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Novel electroactive multimetallic compounds based on the { Pty(u,-S),M} core, viz. [Pto(PPhs)a(us-S),HgFC]PFs (1)
[Fc = (7>-CsHy)Fe(175-CsHs)] and [Pty(PPhs)a(us-S)2Hg2FC'|(PFe)2 (2) [Fc' = Fe(17°-CsHa),], have been synthesized
under the guide of electrospray mass spectrometry. The electrochemistry of these ferrocene funtionalized compounds
together with the reported [Ptz(PPh3)4(‘M3-S)2HgPPh3](PF6)2 (3), [Ptz(PPh3)4(luz-S)(M3-S)HgPh]PFe (4), and [Ptz(PPh3)4-
(12-S)(us-S)AuPPhs]PFs (5) have been investigated using cyclic voltammetry and DFT calculations. These results
point to a prominent ligand-based oxidation.

Introduction interested in the activity that M can bring to the aggregate,
especially its electrocatalytic potential. The structural analogy

h Multtl)metalhc CO'T‘plf’“F‘ds W.'th trqu,PtZ(‘h‘z'S)zM} dcor% | of this basic metalloligand to the protein enzyme core{Fe
ave been extensively investigated in the pa_st ecade. n(u-S)z],3 which acts as an excellent electron transfer center
principle, the heterometal M can be any metallic element in

th iodic table with ity of dinati i in biocatalytic processes, provides an additional impetus for

edpeino tIC ZT(EI'WI gvarlT y? coorf Il\zatlr?n gctiaon:et'rles this research. The presence of multimetallic and potentially
and structures.This universal nature ot i, the acaptation = o oyroactive centers prompted us to investigate the electro-
of the {PtM} core, and its easy preparation from the

. . . chemistry of these polynuclear complexes. Not only does
metalloligand [PAPPH)a(uz-Sk] (L) make this an attractive fhe capping sulfido ligand in this system bring together and
aggregate and cluster system for experimental and theoretica

. ) : : support the multimetallic framework, but it could also serve
studies. As the platinum center is practically saturated, the o . .
s a communication center for intermetallic electron transfer.

dominant features of these aggregates are often determine% .
L nfortunately, our earlier study on [fPPP -SkTIPF
by the nature and activity of M. To date, we have assembled _ [Pﬁ(dppf))/z(‘ug-S)zT”PFe (TI))/ dppf =ri)4¥f3biszfjip]he|:—

a large collection of those aggregates with M bearing one ylphosphino)ferrocene] did not reveal any unusual behdvior.

(or more) labile ligand(s), which are hence potentially ) . ) o
The cyclic voltammograms (CVs) did not show any identifi-
- 2a[Pt,-
unsaturated, for example RPR)(usSEPb(NQ)z** [P able oxidation or reduction processes except for the normal

(PPh)2(us-Sk(cod)]?* 2> Pt(PPh)4(us-S)BiCl,NO3,% [Pt . : .
) 2d . electrochemical behavior of the attached electroactive fer-
(PPR)4(us-SETIINOG5* and so forth. We are particularly rocenyl center. Our recent work on the Hg(ll) compounds

such as [R{PPh)4(us-SyHgPPHh](PFs). was more encourag-
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nus.edu.sg (T.S.A.H.). ing, in which a proximate reversible peak was found in its
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Belfast, Belfast BT9 5AG, U.K. . . . .
* National University of Singapore. exploration of the electrochemical behaviors of this sys-

8 University of Waikato. tem, we have synthesized related compounds of Au(l) and
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Hg(ll). Specifically, we introduced a ferrocene group as an  Cyclic voltammetric measurements were performed with an
electroactive reference into these heterometallic systems aElchema Model PS-605 potentiostat (Elchema, New York) together
the functionalized M-site [R{PPh)4(us-S)HgFc]PRK (1) [Fc with a Model FG-206F Waveform Generator. Voltammograms were
= (175-CsHs)Fe;>-CsHs)] instead of the [P{us-S),] moiety recorded with a Graphtec WX-1 166y recorder (Graphtec Corp.,
{i.e., [Pb(uz-S)(dppf)]} in our former TI compound. Some Tokyo, Japan). All experiments were performed in AR grade-CH
interesting results were obtained on the electrochemistry of Clz that was distilled over s before use. Tetrabutylammonium
these compounds. We herein report the syntheses andperchlorate (AR. grade, dried for 3 days in a vacuum oven) was
structures of the new functionalized compounds and their used as supporting electrolyte (typically 0.1 M). The concentration
electrochemical behaviors, together with the other related ©f the sample was 1.0& 1072 M. The reference electrode was
Hg(ll) and Au(l) compounds synthesized in our previous ~9/A9" (0.01 M AgNG;, 0.1 M tetrabutylammonium perchlorate
work. We also carried out a complementary theoretical study in acetonitrile), and the working electrode was a glassy carbon disk

