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Abstract 

We have previously shown that cyclopentadienyl 
(CpR)-supported [Mo3S4] platforms capture and stabilize 
halides of hetero-metals (M) under reducing conditions to give 
[Mo3S4M] cubes. Here we report Co and Ni variants with CpXL 
ligands (CpXL = C5Me4SiEt3) and CO binding to the [Mo3S4M] 
clusters (M = Fe, Co, Ni). Properties of the isolated CO-bound 
[Mo3S4M] cubes were investigated by X-ray diffraction, IR, 
and electrochemical analyses. Density functional theory (DFT) 
calculations were performed for the isolated CO-bound clusters 
to evaluate M-CO interactions. These analyses constitute 
foundations to develop bio-mimetic molecular catalysts for the 
direct conversion of CO and/or CO2 into hydrocarbons, which 
can contribute to the reduction of carbon emissions. 
 
Keywords: Metal-sulfur clusters, Carbon monoxide, 
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1. Introduction 
Transition metal-sulfur (M-S) clusters, which consist of 

multiple metals and sulfur atoms, play various roles as 
metallocofactors of proteins. Heterometallic M-S cofactors are 
uniquely found to catalyze the reduction of small inert 
molecules: for instance, a Mo-Fe-S-C cluster in nitrogenase 
([(R-homocitrate)MoFe7S9C], FeMoco or M-cluster) is known 
to transform N2 into NH3,1 and a Ni-Fe-S cluster in 
CO-dehydrogenase ([NiFe4S4], C-cluster) mediates the 
conversion of CO2 to CO.2 Synthetic M-S clusters have gained 
attention as an approach to reproduce such natural functions as 
cofactor models. Nevertheless, the reaction chemistry of this 
class of compounds is still under development, particularly 
regarding small-molecule activation.3 Our previous studies 
corroborated that a heterometallic-cubane [Mo3S4M] (M = 
transition metals) is suitable to perform such reactivity studies, 
as demonstrated by the activation of N2.4 Precursors for the 
[Mo3S4M] cubes are cyclopentadienyl (CpR)-supported [Mo3S4] 
platforms, in which three µ-sulfides firmly hold one M atom. 
Steric protection around M imposed by the CpR ligands on Mo 
is also vital to prevent undesirable decomposition or 
aggregation of the resultant [Mo3S4M] cubes.5 Related 
protection approaches have been helpful for isolating some 
cubic M-S clusters with reactive fragments or N2.6 In line with 

the chemistry of the [Mo3S4M] clusters, we report herein the 
synthesis of Co and Ni variants of the [Mo3S4M] clusters, 
[CpXL

3Mo3S4MCl] (M = Co (1a), Ni (1b); CpXL = C5Me4SiEt3) 
that are analogous to the known [Mo3S4Fe] cluster, 
[CpXL

3Mo3S4FeCl] (1c).5b CO-binding behaviors of clusters 
1a-c were tested and discussed based on experimental and 
theoretical results and comparison with recently reported 
[CpXL

3Mo3S4Fe(CO)] (3).7 These results give a fundamental 
understanding of M-CO interactions in metal-sulfur clusters 
with iron triad metals (Fe, Co, Ni). This study will also be 
beneficial in developing molecular catalysts for the direct 
conversion of CO2 into fuels, as CO represents a key 
intermediate in this multi-step reaction. We have previously 
demonstrated such catalytic carbon-fixation reactions with 
various synthetic metal-sulfur clusters;8 however, no 
mechanistic insight regarding binding behaviors of substrates 
has been provided thus far. 
 

2. Results and Discussion 
Synthesis of CO-bound [Mo3S4M] clusters. The [Mo3S4M] 

Scheme 1. Synthesis of [CpXL
3Mo3S4MCl] (M = Co (1a), Ni 

(1b)), [CpXL
3Mo3S4M(CO)] (M = Co (2a), Ni (2b)), and 

[CpXL
3Mo3S4Fe(CO)] (3). CpXL = C5Me4SiEt3.  
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cubes (M = Co and Ni) with bulky CpXL ligands on Mo atoms 
and chloride on M were prepared analogously to the synthesis 
of [CpXL

3Mo3S4FeCl].5b Sequential treatment of CpXL
3Mo3S4 

with Na(C10H8) and CoCl2 or NiCl2(DME) (DME = 
1,2-dimethoxyethane) gave rise to the corresponding clusters 
[CpXL

