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A heterometallic trinuclear complex with three metal-1 
metal bonds, which is constituted of three kinds of metal-2 
ligand units bridged by two sulfido ligands, reacts with a 2-3 
electron donor to afford an adduct accompanied with 4 
elongation of the metal-metal bonds. Cyclic voltammograms 5 
of the complexes showed that the adduct releases the 2-6 
electron donor after electrochemical 1-electron reduction. 7 

Keywords: Trinuclear complex, N-Heterocyclic carbene, 8 
Sulfide ligand 9 
 

Trinuclear complexes with 48 cluster valence electrons 10 
(CVEs) are stable and relatively unreactive because of 11 
closed-shell electron configuration of metal centers with 12 
three metal-metal bonds.1 Even though, some reactions such 13 
as substitution2–12 and addition13 were reported. For example, 14 
one carbonyl ligand of Co2Fe carbonyl clusters substituted 15 
with phosphines or arsines with no change of the CVEs.2–5 16 
An Ir2M complexes (M = Pd, Pt) also showed similar 17 
substitution reaction on the Pd or Pt center, of which chloro 18 
ligands were substituted with pyridine derivatives6 or 19 
phosphines.7 Successive addition of CO ligands to a CrMn2 20 
carbonyl clusters resulted in M–M bond elongation with 21 
CVE changes from 48 to 50 and from 50 to 52.13 A Ru3 22 
complex with 48 CVEs exhibited reversible thermal 23 
activation of a P–C bond in one of two PPh3 ligands in the 24 
complex.14 For a Co2Fe carbonyl cluster with a triply 25 
bridging sulfido ligand, isolobal displacement reaction with 26 
Cr carbonyl complexes with substituted cyclopentadienyl 27 
ligands was also reported.15 28 

We previously reported trinuclear complexes bearing 29 
triply bridging sulfido ligands, [(MCp*)3(µ3-S)2]2+ (M = Rh, 30 
Ir; Cp* = η5-C5Me5).16 The complexes are very stable and 31 
reduction of the complexes promotes reaction with CO2 via 32 
M–M or M–S bond cleavage.17–19 We also synthesized 33 
M2M’ type trinuclear complexes [(MCp*)2{Pt(bisNHC-34 
Cn)}(µ3-S)2]2+ (M = Rh, Ir; M’ = Pd, Pt; bisNHC-Cn = 35 
(CH2)n-bridged bis(N-substituted-imidazolylidene), n = 1–3) 36 
to tune properties of trinuclear complexes by replacement of 37 
one of the three {Cp*M} moieties in [(MCp*)3(µ3-S)2]2+ 38 
with one {M’(bisNHC-Cn)} unit, which are electronically 39 
and stereochemically tunable components using variable N-40 
substituents and the alkylene bridges.20,21 Here, we planned 41 
to replace one more {MCp*} moiety with a {Pt(bpy)} unit 42 
and report sequential construction of a (ML)(M’L’)(M’L”) 43 
type trinuclear complex with triply-bridging sulfido ligands 44 
with 48 CVEs. We also describe the reaction of the 48-CVE 45 
complex with triethyphosphite as a 2-electron donor 46 
affording a complex with 50 CVEs, which releases the 47 
phosphite ligand via electrochemical reduction of the 48 
complex. 49 

A 48-CVE heterometallic trinuclear complex 50 
constituted of three metal-ligand units, [{Pt(bisNHC)} 51 
{Pt(bpy)}(RhCp*)(µ3-S)2]2+ ([2]2+, bisNHC = methylene-52 
bridged bis(N-methylimidazolylidene)), was synthesized via 53 
addition of the {Pt(bpy)} unit to a dinuclear complex 54 
[{Pt(bisNHC)}{RhCp*[P(OEt)3]}(µ-SH)2]2+ ([1]2+), which 55 
was obtained from the reaction of in-situ generated 56 
[RhCp*{P(OEt)3}(SH)2] with [Pt(bisNHC)(NCMe)2]2+. The 57 
48-CVE PtPtRh complex reacts with triethyl phosphite to 58 
afford a corresponding 50-CVE adduct, [{Pt(bisNHC)} 59 
{Pt(bpy)}{RhCp*[P(OEt)3]}(µ3-S)2]2+ ([3]2+), which 60 
releases the phosphite ligand by heating to lead regeneration 61 
of the 48-CVE complex (Scheme 1). 62 
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Scheme 1. Syntheses of dinuclear and trinuclear complexes 64 

 65 
Figure 1. Structure of the cationic moiety of the PF6 salt of 48-CVE 66 
PtPtRh complex [2](PF6)2. Hydrogen atoms are omitted for clarity. 67 
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 1 
Figure 2. Structure of the cationic moiety of the PF6 salt of 50-CVE 2 
PtPtRh complex [3](PF6)2. Hydrogen atoms are omitted for clarity. 3 

