being 80–90%.

2.2.3. Synthesis of the complexes [(HSDT)2Au]X

(X = Br (3), Cl (5))
1:2 metal-to-ligand gold(III) HSDT derivatives were

prepared with a method similar to that of the corre-

sponding 1:1 derivatives. These complexes were ob-

tained by reaction of KAuX4 (X = Cl, Br) with

Ba(SDT) Æ 3H2O in a 1:2 molar ratio (KAuX4/Ba(SD-
-OOCCH2N(CH3)H2
+ + CS2(l) + Ba(OH)2

H2O/(CH

r.t./0 

Fig. 1. Synthesis of Ba(

(OOCCH2N(CH3)CSS)Ba + Na2CO3
H2O
r.t.

(OOCCH2N(CH3)CSS)Na2 + KAuX4 + HX
H2O

0 ˚C

Fig. 2. Synthesis of the c
T) Æ 3H2O = 0.52/1.15 mmol), yielding a reddish-brown

powder (final yield: 80–85%).

2.2.4. Synthesis of the complex [(HSDT)3Au] (6)
An aqueous solution (6 ml) of Ba(SDT) Æ 3H2O

(1.49 mmol) was treated with a stoichiometric amount
of Na2CO3 (1.50 mmol), resulting in the formation of

a white precipitate (BaCO3) that was filtered off. The

solution thus obtained was cooled and dropwise treated

with an aqueous solution (2 ml) of KAuCl4 or KAuBr4
(0.49 mmol) at 0 �C (and not dropwise added to the

gold(III) salt solution, in order to avoid the formation

of the 1:2 metal-to-ligand corresponding derivatives).

The solution was subsequently treated with a stoichiom-
etric amount of 0.2 mol L�1 solution of HCl or HBr,

respectively (7.42 ml @ 1.49 mmol), yielding a dark

brown precipitate that was filtered off and washed with

water and diethyl ether. The dark brown solid was

finally dried in a desiccator with P4O10, the final yield

being 81%.
3. Results and discussion

N-Methylglycinedithiocarbamate has been synthe-

sized as the barium salt as described elsewhere [24,32].

The gold(III) complexes here reported (Fig. 3) have been

prepared by adding the dithiocarbamate ligand to an

aqueous solution of KAuX4 (X = Cl, Br) in the appro-

priate molar ratio.
The analytical data and the conductivity measure-

ments for the ligand and the complexes are reported in

Table 1. The compounds are stable at room tempera-

ture, insensitive to atmospheric oxygen and moisture

and soluble in dimethylsulfoxide (DMSO) only. Con-

ductance measurements are indicative of 1:1 electrolytes

for compounds 3 and 5, while compounds 2, 4 and 6 are

non-conducting in the same solvent [33–35].

3.1. FT-IR spectroscopy

The most significant bands recorded in the FT-IR

spectra of the ligand and the complexes have been re-

ported in Table 2.
3)2CO
(OOCCH2N(CH3)CSS)Ba(s) + 2H2O

˚C

SDT) Æ 3H2O (1).

(OOCCH2N(CH3)CSS)Na2 + BaCO3(s)

[(HOOCCH2N(CH3)CSS)AuX2](s) + KX + 2NaX

omplexes 2 and 4.



Table 1

Analytical data and conductivity measurements [1.0 · 10�3 mol L�1 in DMSO, 25.0 �C]

Compound Found (calculated) KM (X�1 cm2 mol�1)

%C %H %N %S %X (Cl, Br)

1 13.46 (13.55) 2.98 (3.13) 4.12 (3.95) 17.89 (18.09)

2 9.24 (9.22) 1.07 1.16 2.65 (2.67) 12.68 (12.31) 30.97 (30.67) 1.80

3 15.65 (15.87) 1.75 (2.00) 4.34 (4.63) 21.41 (21.19) 13.24 (13.20) 33.67

4 10.96 (11.12) 1.26 (1.40) 3.17 (3.24) 14.64 (14.84) 16.21 (16.41) 2.02

5 17.23 (17.13) 2.34 (2.16) 4.88 (5.00) 22.33 (22.87) 6.38 (6.32) 33.97

6 21.18 (20.90) 2.71 (2.63) 5.92 (6.09) 27.63 (27.90) 2.14

Table 2

Selected IR frequencies (cm�1)

Compound m(OH) m(N–CSS) m(C@O) m(C–O) m(SCS) m(SAuS) (XAuX)

Asym. Sym. Asym. Sym. Asym. Sym.