that helped us to understand their electronic structures an IeCt.rOde (diameter 3 mm)'oA” experiments were carried out at
. . ambient temperature (2& 2 °C).
electrochemical functions.

Synthesis of [PE(PPhe)s(us-SeHgFC][PFq] (1) [Fc = (°>

N CsH4)Fe@®-CsHs)]. FcHgCI (22.4 mg, 0.0532 mmol) was added
T'—‘ PFe to an orange suspension of JfPh)4(u-S)] (80.0 mg, 0.0532

S..8 S\S mmol) in MeOH (20 mL) in a 100-mL Schlenk tube. The mixture

Pt//‘*\Pt Eh?»-Pt'//\\“Pt-»-»ghz was stirred at 28C, initially giving an orange suspension which
Phgp"/ ‘\*pph3 ﬂ / \ % turned clear orange after ca8 h and subsequently, after 24 h, a
PhgP PPh; %/PPW thPg clear, intensely orange solution. The solution was then filtered
through Celite; the filter cake and Celite were washed with MeOH
L Tl (2 x 5 mL) until the washings were colorless. The pale orange

washings and filtrate were combined (30 mL), and excess solid

_‘*pps- —‘2+ - NH4PFs (10 mg, 0.0613 mmol) was added. After stirring for a

@ 'Fe'"@ -Fe-- (PFe further 2 h, an orange solid precipitated. Distilled water (10 mL)
was then added to the mixture to promote complete precipitation.

Hg Fllg Flig The orange solid was collected on a fine glass frit, washed

s \s N successively with distilled water (2 10 mL), ethanol (5 mL),
_Pt'//\\PL ,,‘P‘t Pt and ether (10 mL) and dried in vacuo, affording an orange powder

ng;/ \‘F;grl]’hs Pha, P/PPQPPhs of 1(95.8%, 88%). Anal. Calcd for gHsdFsFeHgRPLS,: C, 48.42;
3 s ° H, 3.42; P, 7.61; S, 3.15. Found: C, 48.38; H, 3.41; P, 7.56; S,

1 2 3.14. 'H NMR (300 MHz, CDCH): oy 7.06-7.34 (m, 60H,

12GHs), 4.47 (m, 2H, CpHj), 4.18 (s, 5H, GHs), and 4.04 (m,

Experimental Section 2H, CpHy). 31P{1H} NMR (121 MHz, CDC4): dp= 20.6 (t, Jpip

All solvents were distilled and deoxygenated under argon before = 3017 Hz, #Ph), —144.2 (septetidp¢ = 713 Hz, Pk").
use. The starting substrate JfPh).(u-S)] was synthesized from X-ray Crystal Determination of 1. A suitable orange block

Cis-[PtClL(PPh),] and NaS-9H,0;¢ FcHgCl and F§HgCI), were crystal (0.18 mmx 0.16 mmx 0.16 mm) was chosen among the
synthesized according to the literature methdather chemicals  crystals obtained by layering hexane over dichloromethane solution
were used as supplied. Mass spectra were recorded in the positive 1 in a refrigerator maintained at’&. A total of 41 604 reflections
ion mode using a VG Platform Il mass spectrometer. MeOH was \yere collected {7<h=<15-16<k= 16,57 <1 < 52)in
used as the mobile phase because of the solubility of the ionic e g range 1.77-26.37 of which 15 226 were independeri
species formed in this solvent. The spectrometer employed a_ ( 0413) at 223(2) K. The structure was solved by direct methods
quadrupole mass filter with aw/zrange 6-3 000. The compounds i, ¢, niynction with standard difference Fourier techniques. Non-
were dissolved in the mobile phase to give a solution typically of hydrogen atoms were refined anisotropically. Common isotropic
. . 1 .
approximate concentration .0'1 mrof?, an d spectra were regorded thermal parameters were refined for the solvent atoms. Hydrogen
for freshly prepared solutions. The dilute sample solution was atoms were placed in calculated(y = 0.96 A) positions. The
H— U. .