 4 
Figure 3. 1H NMR spectrum in CD3CN for 48-CVE complex [2]2+. 5 

 6 
Figure 4 1H NMR spectrum in CD3CN for 50-CVE complex [3]2+. 7 

The structures of the hexafluorophosphate salts of 48- 8 
and 50-CVE complexes [2](PF6)2 and [3](PF6)2, respectively, 9 
were analyzed by using X-ray crystallography (Figures 1 10 
and 2).22,23 In each complex, three metal ions are bridged by 11 
two sulfido ligands and two platinum(II) ions adopt square 12 
planer geometry when the metal-metal bonds are not taken 13 
into account. Complex [2]2+ involves formally five-14 
coordinated rhodium(III) ion with two sulfido and one Cp * 15 
ligands, and [3]2+ contains formally six-coordinated 16 
rhodium(III) ion with piano stool type geometry constituted 17 
of one Cp*, two sulfido and one phosphite ligands. 18 
Although there are two possible isomers for [2]2+ due to the 19 
orientation of the bisNHC ligand adopting a bent structure, 20 

only one of them was observed in the crystallographic 21 
analysis. 1H NMR spectrum of the complex (Figure 3) 22 
showed broad signals despite of the diamagnetic nature of 23 
the 48-CVE cluster core in [2]2+. This broadening of the 24 
signals is attributed to the wing-flapping motion of the 25 
bisNHC ligand, which was reported for heterometallic 26 
M2M’ type trinuclear complexes, [(MCp*)2{M’(bisNHC)} 27 
(µ3-S)2]2+ (M = Rh, Ir; M’ = Pd, Pt).21 This means that there 28 
are two isomers in solution and one of them crystallizes 29 
probably due to the difference in solubility and/or crystal 30 
packing effects of the isomers. On the other hand, 1H NMR 31 
spectrum of [3]2+ (Figure 4) showed only one set of sharp 32 
signals for the complex even though there are four possible 33 
isomers occurred by the orientation of the bisNHC ligand 34 
and location of the phosphite ligand. This result suggests 35 
that only one isomer exists in solution. This selective 36 
formation of the complex is probably attributed to steric 37 
repulsion between the ancillary ligands of the metal-ligand 38 
units and the phosphite ligand. The Rh–Pt distances 39 
significantly elongate by the coordination of the phosphite 40 
(Rh–PtNHC and Rh–Ptbpy; 2.9985(9) and 2.8977(8) Å for 41 
[2]2+ and 3.3796(6) and 3.3326(6) Å for [3]2+, respectively) 42 
while the Pt–Pt distance shortens (3.204(1) and 2.9970(5) Å 43 
for [2]2+ and [3]2+, respectively). This fact implies that the 44 
bond orders for two of three metal-metal bonds in [2]2+ 45 
decrease from 1 to 0.5 by the coordination of the two-46 
electron donor rather than one of the three metal-metal 47 
bonds in [2]2+ is cleaved via changing CVEs from 48 for 48 
[2]2+ to 50 for [3]2+ by the coordination of the phosphite. 49 

The cyclic voltammogram (CV) for [2]2+ (Figure 5, 50 
blue line) exhibited two reversible 1-electron reduction/re-51 
oxidation couples at –1.34 ((a)/(d)) and –1.80 V ((b)/(c)) vs. 52 
Fc+/Fc. DFT calculation of the complex suggested that the 53 
reduction occurred at the cluster core (See Supporting 54 
Information). Similar redox behavior of 48-CVE trinuclear 55 
complexes with triply bridging sulfido ligands were reported 56 
for [{Pt(bisNHC)}(RhCp*)2(µ3-S)2]2+ and [(RhCp*)3(µ3-57 
S)2]2+  showing two reversible redox couples at –1.10 and –58 
1.67 V16,17 and –0.90 and –1.29 V,20,21 respectively. The 59 
redox potentials for PtPtRh complex [2]2+ are more negative 60 
than those observed for the Rh3 and PtRh2 complexes. 61 

 62 
Figure 5. Cyclic voltammograms for 48- ([2]2+, 0.5 mM, blue line) and 63 
50-CVE ([3]2+, 0.5 mM, red line) PtPtRh complexes. 0.1 M TBAPF6 in 64 
MeCN. Scan rate: 100 mV/s. Working electrode: φ3 mm glassy carbon. 65 

On the other hand, phosphite-coordinated 50-CVE 66 
complex [3]2+ showed a complicated voltammogram (Figure 67 
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5, red line). Other than two quasi-reversible couples ((w)/(z) 1 
and (x)/(y)), the CV exhibited the waves corresponding to 2 
the redox processes for 48-CVE complex [2]2+ ((b), (c) and 3 
(d)) probably due to a subsequent reaction. To confirm such 4 
EC process, faster scan rate (5000 mV/s) was applied for the 5 
measurement affording a simple voltammogram showing 6 
only the two quasi-reversible couples, (w)/(z) and (x)/(y), 7 
which correspond to [3]2+/+ and [3]+/0 redox couples, 8 
respectively (Figure 6). DFT calculation of the complex 9 
implies that the reduction occurred at the {Pt(bpy)} unit 10 
(See Supporting Information). The observation of the redox 11 
waves (b), (c), and (d) corresponding to the redox series for 12 
[2]2+ in the CV of [3]2+ with the slower scan rate (Figure 5, 13 
red line) shows that the subsequent reaction gives 14 
phosphite-dissociated complex [2]+. The appearance of the 15 
re-reduction wave (a) in the second cathodic scan in the CV 16 
with repeated scan cycles (Figure 7) also supports the 17 
formation of 48-CVE complex [2]2+. Ligand-dissociation 18 
enhanced by electrochemical reduction was reported for a 19 
triiron carbonyl complex with triply bridging sulfido 20 
ligands.24 21 