1 1484st 1570st
a 1387m

b 1010w 622w
2 3451st,br 1571st 1721st 1216st 1007w 608m 384st 353w 248st

c 227m
c

3 3429st,br 1561st 1718st 1210st 1004w 608m 382st 357st
4 3437st,br 1569st 1719m 1211m 1004w 608m 381st 357w 336m

d 321sh
d

332m
d 316m

d

5 3446st,br 1560st 1718m 1209st 1005w 607m 380st 351m
6 3429st,br 1567st 1716m 1211st 1004w 611m 384st 351w

w = weak; m = medium; st = strong; sh = shoulder; br = broad.
a ma(COO�).
b ms(COO�).
c X = Br.
d X = Cl.
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Fig. 3. Chemical drawings of the investigated gold(III) complexes.
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The dithiocarbamate compounds exhibit a charac-

teristic band in the range (1450–1580) cm�1 assignable

to the N–CSS stretching mode [36–38]; this band de-

fines a carbon–nitrogen bond order intermediate be-
tween a single bond ðD~m ¼ ð1250–1350Þ cm�1Þ and a

double bond ðD~m ¼ ð1640–1690Þ cm�1Þ [39]. The pres-

ence of a band in the above mentioned range indicates

that, of the four possible resonance structures (Fig. 4),

in our case we are dealing with a considerable
contribution of structure I, characterized by a strong

delocalization of electrons in the dithiocarbamate

moiety.

On passing from the dithiocarbamate barium salt to
the complexes, the m(N–CSS) mode is shifted to higher

energies, showing an increase of the carbon–nitrogen

double bond character [21,24–26,36]. As regards the

halo-derivatives, the m(N–CSS) band is shifted to higher

frequency following the order
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½ðHSDTÞ2Au�X < ½ðHSDTÞAuX2� ðX ¼ Cl;BrÞ
due to the increase of electron withdrawing effects on

increasing the number of halide atoms in the com-

plexes, thus promoting an higher positive charge on

the nitrogen atom. Thus we can conclude that the

contribution of the structure IV (Fig. 4) is greater in

the bishalo-derivatives and decreases on passing to

the monohalo-derivatives, in which the halide atom

is just a counter-ion [20].
The most informative bands due to the carboxylic

group are recorded between 1200 and 1730 cm�1 both

for the ligand and the complexes. For the free dithiocar-

bamate ligand (1) two bands are recorded, one for the

antisymmetric mode (ma(COO�)) at 1570 cm�1 and an-

other at 1387 cm�1 due to the symmetric mode

(ms(COO�)), while the spectra of the complexes show

two bands at �1720 and �1210 cm�1 due to m(C@O)
and m(C–O), respectively. Dithiocarbamates of a-amino

acids exhibit bidentate behavior, potentially acting both

as S,S 0- and O,O 0-donors; however, the results discussed

above undoubtedly demonstrate that the coordination

of the ligand does not take place through the carboxylic

group, which maintains its acidic form. This is also con-

firmed by the presence of a strong broad band at around

3400 cm�1, recorded for all the here investigated com-
plexes, assignable to carboxylic O–H stretching

vibrations [40].

The bands due to the –CSS moiety are usually cou-

pled to other vibrations and are very sensitive to the

environment of this group, allowing us to distinguish be-

tween monodentate and bidentate dithiocarbamate

coordination. The presence of only one band in the

egion (940–1060) cm�1 is assumed by Bonati and Ugo
[41] to indicate a completely symmetrical bonding of

the dithiocarbamate ligand, acting in a bidentate mode

(Fig. 5(a)). Conversely, a split band indicates an asym-

metrically-bound bidentate ligand (D~m < 20 cm�1,

Fig. 5(b)) or a monodentate bound ligand (D~m >
20 cm�1, Fig. 5(c)). In the complexes here reported,

the presence of only one band in the investigated region,
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Fig. 5. Different ways of metal–sulfur binding in dithiocarbamate

complexes: symmetrical bidentate (a), asymmetrical bidentate (b) and

monodentate (c).
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Fig. 4. Resonant forms of the dithiocarbamic –NCSS� moiety.
commonly attributed to the ma(SCS) vibrational mode,

suggests a bidentate symmetrical behavior of the dithio-

carbamate moiety, ruling out the coordination schemes

5(b) and (c).

