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Synthesis of a New Tetrakis(2-pyridinyl)pyrazine Complex of Gold(III) and Its
Computational, Spectroscopic and Electrochemical Characterization
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The cationic dinuclear (hydroxo)Au™ complex [Au,(OH),-
(tppz)|CL [tppz = 2,3,5,6-tetrakis(2-pyridinyl)pyrazine| was
prepared by allowing the ligand tppz to react with
K[AuCl,]-2H,0 in refluxing methanol. Its NMR and IR spec-
tra support the formation of a symmetric hydroxo derivative
instead of the expected chloro complex. DFT B3PW91 calcu-
lations were performed with various basis sets to give better
insights into the properties of the prepared complex and to
compare it with the known derivative [Au(OH)(terpy)]**
(terpy = 2,2":6',2"'-terpyridine). The electrochemical behav-

iour of [Au,(OH),(tppz)]Cly was investigated by cyclic vol-
tammetry and it was found that two main irreversible re-
duction processes occurred. In particular, a four-electron pro-
cess, leading to the formation of gold(I) complex species in
solution, and a two-electron process affording metallic gold
were observed. The electronicity involved in the two pro-
cesses was verified by macroelectrolysis at controlled poten-
tial.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Pyridine-derived polydentate ligands play a fundamental
role in inorganic chemistry and one of the most interesting
molecules of this kind is the terdentate ligand 2,2":6",2"'-
terpyridine (terpy; Scheme 1), whose coordination chemis-
try with Au'"' has been studied in the past few years. In
particular, chloro- and hydroxogold(III)-terpy complexes of
the type [AuL(terpy)]** (L = Cl, OH) are known that have
been structurally characterized.!'-?! In the field of gold com-
plexes with pyridine-based polydentate ligands, much less
attention has been devoted to the ligand 2,3,5,6-tetrakis(2-
pyridinyl)pyrazine (tppz; Scheme 1), even though it can be
approximately considered as a “double terpyridine” and,
therefore, is suited to coordinate two metal fragments to
form complexes having a strong electronic delocalization.

A number of tppz complexes of transition metals such
as ruthenium and osmium,?! iron,™ rhodium,P! iridium,©!
nickel,[! palladium,® copper!”-%1% and zincl'” have been
prepared, whereas, to the best of our knowledge, no exam-
ple of a gold derivative of 2,3,5,6-tetrakis(2-pyridinyl)pyr-
azine has been published in the literature. The previous
works regarding tetrakis(2-pyridinyl)pyrazine coordination
chemistry demonstrated that both mono- and dinuclear
tppz complexes can be synthesized and that it is also pos-
sible to obtain mixed-metal tppz derivatives. Many of these
tetrakis(2-pyridinyl)pyrazine complexes have shown intri-
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Scheme 1. 2,2":6",2""-Terpyridine (terpy) and 2,3,5,6-tetrakis(2-pyr-
idinyl)pyrazine (tppz) and the numbering of their hydrogen and
nitrogen atoms.

guing spectroelectrochemical and electrochemical proper-
ties due to the characteristics of the tppz ligand.

In this paper the synthesis of a tetrakis(2-pyridinyl)pyr-
azine derivative of gold, the dinuclear hydroxo complex
[Aus(OH),(tppz)]Cly, is reported for the first time. DFT
B3PWO1 calculations are also performed to give better in-
sights into the electronic and steric properties of the pre-
pared compound and to compare it with the known
[Au(OH)(terpy)]** cation. Cyclic voltammetric experiments
and macroelectrolysis at controlled potential are performed
to understand the redox properties of [Au,(OH),(tppz)]Cly
and to ascertain an eventual formation of stable tetrakis(2-
pyridinyl)pyrazine derivatives of gold(I) in solution.