injected into the spectrometer via a Rheodyne injector fitted with . .
a 10 uL sample loop. A Thermo Separation Products Spectra largest peak a“‘?' hole in the difference map wgre 1.036-¢nfl72
e A3 respectively. The least-squares refinement converged

System P1000 LC pump delivered the solution to the mass > i -
spectrometer source (maintained at°&) at a flow rate of 0.02  normally with residuals oR (based orF) = 0.0470,R, (based on

mL-min-%, and nitrogen was employed as both drying and nebuliz- F) = 0.0843, and GOF= 1.002 (based upoh> 20(l)). Crystal

ing gas. A cone voltage of 20 V was typically used. Confirmation data for GaHedFeFeHgRPLS,: monoclinic, space groug P2/c,

of species was aided by comparison of the observed and predictec? = 4, @ = 12.2184(1) Ab = 13.3114(2) Ac = 46.2508(5) A3

isotope distribution patterns. Theoretical isotope distribution patterns = 94.646(1), V = 7497.7(2) &, pcaca= 1.802 g cm®, F(000) =

were calculated using the Isotope computer programg species  3926. Crystallographic data df have been deposited with the

were identified by thez value of the major peak in their respective  Cambridge Crystallographic Data Center as supplementary publica-

isotope distribution pattern. tion no. CCDC-144754. Copies of the data can be obtained, free

of charge, on application to CCDC, 12 Union Road, Cambridge

(6) Ugo, R.; La Monica, G.; Cenimi, S.; Segre, A.; Conti, F.Chem.  CB21EZ,U.K. (Fax: {-44)1223-336-033.E-mail: deposit@ccdc.cam.
Soc. A1971, 522. . . . .

(7) Fish, R. W.; Rosenblum, Ml. Org. Chem1965 30, 1253. ac.uk.) A CIF file has been also deposited with ACS as Supporting

(8) Arnold, L. J.J. Chem. Educl1992 69, 811. Information.
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Figure 1.
FcHg.Cl, (cone voltage 20 V).

Synthesis of [Py(PPhs)a(us-SeHgFC[PF]2 (2) [FC' = (75
CsHy)oFe]. Complex2 (orange powder, 96 mg, 89%) was obtained
using a similar procedure as that bfrom Fc(HgCl), (34.9 mg,
0.0532 mmol) and [RPPR)4(u-S),] (80.0 mg, 0.0532 mmol). Anal.
Calcd For GHegF1oFeHPsPLS,: C, 41.41; H, 2.88; P, 7.81; S,
2.70. Found: C, 41.37; H, 2.90; P, 7.79; S, 2.88.NMR (300
MHz, CDsCN): oy = 7.32-7.61 (m, 60H, 12¢Hs), 4.68 (m, 4H,
Cp-Hp), and 4.33 (m, 4H, Cp,). 3*P{*H} NMR (121 MHz, CDy-
CN): 0p = 22.48 (t,3Jprp = 3017 Hz, £Phy), —142.89 (septet,
lprp = 706 Hz, PEf).

Computational Details. Density functional theory with a
generalized gradient approximation was utilized in all the calcula-
tions? The electronic wave functions were expanded in a plane

wave basis set, and the ionic cores were described by ultrasoft

(9) Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pedeson,
M. R.; Singh, D. J.; Fiohais, (Phys. Re. B 1992 46, 6671.
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(a) ES mass spectrum of pRi>-Sh(PPh)4] (L) with FcHgCI (cone voltage 20 V). (b) ES mass spectrum o§([BtSh(PPh)4] (L) with

pseudopotential®. The vacuum region between slabs was over 7
A. A cutoff energy of 300 eV was used. A convergence check has
been performed by increasing the vacuum region to 10 A and the
cutoff energy to 350 eV (the difference in the geometry was found
to be below 0.001 A). All the total energy calculations were
performed using CASTER.The input structures were adopted from
the crystal structure directly. For cationic complexes, only the
cations were calculated. The output files as CST have been
deposited as Supporting Information.