For compound [(HSDT)3Au] (6) a separate discus-

sion is required. As reported in the literature, gold(III)
dithiocarbamate derivatives in a 1:3 metal-to-ligand

stoichiometry are generally tetracoordinate in a

square-planar geometry with the simultaneous presence

of one bidentate and two monodentate dithiocarbamate

groups [20]. This case should imply the presence of two

well defined N–CSS stretching bands at �1560 and

�1450 cm�1 due to the bidentate and the monodentate

ligands, respectively. In addition, as previously dis-
cussed, a split band in the range (940–1060) cm�1,

assignable to the ma(SCS), should be recorded, indicating

that dithiocarbamate moieties are linked to the central

metal ion in different ways [20]. Surprisingly, for com-

pound 6 only one band was observed for both m(N–

CSS) and ma(SCS) at 1567 and 1004 cm�1, respectively,

indicating the presence of symmetrically bound dithio-

carbamate ligands only, acting in a bidentate mode. This
experimental evidence led us to hypothesize the possible

existence of an hexacoordinate complex, as previously

reported for other gold(III) complexes of tris-dithiocar-

bamate derivatives of a-amino acids [21].

The two bands recorded in the range (350–380) cm�1

are ascribed to ma,s(SAuS), in agreement with analogous

data reported by other authors for similar compounds

[37,42].
The bands attributed to the ma,s(XAuX) (X = Cl, Br)

modes are ascribed to the Au–X stretching frequencies

for terminal halides [20,42,43]. The above mentioned

metal–halide modes have not been found in the spectra

of [(HSDT)2Au]X-type complexes, in agreement with

the 1:1 electrolyte character of these compounds. It is

worth observing that in the far FT-IR spectra of com-

pound 4 the bands assignable to the m(Au–Cl) vibrations
are doubled because of isotopic splitting m(Au–35/37Cl);

the existence of only one stable isotope of gold (197Au)

helps to make Au–Cl isotopic splitting more easily ob-

servable than in the case of chlorides of elements consist-

ing of a mixture of stable isotopes [42].

3.2. 1H and 13C NMR spectroscopy

The main features of the 1H and 13C NMR spectra of

the ligand and the synthesized complexes have been

summarized in Table 3.

All the investigated gold(III) complexes have been
proved to be stable in DMSO over 48 h. With regards

to the alkyl groups bound to the dithiocarbamate moi-

ety, the 1H signals are very close for the free dithiocar-

bamate ligand (1) and the corresponding complexes. A

general shift towards larger d values is observed from

the free dithiocarbamate precursor to its gold(III)
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Table 3
1H and 13C NMR spectral data [DMSO-d6, 25.0 �C, ppm]

Compound 1H NMR 13C NMR

CH3 CH2 CH3 CH2 COOH CSS

1a 3.36 4.57 43.98 60.46 176.40b 209.73

2 3.38 4.62 35.21 53.11 166.73 193.08

3 3.41 4.63 34.23 52.42 168.15 193.31

4 3.42 4.64 35.87 53.40 166.77 193.42

5 3.42 4.64 34.32 52.60 168.27 193.69

6 3.19 4.49 32.67 46.75 168.17 190.56

3.48 4.71 34.48 53.64 168.21 195.09

a Performed in D2O.
b Due to the –COO� group.
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derivatives, probably due to the lower electron density in

the complexes, in which the –NCSS moiety is neutral

compared to the free ligand in which such a dithiocarba-

mic group is anionic [26]. Conversely, for the carbon

atoms a significant shielding of the 13C signals, with re-

spect to the free dithiocarbamate ligand, is recorded, in
agreement with data reported in the literature for similar

compounds [24–26]. The main differences are observable

for the 13C signals of the dithiocarbamic carbon atoms.

The d(N13CSS) values, falling in the range 190–195 ppm,

are strongly dependent on both the type of dithiocarba-

mate–metal bonding and the oxidation state of the metal

center [44]. For gold(III) dithiocarbamate derivatives

the d(N13CSS) values, are usually found in the range
193–201 ppm [45].