Results and Discussion

Preparation and Characterization of the Complex

The hydroxo complex [Au,(OH),(tppz)]Cl; was prepared
by treating the ligand 2,3,5,6-tetrakis(2-pyridinyl)pyrazine
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(tppz) with potassium tetrachloroaurate dihydrate K[AuCl,]:
2H,0 in refluxing methanol (see Scheme 2). On the basis
of previous works with the terpy ligand,!'?! the formation
of the chloro complex [Au,Cly(tppz)]** was expected. How-
ever, both the IR and the "H NMR spectra of the reaction
product support the presence of a coordinated hydroxo li-
gand. Thus, an O-H stretching is observable in the IR spec-
trum (3412 cm™!) and the hydrogen atoms of the OH li-
gands give a broad signal in the '"H NMR spectrum. The
chemical shift of this signal is, as expected, quite dependent
upon the temperature. The formation of a hydroxo ligand
is probably due to the presence of water in the reaction
mixture coming from the starting precursor K[AuCly]:
2H,0. All the pyridine rings are magnetically equivalent,
and only four signals attributable to coordinated tppz can
be observed in the '"H NMR spectrum. Also, the '*C{'H}
NMR spectrum shows signals of only four primary carbon
atoms and two quaternary carbon atoms. This means that
the prepared compound is dinuclear and that both the gold
atoms have the same coordination environment. Finally, the
elemental analyses (C, H, Cl, N) are also in agreement with
the proposed formulation, the deviations between found
and calculated values being less than 0.4%.

K[AUCI4]2H,O
CH30H, reflux

12h

Scheme 2. Synthesis of [Au,(OH)(tppz)]Cly.

DFT Studies

To better understand the electronic and steric properties
of the prepared compound, computational geometry optim-
isations of the cations [Au(OH)(terpy)]** and [Au,(OH),-
(tppz)]** were performed using the DFT B3PW91 method.
Table 1 shows the ra, o, "aun7 and the average ra, ni
bond lengths of [Au(OH)(terpy)]** and [Au,(OH),(tppz)]**.
The average C6-N1-Au-O dihedral angle and the Mulliken
charge of the coordinated [AuOH] fragments are also in-

cluded. The differences between the DFT-calculated bond
lengths and the bond lengths found in the X-ray structure
analysis of [Au(terpy)(OH)](ClO4),!?! are always less than
2.2%; the greatest deviation between calculated and experi-
mental 75, o bond lengths is less than 1.2%.

The average ra, ~1 and ra, o bond lengths for both op-
timised cations are almost identical to within three signifi-
cant figures, whereas the Au-N7 bond in the [Au,-
(OH),(tppz)]** complex is about 0.03 A longer than that
in the monomer. The coordination of two gold fragments
strongly twists the molecule from planarity because of the
steric hindrance between the H3 atoms of the pyridine
rings. The degree of twisting can be quantified by compar-
ing the C6-N1-Au-O dihedral angles of [Au(OH)(terpy)]**
and [Auy(OH),(tppz)]**: the terpy derivative is approxi-
mately planar, with an average C6-N1-Au-O dihedral an-
gle of less than 1°, while the dinuclear [tetrakis(2-pyridi-
nyl)pyrazine]gold derivative has an average C6-N1-Au-O
dihedral angle of between 9.0° and 9.8°, depending upon
the basis set. A similar deviation of the tetrakis(2-pyridi-
nyl)pyrazine ligand from planarity has already been ob-
served in the X-ray structures of dinuclear tppz derivatives
of various transition metals.*->-10]

From the calculated geometries, a C,;, symmetry can be
ascribed to the [Au,(OH),(tppz)]** cation, which is in agree-
ment with the corresponding '"H NMR and '3C{'H} NMR
spectra. The DFT B3LYP/BS3 optimised geometry of
[Au,(OH),(tppz)]** is shown in Figure 1.

Figure 1. DFT B3LYP/BS3 optimised geometry of the [Au,(OH),-
(tppz)]** cation.

Table 1. Selected bond lengths and angles for the cations [Au(OH)(terpy)]** and [Au,(OH),(tppz)]** and the Mulliken charge of the
coordinated [AuOH] fragment. BS1: CEP-121G, CEP-31G on Au; BS2: D95V, SDD on Au; BS3: D95, LANL2DZ on Au.