3Mo3S4MCl] (M = Co (1a), Ni (1b)) in reasonable yields 
as crystals (43 and 49%, respectively, Scheme 1, left). A 
related synthetic protocol is known for the preparation of 
[Fe3S4M] cubes. Holm and coworkers used a linear-type 
[Fe3S4] cluster bearing bulky mesityl thiolates (–SMes), which 
was treated with Co and Ni sources to give [MFe3S4(SMes)4]2– 
(M = Co, Ni).9 The molecular structures of 1a and 1b were 
determined by X-ray crystallographic analysis, as shown in 
Figures 1 and S12. As was found with the Fe analog, the 
incorporated heterometal M is in a distorted tetrahedral 
geometry with three sulfides and a potentially labile Cl atom. 
The SiEt3 groups of CpXL ligands are located around the M-Cl 
moiety. The M-Mo, M-S, and Mo-S distances of 1a and 1b are 
comparable to the known [Mo3S4Co]5a, 10 and [Mo3S4Ni]10e, 11 
clusters, suggesting that the steric and electronic properties of 
CpR-ligands on Mo do not affect the cubic structures 
significantly. Cyclic voltammetry measurement of 1a in THF 
revealed reversible [Mo3S4Co]5+/4+ and [Mo3S4Co]4+/3+ couples 
at –0.70 and –1.70 V vs. Fc/Fc+ (Fc = Cp2Fe), whereas 1b 
displayed only a [Mo3S4Ni]5+/4+ couple at –0.22 V (Figures S9 
and S11).  

Abstraction of the chloride from clusters 1a and 1b by 
NaBArF

4 (ArF = 3,5-(CF3)2C6H3) under a CO atmosphere (1 
atm) in toluene resulted in the formation of the cationic 
CO-clusters (Scheme 1), [CpXL

3Mo3S4Co(CO)](BArF
4)  

(2a·(BArF
4)) and [CpXL

3Mo3S4Ni(CO)](BArF
4) (2b·(BArF

4)), of 
which CO stretches were observed at 1992 cm-1 and 2039 cm–1 
in the infrared (IR) spectra (Figure 2). These Cl-to-CO 

substitution reactions were completed within 30 min at room 
temperature, which was monitored by 1H NMR in C6D6. The 
products were isolated as black crystals in 49 and 65% yields, 
respectively, and characterized based on the NMR spectra, 
mass spectrometry, and elemental analysis. Retention of the 
[Mo3S4M] (M = Co or Ni) core in 2a and 2b was confirmed by 
their crystal structures (Figures 3 and S13), which exhibit cubes 
with one terminal M-CO moiety and accompanying BArF

4 

counter-anion (see more details in Supporting Information).  
In contrast to the facile and clean formation of 2a and b, 

an analogous reaction of the Fe-variant [CpXL
3Mo3S4FeCl] (1c) 

with NaBArF
4 under CO afforded a complex mixture of 

unidentifiable products. An IR spectrum of the dried residue of 
this reaction did not display any diagnostic CO stretching band, 
indicating the absence of metal-bound CO in the reaction 
product(s). On the other hand, a direct incorporation of Fe-CO 
moiety to the incomplete-cubane [Mo3S4] platform was 
successful and led to the formation of [CpXL

3Mo3S4Fe(CO)] (3) 
(Scheme 1, bottom).7 Cluster 3 displayed a CO stretching 
frequency at 1877 cm–1, which is significantly lower than the 
values for 2a and 2b. While it is reasonable that the more 
reduced cluster (3 in [Mo3S4Fe]3+ state) exhibits stronger back 
donation than more oxidized species (2a and 2b in [Mo3S4M]4+ 
states), these distinct differences over 100 cm–1 suggest 
effective interactions between Fe d orbitals and CO π* orbitals 
as further theoretical analyses given below.  
Crystal Structures of CO-bound clusters 
[CpXL

3Mo3S4M(CO)]+ (M = Co (2a), Ni(2b); CpXL = 
C5Me4SiEt3). Each of the CO-bound clusters 
([CpXL

3Mo3S4Co(CO)]+ (2a) and [CpXL
3Mo3S4Ni(CO)]+ (2b)) 

was structurally determined as the pair of [Mo3S4M] cation 
with a terminal CO ligand and a BArF

4 anion. Even though the 
charge is different between the Cl- and CO-bound forms, the 
bond distances within the cubes are comparable. The Ni series 
(1b and 2b) reveals indistinguishable mean Ni-S and Ni-Mo 
distances, 2.214(4) Å for 1b vs. 2.219(11) Å for 2b (Ni-S), and 
2.728(5) Å for 1b and 2.749(16) Å for 2b (Ni-Mo). In contrast, 
the Co series (1a and 2a) exhibits only slight shortening of the 
mean Co-S and Co-Mo distances upon CO binding: e.g., 
2.216(5) Å for 1a vs. 2.2052(2) Å for 2a (Co-S) and 2.768(10) 
Å for 1a vs. 2.741(2) Å for 2a (Co-Mo).  