 22 
Figure 6. Cyclic voltammogram for 50-CVE PtPtRh complex ([3]2+, 23 
0.5 mM). 0.1 M TBAPF6 in MeCN. Scan rate: 5000 mV/s. Working 24 
electrode: φ3 mm glassy carbon. 25 

 26 
Figure 7. Cyclic voltammograms with repeated scans for 50-CVE 27 
complex [3]2+ (0.5 mM). 0.1 M TBAPF6 in MeCN. Scan rate: 100 mV/s. 28 
Working electrode: φ3 mm glassy carbon (dashed line: 1st scan, red 29 
line: 2nd scan). 30 

The CV measurement of phosphite-coordinated 31 
complex [3]2+ in the presence of excess phosphite was also 32 
performed (Figure 8) because the disappearance of the 33 
waves for the redox series of the phosphine-dissociated 34 
complex [2]2+ was expected due to its reaction with excess 35 
phosphite. However, the CV exhibited no re-oxidation wave 36 

for [3]2+/+ even the waves (b), (c), and (d) for the redox 37 
series of [2]2+ were observed. This result implies that 1-38 
electron reduced complex [3]+, which partially remained 39 
after slow dissociation reaction of the P(OEt)3 ligand in the 40 
EC process, would react with excess phosphite and 41 
decompose to the other complexes. Observation of the 42 
waves (b), (c), and (d) also suggests that the reaction of the 43 
phosphite-released 49- and 50-CVE complexes with P(OEt)3 44 
is slow because no re-oxidation wave for the phosphite-45 
coordinated complex was observed. The electrochemical 46 
processes described in this paper are summarized in Scheme 47 
2. The labels (a)–(d) and (w)–(z) are corresponding to the 48 
redox waves labeled in Figures 5–8. 49 

 50 
Figure 8. Cyclic voltammogram for 50-CVE complex ([3]2+, 0.5 mM) 51 
in the presence of excess P(OEt)3. 0.1 M TBAPF6 in MeCN. Scan rate: 52 
100 mV/s. Working electrode: φ3 mm glassy carbon. 53 

{PtPtRh} = {[Pt(bisNHC)][Pt(bpy)](RhCp*)(µ3-S)2}
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 54 
Scheme 2. Electrochemical processes for a redox series of 50- and 48-55 
CVE complexes, [3]”+ and [2]2+. 56 

In conclusion, we demonstrated rational synthesis of 57 
the 48-CVE PtPtRh heterometallic trinuclear complex 58 
constituted of three kinds of metal-ligand units, 59 
[{Pt(bisNHC)}{Pt(bpy)}(RhCp*)(µ3-S)2]2+, by sequential 60 
construction via the PtRh dinuclear complex, [{RhCp* 61 
[P(OEt)3]}[Pt(bisNHC)](µ-SH)2]2+, in relatively high total 62 
yield. The 48-CVE trinuclear complex, which possesses a 63 
five-coordinated Rh center, readily reacts with triethyl 64 
phosphite as a 2-electron donor to afford the 50-CVE 65 
complex, [{Pt(bisNHC)}{Pt(bpy)}{RhCp*[P(OEt)3]}(µ3-66 
S)2]2+, in which the phosphite ligand coordinates to the Rh 67 
center bearing a pseudo-octahedral geometry with one Cp*, 68 
two sulfido and one phosphite ligands. While the 48-CVE 69 
complex showed two reversible redox couples in a cathodic 70 
sweep in cyclic voltammetry, the 50-CVE complex 71 
exhibited a subsequent reaction of dissociation of the 72 
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phosphite ligand following the 1-electron reduction to 51-1 
CVE complex. Re-oxidation of the resulted phosphine-2 
dissociated 49-CVE complex regenerates the 48-CVE 3 
complex. These results would provide new insights of 4 
reactivity and nature of metal-metal bonding in redox active 5 
multinuclear complexes for utilization of such clusters as 6 
redox active catalysts and molecular sensing materials. 7 
Syntheses of related 48-CVE complexes with different 8 
combination of metal-ligand units, 9 
[{M(bisNHC)}{M(bpy)}(M’Cp*)(µ3-S)2]2+ (M = Pd or Pt; 10 
M’ = Rh or Ir), and investigation of the details of reactions 11 
with phosphite or other 2-electron donors such as CO to 12 
elucidate the relation between metal-ligand units in 13 
trinuclear complexes and their chemical and electrochemical 14 
properties is in progress. 15 
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