Results and Discussion

Synthesis and Structure.Our recent use of electrospray
mass spectrometry (ESMS) demonstrated its value as a
combinatorial-like tool in directing synthesEsThis results

(10) Vanderbilt, D.Phys. Re. B 199Q 41, 7892.
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in a procedure that minimizes chemical waste through a
predictive approach to the facile synthesis of new hetero-
metallic complexes. A mixture of with FcHgCI gives a
clear orange solution with an ES mass spectrum (Figure 1a)
which, at a cone voltage 6f20 V, shows two peaks at/z
1137 and 1889, respectively assightal the species [(S
S)(HgFc))?" and [(S-S)HgFc], where (S-S) = [Pt-
(PPh)4(u-S)]. With 1 equiv of F¢HQCI), [F¢' = Fef®-
CsHy)2], the ES mass spectrum (Figure 1b) shows, in order
of increasingn/z, a peak assigned as [(S)HgFc]?t (m/z
1045; 18%), a major peak due to {S)HgFc]?t (m/z
1796; 100%), and a minor peak from [{S)HgFc¢HgCI]*
(m/z2124; 6%) (Scheme 1). A time-dependent examination
of this reaction, in the presence of a slight excess Gfi§e
Cl,, revealed that, over a period of 45 min, the concentration
of the [(S-S).Hg.Fc]?" species drops appreciably, yielding o .
predominantly [(S-S)HgFC]?". The observation of these z'ngd“rpehghym;’g:%ﬂgﬁ%‘gﬂﬂgtﬁ;r[(?gpn'fiﬁé“g‘%rs)ggﬂg‘;r (1) (anions
species, [(SS)HgFcl and [(S-S)HgFC]?", prompted '
attempts at their benchtop synthesis. Individual reactions OfS(z) 2.381(2) A] and a near-lineallC(1)~Hg—S(2)
L with stoichiometric amounts of FcHgCl and'Rg,Cl,’ [179.3(2)] (see Table 1). Among thEPtS,M} aggregates
followed by metathesis with a slight excess of ¥ in reported, both “Y-shaped”, for example, JfRPh)(uz-S)-
methanol gave orange complexes,(PPh)4(us-SpHgFc]- Cu(PPR)]PF:12 [OP(3)-Cu(3)-S(1) = 135.7(2} and (IP-
[PFe] (1) (82%) and [PAPPR)(usSkHGFC][PFel2 (2) (3)—Cu(3)-S(2)= 139.4(4y], and T-shaped complexes, for
(65%), respectively. | | example, [RAPPh)a(i15-S)(uz-S)HgPh]BPBH*[ C(1)~Hg—
The molecular structure df(Flgure 2) shows a trlangular S(1) = 113.00(15) and OC(1)-Hg—S(2) = 174.59(16)]
HgPt core capped on both sides by-sulfido ligands. 56 peen identified. Another interesting featurd @ the
Neglecting the metalmetal nonbonding interactions, thé d significant disparity between the two HePt distances (3.067
platinum centers exhibit square-planar coordination environ- and 3.340 A), which is not observed in the isoelectronic gold-
ments while the mercury(ll) center adopts a distorted “T- (1) complexes such as [RPPh)(us-Sh(AUCI),] 2 [3.111(1)

shaped” geometry, with one Hg bond significantly longer and 3.218(1) A] and [BPPh)a(us-S)(us-S)AU(PPR)]*
(by 26%) than the other [Hg(£)S(1) 3.0001(18) A; HI(Y)  [3.314(1) and 3.231(1) A].The gi(ﬁ;dra(r;nglew of the

(11) (a) Fong, S. W. A;; Yap, W. T; Vittal, J. J.; Hor, T. S. A.; Henderson,
W.; Oliver, A. G.; Rickard, C. E. FJ. Chem. Soc., Dalton Trans (12) Liu, H.; Tan, A. L.; Xu, Y.; Mok, K. F.; Hor, T. S. APolyhedron

2001, 1986. (b) Fong, S. W. A,; Vittal, J. J.; Henderson, W.; Hor, T. 1997, 16, 377.