Complex Fau i [A] Faun7 [A] Fauo [A] C6-N1-Au-O [] [AuOH] charge
BS1

[Au(OH)(terpy)]** 2.0484 1.9916 1.9796 0.4 0.786
[Au,(OH)(tppz)]** 2.0421 2.0224 1.9646 9.4 0.891

BS2

[Au(OH)(terpy)]** 2.0370 1.9871 1.9897 0.6 0.886
[Au,(OH)(tppz)]** 2.0312 2.0194 1.9764 9.0 0.953

BS3

[Au(OH)(terpy)]** 2.0423 1.9855 1.9763 0.9 0.831
[Au,(OH)(tppz)]** 2.0377 2.0151 1.9597 9.8 0.915
3394 www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3393-3399
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The Mulliken charge of the [AuOH] fragments in the
[Auy(OH),(tppz)]** cation is always higher than that calcu-
lated for the [Au(OH)(terpy)]** complex (see Table 1). This
means that the tetrakis(2-pyridinyl)pyrazine derivative has
less basic hydroxo ligands and more electrophilic gold
centres and this fact can be ascribed to the lower ability of
the tppz ligand, if compared with two terpy molecules, to
delocalize the positive charge on its aromatic rings. The
mechanism of formation of the mononuclear [Au(OH)-
(terpy)]** cation from the chloro complex [AuCl(terpy)]**
and the equilibrium between this hydroxo derivative and the
corresponding aqua complex [Au(OH,)(terpy)]** has been
studied in a previous paper.[’! It was found that the water
molecule coordinated to the [Au(terpy)]** fragment behaves
as a strong acid (K, = 0.8 m). It therefore seems reasonable
to hypothesise that the mechanism leading to the [Au,-
(OH),(tppz)]Cl; complex could be similar to that of the
analogous terpy derivative. Thus, the reaction between tppz
and AuCl, probably leads to the initial formation of an
intermediate chloro species. This may react with water pres-
ent in the reaction medium to give a very acidic aqua spe-
cies which, on the basis of the DFT calculations, would be
even more acidic than the corresponding [Au(OH,)-
(terpy)]** complex and, consequently, would deprotonate to
provide the final [Au,(OH),(tppz)]Cl; hydroxo species. It
must be considered that, although the formation of (aqua)-
AuM—tppz derivatives is disfavoured by the experimental
conditions, the driving force of the whole reaction is the
immediate deprotonation of the coordinated water mole-
cules. The [Au,(OH),(tppz)]Cly product should be very
stable as the square-planar hydroxo species is known to be
inert towards nucleophilic substitution.['!l Besides, the very
similar values of the calculated rn, o bond lengths in
[Au,(OH),(tppz)]** and [Au(OH)(terpy)]** (see Table 1)
and the fact that the terpy derivative is rather stable allowed
us to conclude that the same lack of reactivity occurs for
the dinuclear Au™ complex prepared in this work.

On the other hand, because the formation of a 6+ diaquo
intermediate of the type [Au,(OH,),(tppz)]®* in solution is

4+ 5+
a oH, |
=
H,0 7~ N—Au—N |
AN N —H*

Cl

|
/ N—‘“Alu-—N /

4+
on |
A0
N N ~H
| AN N/ | N
OH

rather improbable as its acidity should be even higher than
that of a 5+ aquo species like [Au,CI(OH,)(tppz)]>* or
[Au,(OH)(OH,)(tppz)]°*, a possible reaction pathway lead-
ing to the hydroxo derivative from the intermediate chloro
species is that summarized in Scheme 3.