There is an appreciable empirical correlation between

d(N13CSS) values and the carbon–nitrogen stretching

vibrations in the infrared spectra: higher m(N–CSS) val-

ues indicate an increased carbon–nitrogen double bond

character, which well correlates with lower d(N13CSS)

values because of a greater electron density on the

–NCSS moiety. For the free dithiocarbamate ligand
(1), there is no charge compensation on the sulfur atoms

by coordinated atoms, resulting in extremely low m(N–

CSS) values, correlated with –N13CSS signals located

in the upper limit of d values. All these considerations

are fully consistent with data reported in Table 3 for

–N13CSS carbon signals.

As concerns compound 6, it is worth noting that all

the 1H/13C resonance peaks are doubled; if the hypoth-
esis of an hexacoordinate complex in solid state was cor-

rect, these experimental data would suggest that, in

solution, a rapid conversion from hexacoordinate to

square-planar geometries could exist (Fig. 6) [21].

The downfield 1H/13C signals would be then attrib-

uted to the bidentate dithiocarbamate ligand, whereas

the upfield ones would be ascribed to the monodentate

asymmetrically bound HSDT molecules, as coordina-
tion through a single sulfur atom would increase the

electron density on the –NCSS moiety [44].

Finally, the signals due to the carboxylate/carboxylic

carbon atoms are generally shifted by �9 ppm to lower
values with respect to the free ligand (1), confirming the

complete protonation of the carboxylic group, thus

leading to an higher electron density on the carboxylic

carbon atom [21].

3.3. Thermal studies

The thermal behavior of the free ligand and the syn-

thesized complexes has been studied by thermogravime-

try (TG) and differential scanning calorimetry (DSC)

techniques in air flow, in order to establish the different

decomposition processes and to confirm the proposed

stoichiometries. Experimental data agree to a good ex-

tent with the ones obtained by the other spectroscopic
techniques, and the results of such analysis, summarized

in Table 4, indicate a good correlation between calcu-

lated and found weight loss values for all the investi-

gated compounds.

As concerns the free dithiocarbamate ligand (1),

pyrolysis processes take place in two well-defined steps.

The first weight loss at around 100 �C coincides with the

endothermic DSC peak and corresponds to the loss of
three crystallization water molecules. A second weight

loss is recorded at higher temperatures (>200 �C), the
pyrolysis process leading to the total conversion to the

corresponding metallic sulfate (BaSO4). Several changes

in the slope of the TG curve are observed during this

second decomposition step, and can be related to the

evolution of the hydrocarbon chain as well as to decar-

boxylation processes [46].
For all the gold(III) dithiocarbamate derivatives 2–

6, the thermal degradation occurs in two successive

well-defined steps; in Fig. 7 the thermogram of com-

plex 6 is reported as an example. The first TG step

corresponds to pyrolysis, decarboxylation and reduc-

tive elimination Au(III) ! Au(I), thus leading to

[Au(SCN)] as a residual, a well known intermediate

in the thermal decomposition of metal dithiocarba-
mates [46,47]. A very intense effect is recorded at

higher temperature, that corresponds to removal of

the remaining ligand atoms, complete degradation

leading to metallic gold [21,25,26]. The formation of

metallic gold as the final residual is confirmed by

the presence of an endothermic DSC peak at

1066 �C due to the metallic gold melting.
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Fig. 7. Thermogram of compound 6.

Table 4

Thermogravimetric (TG) and differential scanning calorimetry (DSC) data

Compound Step Weight loss [%] DSC

Found Calculated Peak temperature [�C] (processa)

1 I 15.81 15.24 102.4 (endo)

II 34.53 34.18 273.4/326.7/345.7/416.2/762.8 (exo)

2 I 51.42 51.05 192.3 (endo)/263.4 (exo)

II 61.84 62.19 736.3 (exo)

3 I 57.37 57.87 181.5 (endo)/258.9 (exo)

II 67.90 67.46 731.1 (exo)

4 I 41.00 40.97 181.9 (endo)/258.1 (exo)

II 53.98 54.41 737.1 (exo)

5 I 54.28 54.53 183.9 (endo)/248.6 (exo)

II 64.34 64.88 736.2 (exo)