S. A;; Oliver, A. G.; Rickard, C. E. FChem. Commur001, 421. (13) Bos, W.; Bour, J. J.; Schlebos, P. P. J.; Hageman, P.; Bosman, W. P.;
(c) Yeo, J. S. L,; Vittal, J. J.; Henderson W.; Hor, T. S.JAChem. Smits, J. M. M.; van Wietmarschen, J. A. C.; Beurskens, Rndrg.

Soc., Dalton Trans2001, 315. Chim. Actal986 119, 141.
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Table 1. Selected Bond Distances (A) and Bond Angles (deg) for Compdund

Bond Distances Bond Angles

Hg(1)-C(1) 2.062(9) C(1yHg(1)-S(2) 179.3(2) P(3)Pt(2)-P(4) 99.78(7)
Hg(1)-S(1) 3.001(19) C(tyHg(1)-S(1) 110.1(2) S(2)Pt(1)-S(1) 81.76(6)
Hg(1)-S(2) 2.381(2) S(2¥Hg(1)-S(1) 69.20(6) S(Pt(2)-S(1) 82.26(6)
Pt(1)-S(1) 2.3332(18) C(BHg(1)—Pt(1) 129.0(2) Pt(2yS(1)-Pt(1) 93.96(7)
Pt(1)-S(2) 2.3996(18) S(HHg(1)-Pt(2) 50.36(4) Pt(2)S(2)-Pt(1) 91.66(6)
Pt(2-S(1) 2.3428(18) S(BHg(1)-Pt(1) 45.22(4) Ho(3 S(1)-Pt(1) 68.90(5)
Pt(2-S(2) 2.3666(18) C(BHg(1)—-Pt(2) 134.6(2) Ho(1 S(2)—-Pt(1) 91.66(6)
Pt(1)-P(2) 2.3156(19) S(HHg(1)-Pt(2) 45.11(4) Hg(1) S(1)-Pt(2) 76.29(5)
Pt(1)-P(2) 2.2735(19) S(HHg(1)-Pt(2) 42.95(3) Ho(1) S(2)-Pt(2) 89.44(7)
Pt(2-P(3) 2.2928(18) Pt(BHg(1)-Pt(2) 64.330(9)

Pt(2-P(4) 2.2936(18) P(RPt(1)-P(1) 100.76(7)

Hg(0) and subsequent stripping of the Hg(0) from the
I 100 pA electrode surface.

Initial studies of complexe& and?2 by anodic scanning
up to+1.60 V in CHCI, also indicated that a surface film
was formed. The results will be reported subsequently.

To compare the electrochemical properties of these two

. . . . . . . . compounds with the related complexes;(PPh)4(us-S)-
—020 000 020 040 060 080 100 120 HgPPQ](PF)2 (3),° [Pto(PPh)4(u2-S) (us-S)HgPh]PE (4),112
E/v and [Pt(PPh)4(u2-S)(us-S)AuPPR]PF; (5)% (the crystal data

Figure 3. Anodic scan of [B{(PPh)4(us-SpHgFc][PF] (1) between—0.20
and+1.10 V in CHCl..

{PtS;} butterfly core along the S(1)}S(2) axis is 147.4
The two u-sulfur atoms bind to the heterometal Hg at a
chelating angle of 69.20(8) These examples suggest that,
althoughL is primarily a chelating ligand, it has an inherent
flexibility to support a range of metals with different
coordination and geometric demands.

Electrochemistry. Cyclic voltammetry is used to study

the electrochemical behavior of these aggregates. Dichlo-
romethane is used as solvent in all the electrochemical

experiments because of good solubility of these compounds.

In 1, there are two discrete, reversible waves at the anodic
end between—0.20 to +1.10 V (Figure 3). The first
reversible wave at® = +0.15 V is assigned to the
ferrocene/ferrocenium couple (Fc/fattached to the Hg(ll)
center (cf. +0.35 V for free ferrocene under similar
experimental conditions). The second oxidation revealed a
slight degree of decay of the oxidized product upon reversal
such thai,dipa = 0.6; the respective oxidation and reduction
peaks for this second process &g = +0.82 V andg, .=
+0.74 V (AE, = 80 mV). This second oxidation likely

corresponds to a one-electron-transfer process as evidence

by comparison of its peak current with that of the Fc/Fc

of all these compounds have been reported; see accompany-
ing graphic here for their structures), we carried out the
electrochemical studies of compoun8s4, and5, which

were synthesized and purified similarly as repofté#.