Electrochemical Characterisation

The redox properties of [Au,(OH),(tppz)]Cly were inves-
tigated by cyclic voltammetry (CV) with both conventional
and microelectrodes.'>!4 Figure 2 shows a typical cyclic
voltammogram recorded for [Au,(OH),(tppz)]Cly at
50 mVs! with a 3 mm glassy carbon electrode, displaying
a rather complex pattern. In particular, in the forward scan,
two main irreversible cathodic processes occurring at —0.030
and —0.70 V (A and B, respectively, in Figure 2), and a series
of smaller processes, which occur over the potential region
from —1.5 to —2.2'V, are observed. In the reverse scan, apart
from the small peaks associated with the latter processes,
two major peaks, occurring at 0.56 and 1.16 V (C and D,
respectively, in Figure 2), are observed. Direct anodic scans,
starting from 0.3 V, also displayed peak D, which is charac-
terised by its much smaller height (see Figure 2 dashed
line). This finding suggests that a bulk solution species is
responsible for the latter electrode process. Voltammetric
measurements performed in DMF solutions containing the
supporting electrolyte and increasing amounts of [BzEt;N]-
ClI allowed us to assign peak D as being due to the oxi-
dation of free CI” ions. Similarly, the series of small cathodic
and anodic patterns over the potential region from —1.5 to
—-2.2'V were assigned to an electrode process involving free
tppz ligand, as checked in solutions of pure sample. Peaks
A and B probably involve the metal centres and our atten-
tion was therefore mainly devoted to these processes. It
should be noted that peak B is rather broad, and a closer
examination of its shape suggests that at least two overlap-
ping peaks are present in it.

5+
on |
Alu—N/ |
N\ o
~ N I AN
|
/N---Alu—--N F

OHj

Scheme 3. Mechanism of formation of the [Au,(OH),(tppz)]Cl; complex.
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Figure 2. Cyclic voltammograms of 2 mm [Au(OH),(tppz)]Cl, in
DMF + 0.1 m TBAP; (—) direct cathodic scan, (- - -) direct anodic
scan. Glassy carbon electrode (3 mm diameter); scan rate:
50 mVs!.

Figure 3 shows the cyclic voltammograms obtained for
the [Au,(OH),(tppz)]Cl, solution on reversal of the scan di-
rection soon after either peak A or B were traversed. It is
evident that peak C originates from the second cathodic
process, while peak D increases strongly in current height
after peak A has been traversed. This current increase indi-
cates that a larger amount of Cl ions is formed at the elec-
trode surface following the first reduction process. This cir-
cumstance, along with the conductivity value found for a
103 M [Auy(OH)5(tppz)]Cl, solution in DMF at 25 °C (A
= 159 Q@ 'mol'cm?), which is lower than that expected for
a 4:1 electrolyte (i.e. in the range 250-300 Q' mol ! cm?(!?),
suggests that the [Au,(OH),(tppz)]** cation forms relatively
stable ionic couples with chloride ions in DMF. Evidence
for association of cationic gold(III) complexes of the type
[AuCL,(N-N)]* (N-N = sp’-nitrogen-donating chelate Ii-
gands like 2,2'-bipyridine and 1,10-phenanthroline) with
chloride in solution is known in the literature;!!”! therefore,
both the low conductivity value and the growth of peak D
after the first reduction process were not unexpected. The
above scenario did not change when performing cyclic vol-
tammetric measurements at different scan rates over the
range 0.01-0.5 Vs'!. The analysis of peak current () as a
function of the square root of scan rate (v'/?) was linear for
both peaks A and B, thus indicating that they are diffusion-
controlled processes.l'3] An analysis of the peak potential
(E,,) and the half-peak potential (£, — E,») (Ey is the po-
tential at /,/2) as a function of scan rate over the above
range was also performed. However, because of the com-
plex nature of peak B, only the characteristics of peak A
were examined from a quantitative point of view. It was
found that E,a, shifts by about 90 mV towards more nega-
tive potentials with a tenfold change of scan rate, although
(Epa) — Epp) 1s equal to 106(x7) mV regardless of the scan
rate. These findings are consisent with the occurrence of an
irreversible electrode process.['3] The irreversible character
of process A was further confirmed by CV measurements
performed at higher scan rates with a platinum microdisk
electrode. In fact, no oxidation process was directly associ-
ated to peak A, even when performing CV measurements
at scan rates up to 500 Vs 1.[13]
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Figure 3. Cyclic voltammograms of 2 mMm [Au(OH),(tppz)|Cl,; in
DMF + 0.1 m TBAP; (—) reversal of the scan direction after peak

B, (- - -) reversal of the scan direction after peak A. Glassy carbon

electrode (3 mm diameter); scan rate: 50 mVs'.