6 I 63.84 63.02 183.9 (endo)/265.8 (exo)

II 70.89 71.44 735.7 (exo)

a Endo/exo = endothermic/exothermic process.
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3.4. Density functional calculations

Aiming to get useful information about the geometri-

cal structures of the compounds here discussed and their

harmonic frequencies, we have chosen as a structural

starting point of our theoretical investigation the

X-ray study of a palladium(II) analogue compound,

[(ESDT)Pd(PrNH2)Cl] (ESDT = ethylsarcosinedithioc-

arbamate), which presents similar ligands and coordina-

tion structure around the metallic center [48].
A ball and stick representation of the optimized com-

plex 2 are reported in Fig. 8(a) and (b). The molecular
scheme of Fig. 8(b) allows us to observe that almost

all the molecule lies on the plane pertaining to the
square-planar coordination around the metallic center,

with the exception of the –COOH moiety. The opti-

mized geometrical parameters and the corresponding lit-

erature experimental values of analogue gold(III)

complexes [33] are collected in Table 5. Inspection of

this table clearly indicates the good agreement between

theoretical and available experimental data.

A further point to take into account is the comparison
between the calculated harmonic frequencies pertaining

to the optimized system and the IR data collected for



Fig. 8. Ball and stick representation of compound 2 optimized structure: top view (a) and side view (b).

Table 5

Calculated geometrical parameters for compound 2 and literature

experimental values

Geometrical parameters Calculated

values

Experimental

values [33]

Au–Br1/Br2 (Å) 2.490 2.440

Au–S1 (Å) 2.397 2.373

Au–S2 (Å) 2.392 2.343

C–S1 (Å) 1.737 1.732

C–S2 (Å) 1.732 1.714

N–CSS (Å) 1.341 1.322

N–CH3 (Å) 1.469

N–CH2 (Å) 1.457

CH2–COOH (Å) 1.527

Br–Au–Br (�) 94.4

S–Au–S (�) 73.9 74.78

C–S1–Au (�) 86.9 86.1

C–S2–Au (�) 87.1 86.7

N–C–S1 (�) 124.5 124.0

N–C–S2 (�) 123.5 123.6

Table 6

Calculated harmonic frequencies and obtained experimental values for

compound 2

Vibrational

features

Calculated

frequencies (cm�1)

Experimental

frequencies (cm�1)

ms(BrAuBr) 222 227

ma(BrAuBr) 247 248

ms(SAuS) 314 353

ma(SAuS) 326 384

ms(SCS) 787 608

ma(SCS) 1095 1007

m(C–O) 1213 1216

m(N–CSS) 1426 1571

m(C@O) 1746 1721

Table 7

Hirshfeld charges for selected atoms in compound 2

Atoms Hirshfeld charges Q

Br1 �0.25

Br2 �0.25

S1 �0.02

S2 �0.01

N �0.01

O1 �0.22

O2 �0.15

C(SS) 0.03

Au 0.27
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[(HSDT)AuBr2]; in Table 6 are reported both numerical

and experimental vibrational outcomes. The analysis of

these data allows us to observe that almost all the calcu-

lated frequencies result in good agreement with the exper-

imental ones. We note only one strong discrepancy

regarding the values pertaining to –NCSS vibrational

modes. This molecular region is probably significantly
influenced by the crystal packing in the solid, which was

not considered in the theoretical simulation, where we

take into account only the full molecular geometry opti-

mization. Consequently, the stretching modes result to

be influenced in a different way by the two environments.
Finally, we could get useful information from the val-

ues of the Hirshfeld charges collected in Table 7.
The analysis of these data indicates that the gold cen-

tre maintains a partial positive charge, while the dithioc-

arbamic C, N and S atoms result almost neutral; this

fact suggests that the p-conjugate electron system on

the dithiocarbamate moiety drains charge away from

the metallic center.

3.5. Mass spectrometry

The ESI-MS spectrum of complex 6 has been per-

formed in order to clarify its chemical composition.

Interpretation of the fragmentation scheme has been a

very difficult task. The signal corresponding to the

molecular ion was not recorded; the largest m/z value re-

corded was 525, corresponding to a 1:2 metal-to-ligand

fragment. In Fig. 9, a selection of the recorded frag-
ments is reported. One branch of such a scheme repre-

sents a series of fragment, all of them including a gold

atom, corresponding to successive loss of parts of the li-

gands, similarly to data reported in the literature [49,50],

the last ion recorded having m/z = 289, that can tenta-

tively correspond to [AuS2CNH2]
+. The other branch

corresponds to withdrawal of a ligand that loses a sulfur

atom and, finally, produces a species with m/z = 87 that
should correspond to [SCN–C(O)H]+.