.

T
Hg

S_sS.

2
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Hg
S_S
ot gy 72N
T
PhaP \oEPhs PhsP~/ \"PPh
PhaP PPhs PhaP PPhg
3 4
PPhs —‘+ PFg™
Au
S_S
N
Pt Pt
PhsP~/ \ "PPhg
PhsP PPh,

5

The electrochemistry of38 has been reported in our
Brevious paper, in which a reversible peak occurs at redox
potential E* = +1.05 V (Figure 4aj. It shows a near-

peak. These two peaks remain reproducible as long as thd€versible one-electron-transfer oxidation with, = 1.10

oxidative scanning did not exceed thel.10 V mark.
Analogous anodic scanning of compl2xevealed only one
peak atE*' = +0.26 V, assigned to the Fc/Fcouple. This
peak is slightly shifted to a higher potential compared.to
Cathodic scanning of compleixrevealed only one irrevers-
ible peak at—1.91 V, which is near the background
breakdown, while two irreversible peaks are observed in
(at —1.49 and—1.80 V). Unlike the mercuryphosphine
complexes [R{PPh)4(us-SeHgPPh](PFs), and [PL(PPh)s-
(u3-S)eHg2(u2-Cl)2(PPh),](PFs), reported earlief,scanning
both 1 and 2 between—2.40 and+1.00 V did not reveal
any sharp peaks attributable to the reduction of Hg(ll) to

6842 Inorganic Chemistry, Vol. 41, No. 25, 2002

V and Epc = 1.01 V AE = 90 mV). Thei, di,a ratio is
about 0.7, with some post-oxidation product decay. When
PPh on Hg(ll) (in 3) is replaced by Ph (id), one irreversible
peak was observed By = +0.73 V upon anodic scan. When
Hg(ll) (in 3) is replaced by Au(l) (irb), one reversible redox
process was also found in its cyclic voltammogram, but a
fairly large potential shift B = +0.32 V) is registered
[Figure 4Db]. It is also a near-reversible oxidation wipa

= 0.36 V andE,. = 0.28 V (AE = 90 mV). Thei,dipa
ratio is about 0.7. This one-electron-transfer is also verified

(14) Li, Z.; Loh, Z.-H.; Mok, K. F.; Hor, T. S. Alnorg. Chem 200Q
5299.
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Figure 4. Cyclic voltammograms o8 and5. (a) Anodic scan from 0.0 to
1.50 V of compound (50 mV/sec) in CHCl,. (b) Anodic scan from 0.0
to 1.50 V of compound (scan rate 100 mV/sec) in GAI..

Table 2. Electrochemical Data for the Compounds

E* o)(R) or possible
cmpd Epom)(IR) (V)2 AE, (MV) E”(+142)(V) AE; (MV) oxidation sites

1 +0.15 (R) 80 +0.78 80 Fe(lly-Fe(lll)
S(=1l)=S(=1)

2 +0.26 (R) 80

3 +1.05 (R) 90 SEI)—S(=1)

4 +0.73 (IR) SEI)—=S(-1)

5 +0.32 (R) 90 Pt(1)Pt(11>-

PH(ilPL(Il)

aR = reversible; IR= irreversible.

Table 3. Bond Length (&) Comparisons of the Optimized output
Structures and Crystal Structurespf1?t, 3, 4, and5