Cyclic voltammetric measurements with the microelec-
trodes were also performed at low scan rates, and Figure 4
shows a typical CV obtained at 20 mVs~!. Under these con-
ditions sigmoidal waves, which are typical for microelec-
trodes working under steady-state conditions, were ob-
tained.'Y The number of both cathodic and anodic pro-
cesses observed, and their positions, are identical to those
obtained with the conventional electrode. The shape of the
voltammogram either confirmed or gave additional infor-
mation with respect to that obtained with the conventional
electrode. In particular, the analysis of wave A in terms of
the Tomes difference (E4 — Es4)'! (i.e. the difference be-
tween the potentials recorded at 1/4 and 3/4 of the steady-
state limiting current of the forward waves) gave a value of
81(+2) mV, which is considerably higher than the value of
56.5/n mV (n is the number of electrons) expected theoretic-
ally for a reversible process at 24 °C.I'3! This confirms the
irreversible character of process A. The CV pattern on re-
versal of the scan direction from the second cathodic wave
displays a current cross-over to which wave C is associated
(see Figure 4). This behaviour is typical for metal deposi-
tion and growth on the electrode surface.['®! Therefore, the
formation of metallic gold is conceivably occurring over the
reduction process of the second wave. Consequently, wave
C could be assigned to the stripping of metallic gold from
the electrode surface.

The involvement of metallic gold in the correspondence
of peak C was verified by performing a series of measure-
ments with a conventional gold electrode in DMF solutions
containing TBAP and, in consecutive steps, [BzEt;N]Cl and
the tppz ligand. It was observed that the anodization of the
gold electrode in the presence of [BzEt;N]Cl provided the
peak at 0.56 V (peak C), probably due to the formation of
gold chloride species.

The number of electrons involved in the two cathodic
processes A and B was evaluated by preparative macroelec-
trolysis at controlled potential.['3! Exhaustive reduction per-
formed at —0.4 V (where only A is reduced) yielded a charge
consumption corresponding to a total of four electrons per
mol of [Au,(OH),(tppz)]Cly, i.e. an overall two-electron

Eur. J. Inorg. Chem. 2006, 3393-3399
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Figure 4. Cyclic voltammogram of 2 mM [Au,(OH),(tppz)]Cl, in
DMF + 0.1 M TBAP at a 12.5-um Pt disk; scan rate: 20 mVs .

process for each Au centre. During this experiment the solu-
tion turned from bright yellow to colourless. Cyclic voltam-
metric analysis of the electrolysed solution performed with
a glassy carbon electrode displayed peak B in the cathodic
scan and peaks C and D upon reversal of the scan direction.
Only peak D was present in the direct anodic scan. It is
also interesting to note that the voltammetric analysis per-
formed on an electrolysed solution after a charge consump-
tion corresponding to a an overall two electrons per mol of
[Au,(OH),(tppz)]Cl, still displays peak A with a height
equal to half of its initial value, while peak B maintains
almost the same height as in Figure 2. This suggests that the
reduction of [Au,(OH),(tppz)]Cl, provides only the species
responsible for peak B, and that the electrons consumed are
shared between the two Au'! centres, conceivably providing
Au! species.

Macroelectrolysis performed at —1.5 V (i.e. at peak B) re-
quired an overall two electrons per mol of the [Au,(OH),-
(tppz)]Cl; complex, thus indicating a one-electron reduction
process for each central atom. This reduction process af-
fords metallic gold, as indicated by the fact that during elec-
trolysis the platinum gauze becomes covered by a yellow
film, conceivably due to a thick deposit of metallic gold,

Peak A

i+
[Auy(OH), (tppz)ICly [AUZ(O”)ZUPPZ)JCI(LE +iCl

* 4

[Auxomz(tppznm@.] Auy(OH)(tppz) + (4-i) CI

Auy(OH),(tppz)