3.6. X-ray photoelectron spectroscopy

XPS measurements were carried out on complex 6

in order to obtain a better insight into its chemical

composition. The obtained data for the sample agree
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Fig. 9. Selection of the ESI-MS fragments for compound 6.
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to a good extent with those obtained by conventional

chemical analysis methods, the atomic ratio being

Au:O = 0.12/0.14, Au:N = 0.30/0.30, Au:S = 0.21/0.24

and Au:C = 0.05/0.04 (experimental/calculated). Data
for the atomic binding energies (BEs) of 6 have been

collected in Table 8 together with the full-width at

half-maximum (FWHM); these values agree to a good
Table 8

Main XPS data recorded for compound 6

Nucleus BE (eV) FWHM

Au 4f7/2 83.8 (Au(I)) 2.0

86.1 (Au(III)) 2.0

S 2p3/2 162.1 2.8

N 1s 400.0 2.5

O 1s 531.3 3.1
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experimental
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Fig. 10. Deconvolution of the Au(4f) photoelectron peak for com-

pound 6.
extent with those reported in the literature for analo-

gous gold(III) complexes of tris-dithiocarbamate deriv-

atives of a-amino acids [21,51,52].

The Au(4f7/2) peak analysis required greater atten-
tion. The recorder photoelectron signal, together with

the bands resulting from the least-squares fitting, is re-

ported in Fig. 10. As a matter of fact, such a signal

can be decomposed by means of two distinct doublets,

whose Au(4f7/2) components are located at BE = 83.8 eV

(FWHM = 2.0 eV) and BE = 86.1 eV (FWHM =

2.0 eV). These bands can be ascribed to the presence

of gold(I) and gold(III), respectively [53], the former
resulting from a partial reduction of gold(III) species

in the spectrometer chamber due to the XPS analysis

conditions [54–56].

The fact that only one S(2p) signal is recorded could

support the hexacoordinate geometry, against a square-

planar geometry reported in the literature for some

other gold(III) dithiocarbamate derivatives with a 1:3

metal-to-ligand stoichiometry [20]. For square-planar
1:3 complexes, one of the ligands would act as bidentate

and the other two as monodentate, coordinating the

gold(III) center through one sulfur atom. In such a case,

three different signals due to S(2p) orbitals would be ex-

pected (that is, one due to sulfur atoms implied in the

bidentate coordination, one due to coordinating sulfur

atoms belonging to monodentate ligands, and another

due to the free sulfur atoms of the monodentate ligand).
Indeed, only one single S(2p) signal is recorded in our

case. Anyway, at variance with the report by Criado

et al. [21], we do not believe that these data alone can

support the presence of an hexacoordinate gold(III)

geometry in the analyzed complex [(HSDT)3Au]. This

claim would be also disproved by the results of density

functional calculations.
4. Conclusions

In this paper we report on the synthesis and charac-

terization of five gold(III) dithiocarbamate derivatives

of the type [(HSDT)AuX2], [(HSDT)2Au]X and

[(HSDT)3Au] (X = Cl, Br; HSDT = N-methylglycine-

dithiocarbamate).
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Although none of the complexes here reported has

been obtained in the crystalline state, and thus the struc-

ture cannot be undoubtedly proposed, the other results

suggest that coordination of the 1:1 and 1:2 metal-to-li-

gand dithiocarbamate derivatives takes place in a near

square-planar geometry through the sulfur donating
atoms, the –NCSS moiety coordinating the metal atom

in a bidentate symmetrical mode and lying in the same

plane, as reported in the literature for analogous gold

(III) complexes.

A particular case is that of compound [(HSDT)3Au]

whose structure has not been undoubtedly accom-

plished. Experimental results seem to support the

hypothesis of an hexacoordinate tris-dithiocarbamate
gold(III) derivative, against a square-planar geometry

generally proposed for gold(III) complexes in a 1:3 me-

tal-to-ligand stoichiometry.
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