1 12+ 3 4 5
Ho—S: 2.381(2} 2425 2.428(2) 2.4079(12) 2.338(2)
orAu—S; (2.449Y (2.469)  (2.464) (2.355)
Hg—S1 3.0001(19) 3.123 2.694(2) 2.9286(12) 3.134(2)
orAu-S; (3.236) (2.654)  (3.076) (3.113)
Pt—S, 2.3666(18) 2.396 2.386(2) 2.3684(11) 2.360(2)
(2.389) (2.389) (2.379) (2.369)
Pt—S1 2.3428(18) 2.300 2.386(2) 2.3560(11) 2.337(2)
(2.338) (2.382)  (2.347) (2.347)
PL—S, 2.3996(18) 2.406 2.423(2) 2.4074(11) 2.379(2)
(2.399) (2.397) (2.388) (2.391)
PbL—S 2.332(18) 2.311 2.360(2) 2.3461(11) 2.356(2)
(2.349) (2.377)  (2.361) (2.351)
Hg—Ps 2.402(2) 2.252(2)
or Au—P (2.406) (2.227)
Pt—Pt 3.419 2.377 3.306 3.268 3.390
(3.393) (3.270) (3.220) (3.311)
S-S 3.098 3.087 3.144 3.122 3.075
(3.164) (3.168)  (3.167) (3.150)
Hg—C 2.062(9) 2.075 2.081(5)
(2.059) (2.090)

aFrom crystal structure? From optimized structure.

experimental results. It is known that the HOMO plays a
key role in governing the electrochemical activity. Therefore,
we concentrate on the frontier orbitals in these compounds.
Important isosurfaces of electron density in frontier orbitals
are shown in Figure 5.

As expected, the HOMO of contains strong d orbital
character located on the ferrocenyl Fe(ll) atom (in Figure
5a). This implies that the first oxidation peak arises from
the loss of one electron from this Fe(ll) d orbital, which is
consistent with the observed redox potenti&l’ (= +0.15
V). Itis slightly lower than that of the free ferrocene in the

by comparing the current of these compounds at the sameS@Me solvent§” = +0.35 V) because the ferrocenyl
concentration. The cyclic voltammogram data are sum- fragment is negatively charged. The second reversible

marized in Table 2.
Theoretical Studies. The electrochemical results raise

some pertinent questions on these sulfido aggegates. First

it is readily understood that in compoufidhe first oxidation

peak is the oxidation of Fe(ll) on the Fc fragment. However,
it is not clear which oxidation process corresponds to the
second peak. Second, the nature of the oxidation, as founoFe

in the CV diagram o8, 4, and5, is not obvious. Third, it is
unclear why the oxidation potential of compouics much

lower than those of the other compounds. Fourth, these
complexes are related closely in terms of structures, ligan
behavior, and isoelectronic character, yet their CV profiles

are different and, to a large extent, unpredictable. Why?

To answer these questions, DFT calculations have been

carried out on compounds 3, 4, 5, and the free ligand
using the CASTEP prografi. Their authenticated X-ray
crystal structures, except for the RRjnoups being replaced

oxidation peak is aE = +0.78 V. To identify the element
responsible for this peak, we calculatétt, viz. the two-
electron oxidation product df. We found that the LUMO

of 12" locates @ a p orbital of S1£Il) and a d orbital of

the Fe atom (in Figure 5b). This indicates that, in the two-
step oxidation process, the two electrons are removed from
and S1. This suggests that S1 is the second oxidation
center. This is reasonable because Fe(lll) is unlikely to be
further oxidized. Structural comparisons betwédemmnd1?*
show that large changes of bond lengths are among the 10

qFeC bonds and the 2 SPt bonds. This also supports the

electron loss in these areas. It is reasonable that the second
peak in1 does not appear i@ because after one-electron
oxidation 1 is doubly positively charged whil@ is triply
positively charged.

It is interesting to relate the redox states of compouds
4, and5 to the frontier orbitals of free ligantl. The CV
data ofL could not be obtained because of its poor solubility

by PH; in all the systems, were used as models for the ' - :
calculations. Optimized geometries are listed in Table 3, IN acceptable solvents. Its frontier orbitals are located on the

together with the experimental data for comparison. It shows WO sulfur and two platinum atoms, that is, #,S;} core.
that all the calculated structures agree well with the The first five highest occupied molecular orbitals consist
mainly of p orbitals of the sulfur, followed by the orbitals

containing mainly d orbital character of Pt atoms. This
electronic feature is consistent with the strong Lewis basic

(15) Payne, M. C.; Teter, M. P.; Allan, D. C.; Arias, T. A.; Joannopoulos,
J. D.Rev. Mod. Phys 1992 64, 1045.
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Figure 5. Electron density isosurface plot of the HOMO orbitals (a, ¢, d, €) and LUMO orbital (b) (electron density is shown in the bracket).