- [Aus(tppz)]** +2 OH"

fast
i = number of free CI”

Peak B

[Auy(tppz)>* [Au,(tppz)]*

[Auy(tppz)]* [Au(tppz)]* + Au
[Au(tppz)]* Aultppz)
Au(tppz) — tppz + Au

fast

Scheme 4. Reduction pathway at peaks A and B.
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and at the same time the colour of the solution turned from
almost colourless to yellow-orange. Voltammetric analysis
of the electrolysed solution displayed only a series of peaks
from —1.5 to -2.5V in the cathodic region, and peak D
during the anodic scan. The latter peak was also observed
by direct scan in the anodic potential window. Conse-
quently, the final reduction products are metallic gold, free
tppz ligand and CI ions.

On the basis of the voltammetric and macroelectrolysis
experiments, the possible reduction pathways for processes
A and B can be described as shown in Scheme 4.

Concluding Remarks

The first gold complex of 2,3,5,6-tetrakis(2-pyridinyl)-
pyrazine has been synthesized and spectroscopically charac-
terised. DFT B3PWOI1 calculations have allowed us to
understand some steric and electronic properties of the pre-
pared compound, while electrochemical measurements have
allowed us to determine the tetraelectronic nature of the
reduction process, which leads to the formation of a stable
gold(I)-tppz derivative in solution. Further studies will be
carried out in order to obtain new complexes having a gold
ion linked by the bridging ligand tppz to another transition
metal ion, which could be really interesting from an electro-
chemical point of view.l’!

Experimental Section

Materials: The salt K[AuCl,]-2H,O was prepared according to a
standard procedure starting from metallic Au (99.99%). The ligand
2,3,5,6-tetrakis(2-pyridinyl)pyrazine, the supporting electrolyte tet-
rabutylammonium perchlorate (TBAP) and benzyltriethylammo-
nium chloride [BzEt;N]Cl were purchased from Aldrich. Solvents
were dried using standard techniques.

Preparation of [Auy(OH),(tppz)|Cly: This complex was prepared
by adding solid 2,3,5,6-tetrakis(2-pyridinyl)pyrazine (0.194 g,
0.5 mmol) to a solution of K[AuCl;]-2H,0 (0.414 g, 1.0 mmol) in
methanol (25 mL). The reaction mixture was heated to reflux for
12 h. During this time the white, insoluble ligand slowly changed
to a bright yellow precipitate, which was filtered after cooling the
reaction mixture to room temperature and dried in vacuo. The
product was purified by dissolving the solid in the minimum vol-
ume of DMF (ca. 6 mL) and filtering the resulting solution. Drop-
wise addition of diethyl ether (ca. 20 mL) caused the product to
precipitate, and this solid was filtered, washed with diethyl ether
and dried in vacuo. The complex was obtained in nearly quantita-
tive yield. Co4H 3Au,CI4NO, (958.18): caled. C 30.08, H 1.89, CI
14.80, N 8.77; found C 30.20, H 1.90, Cl 14.85, N 8.80. '"H NMR
[(CD3),S0, 298 K]: 6 = 8.53 (dd, 3Jy i = 5.1, *Jyun = 1.2 Hz, 4 H,
6-H), 8.26 (dd, 3Jyy = 7.2, “Jyn = 1.5 Hz, 4 H, 3-H), 8.21 (ddd,
3an = 7.2, 3Jun = 6.9, “un = 1.2Hz, 4 H, 4-H), 7.66 (ddd,
3ana = 5.1, 3Jgn = 6.9, YJyn = 1.5Hz, 4 H, 5-H), 6.01 (br. s, 2
H, OH) ppm. 3C{'H} NMR [(CD3),SO, 298 K]: 6 = 153.5, 147.6
(tppz quaternary C atoms), 147.1, 140.2, 125.7, 125.5 ppm (tppz
primary C atoms). IR (nujol): ¥ = 3412 [v(O-H)] cm™!. Ay (DMF,
298 K) = 159 Q "mol 'cm?.

Physical Measurements: Infrared spectra (4000-400 cm ™!, nujol
mulls) were recorded with a Perkin—Elmer Spectrum One spectro-
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photometer. 'H NMR, 'H COSY and *C{'H} NMR spectra were
obtained with an Avance 300 Bruker spectrometer in (CD3),SO at
temperatures between 298 and 338 K. 'H and '*C{'H} NMR spec-
tra are referenced to internal tetramethylsilane. The SwaN-MR and
MestRe-C software packages were used to treat the NMR spectro-
scopic data.l'8! Elemental analyses (C, H, Cl, N) were performed
by the microanalytical laboratory at the Department of Pharma-
ceutical Sciences, University of Padua. The conductivity of 103 M
solutions of the complexes in DMF at 25 °C was measured with a
Radiometer CDM 83 instrument.

Computational Details: Computational geometry optimisation of
the cations [Au(OH)(terpy)]** and [Au,(OH),(tppz)[** was per-
formed in vacuo using the restricted DFT B3PW91 method!!®->"]
without symmetry constraints. The basis sets used were CEP-121G
(CEP-31G on the Au atom) (BS1),2'' D95V (SDD on the Au atom)
(BS2) and D95 (LANL2DZ on the Au atom) (BS3).[>?l Geometry
convergence was accelerated using the GDIIS algorithm. All of the
resultant stationary points were characterized as true minima (i.e.,
no imaginary frequencies). Atomic charges were derived from a
Mulliken population analysis. All calculations were carried out
with computers equipped with Intel Pentium4 660 processors
(Prescott 2M) operating at 3.6 GHz. The software used was
Gaussian 98.12%

Electrochemical Apparatus and Procedure: Voltammetric experi-
ments were performed in an air-tight, three-electrode cell, which
was located in a Faraday cage to avoid external noise. Working
electrodes of both conventional and micrometric dimensions were
employed. The working electrodes of conventional size were either
a glassy carbon or a platinum disk of about 3 mm diameter. Prelim-
inary voltammetric tests showed that similar results were obtained
whether conventional glassy carbon or platinum disk electrodes
were employed as working electrodes, therefore the general voltam-
metric behaviour of the investigated complex at the conventional
glassy carbon electrode is discussed in the text. The microelectrode
was a Pt microdisk (25 pm diameter), which was prepared by seal-
ing a 25-um-diameter wire directly in glass, as reported else-
where.') A platinum spiral was used as counter electrode, and
aqueous Ag/AgCl saturated with KCl was used as reference elec-
trode. It was separated from the cell by a salt bridge containing the
same solvent and supporting electrolyte solution as used in the cell.
All working electrodes were polished mechanically with graded alu-
mina powder (1, 0.3 down to 0.05 pm) on a polishing microcloth.
Cyclic voltammetric experiments were performed with a potentios-
tat/galvanostat PAR 283 A (EG&G) controlled by 270 PAR (EG&
G) software using a PC. For experiments with conventional elec-
trodes, positive feedback corrections of the uncompensated resis-
tance (i.r. drop) were performed. Steady-state voltammograms with
the microelectrode were recorded at 20 mV's™!. Macroelectrolyses
were carried out in an H-shaped cell with the cathodic and anodic
compartments separated by a sintered glass disk. As the compound
examined displayed comparable voltammetric behaviours on glassy
carbon and platinum electrodes, the working electrode used in mac-
roelectrolysis was a large-area platinum gauze, while a platinum
spiral served as counter electrode. In controlled-potential electro-
lyses, an Amel model 552 potentiostat coupled to an Amel model
731 integrator was employed. Unless otherwise stated, voltam-
metric and coulometric measurements were performed at room
temperature using 2 mM [Au,(OH),(tppz)]Cly and 0.1 M supporting
electrolyte (TBAP) DMF solutions. The cells were degassed with
pure nitrogen (99.99%), which was first passed through sulfuric
acid solution to remove traces of water and then equilibrated to
the vapour pressure of DMF, prior to the measurements.
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