character of the sulfide centers bf and hence its rich  HOMO energies], —3.62 eV (the energy level of HOMO),

metalloligand chemistry. +0.15 V (the redox potential upon anodic scaB);—6.33
For compounds3 and 4, the HOMO orbitals (shown in eV, +1.05 V; 4, —4.82 eV,+0.73 V].
Figure 5c,d, respectively) are very similar to thoseg ifThis Compound 5, the ana|ogue of Compoune, has a

suggests that the one-electron oxidation process observed igompletely different HOMO orbital, shown in Figure 5e. It
the CV of3 and4, similar to the second peak of compound s delocalized on d orbitals of the two Pt atoms rather than
1, is a ligand-based process involving electron removal from on the two S atoms. As a result, the two Pt(Il) atoms are the
mainly the p orbital of the SxIl) which has a longer HgS redox center. This explains the significant difference between
bond distance than S2(l). Although coordinated sulfide  the CV profile of5 compared t@ and4. This fundamental

is generally not perceived as an oxidation center, the gifference is reflected in the unique electrochemical behavior
possibility of the HOMO orbital of bridging S{Il) as an  of 5, Its reversible oxidative peakEt’ = 0.32 V) shifts
electron source has been discussed by Zanello and cosjgnificantly from those oB (E” = 1.05 V), 1 (E> = 0.78
workers on the CV of the 1'¥errocene dichalcogenido /) and4 (E, = 0.73 V).

complexes of rhodium and iridiudd.It is reasonable that

th? oxidation poantlaI 08 is higher th_an t.hat od be_c'ause understand this, we analyzed the electronic structurés of
3is dOUbIY p05|t|yely ch.arged and is singly .posmvely .__and its isoelectronic analogu8, It shows that the major
charged. It is also interesting to note that there is a Correlat'ondifference in the frontier orbitals betwe&mands lies at the
between the redox potential of the Hg compounds and theirp orbitals of S atoms. I8, the HOMO contains a strong S

(16) Zanello, P. Casarin, M. Pardi, L.. Herberhold, M.. Jin, G.2X. p orbital character while iB the orbitals comprising mainly
Organomet. Chenl995 503 243. the p orbital characters of S are located at lower energy

Naturally, one may ask why compourkdis unique. To
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levels. This may be caused by the stronger bonding interac-oxidation process. This oxidation adds a new dimension to
tion between Au(l) and Sf{ll) compared to that of Hg(Il) the expected redox activities of the metals and the ferrocenyl
and SEII). The strong interaction of Au(l) and S(I) moieties in these architectures. It also demonstrated the value
significantly stabilizes (and pushes lower) the S{pu(d) of sulfide, not only as a stabilizing capping ligand but also
bonding orbitals of5, while the energy level of the S(p) as an electron transfer mediator within the multimetallic
orbitals in the Hg-S complex is considered “normal”. This  framework. The high stability of many of these aggregates
analysis is consistent with the following observations: (i) and clusters could be attributed, at least partly, to the ability
the bond energy of Au(hS is about two times larger than  of sulfide to leverage such a property to dissipate excess
that of Hg(l1)=S/}'7 and (ii) the d orbital level of Au(l) is charge from one metal to another. Different electrochemical
significantly higher than that of Hg(ll). This suggests that behaviors of these compounds can be rationalized using DFT
the binding metals on ligand may alter the electronic  calculations. The interplay of these atoms on {R&S,M}
structure and bring in significant changes in the properties core holds the key to the design of a particular material with
of the correspondingPtS;M} aggregates. a predetermined set of properties and functions. Using a
It is worth mentioning that our calculations model building block approach to molecular assembly and a
molecules in the gas phase, which may be different from combination of structural, electrochemical, and theoretical
the solution experiments, because in the calculations (i) thetechniques, we have established an important structure/
solvent effect is omitted; (ii) the interaction between the activity relationship in these multi-intermetallic sulfide
molecules and the electrolytes is neglected; and (iii) the materials.
interactions between the electrodes and the molecules are
not considered. Although these issues are complicated aan
beyond the current scope of DFT calculations, our calcula-
tions nevertheless gave some useful insights in the chemistr
here.
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