Several CO-bound [Mo3S4Co] clusters have been 
structurally characterized10a-c as [Mo3S4Co]3+ species that are in 
the one-electron reduced state relative to 2a. As expected from 
the lower oxidation state, their CO stretching frequencies (1903 
to 1923 cm–1) are lower than 2a (1992 cm-1). On the other hand, 
the Co-CCO or C-O distances exhibit no clear relationship 
between the oxidation states (Table S1), suggesting the 
flexibility of structural parameters. Even though evaluation of 
the oxidation state of the specific metal center is difficult for 

Figure 1. Crystal structure of [CpXL
3Mo3S4CoCl] (1a) with 

thermal ellipsoids displayed at 50% probability level. The unit 
cell contains two independent molecules of 1a. These 
molecules label their cobalt atoms as Co1 and Co2. Selected 
bond distances (Å): Co1-Mo1, 2.8599(4); Co1-Mo2, 
2.7827(5); Co1-Mo3, 2.7665(6); Co1-S1, 2.2159(9); Co1-S2, 
2.2137(9); Co1-S3, 2.218(9); Co2-Mo4, 2.7626(5); Co2-Mo5, 
2.7793(6); Co2-Mo6, 2.7642(6); Co2-S5, 2.2091(10); Co2-S6, 
2.2224(10); Co2-S7, 2.2140(10). 

Figure 3. Structure of the cationic part of 2a with thermal 
ellipsoids displayed at 50% probability level. Selected bond 
distances (Å): Co1-Mo1, 2.7396(4); Co1-Mo2, 2.7397(4); 
Co1-Mo3, 2.7436(4); Co1-S1, 2.2082(7); Co1-S2, 2.2050(6); 
Co1-S3, 2.2023(6); Co1-C46, 1.834(4); C46-O1, 0.992(4). 

Figure 2. IR spectra of a) [CpXL
3Mo3S4Co(CO)]+ (2a) and b) 

[CpXL
3Mo3S4Ni(CO)]+ (2b) in THF, showing their CO 

stretching bands. 



 
 

heterometallic compounds, we propose the CoII state for 1a and 
2a because of the used CoII source (CoCl2) for the synthesis of 
1a and retention of the oxidation state in 2a. Our proposal is in 
agreement with the significantly higher CO frequency of 2a 
(1992 cm-1) than the reported CO frequency (1927 cm–1) of a 
known CoI tris-carbene complex [(TIMENxyl)Co(CO)]+ 
(TIMENxyl = tris[2-(3-arylimidazol-2-ylidene)ethyl]amine).12 
The above-discussed structural flexibility is also found in the 
comparable Co-CCO distances between the CoI tris-carbene 
(1.8463(19) Å) and 2a (1.834(4) Å).  

Concerning [Mo3S4Ni] clusters, two Ni-CO compounds 
have been reported as [(H2O)9Mo3S4Ni(CO)]+ 11b and 
[Cp*3Mo3S4Ni(CO)]+ 11f. They are in the same [Mo3S4Ni]4+ 
state as 2b, and the Ni-CCO and C-O distances (Table S2) and 
CO stretching frequencies are comparable among the 
[Mo3S4Ni]4+ clusters. The [Mo3S4Ni]4+ core of 2b has one more 
d-electron than the [Mo3S4Co]4+ core of 2a, and thus, one can 
anticipate 2b to facilitate π back-donation to the CO ligand. 
However, the NiC-O stretching band of 2b (2039 cm-1) appears 
at higher frequency than the CoC-O of 2a (1992 cm-1). Strong 
orbital interactions of the Ni atom with the [Mo3S4] unit rather 
than π*(CO) have been discussed previously.13 Delocalization 
of Ni d electrons in (dmpe)3Cl3Mo3S4NiCl was suggested by 
X-ray photoelectron spectroscopy (XPS) measurements and 
theoretical analysis.14 

Theoretical Analyses on CO-bound [Mo3S4M] Cubes. We 
have optimized the S = 1/2 and 3/2 spin states of the Co-CO 
complex 2a. The S = 1/2 state is the ground state, and the S = 
3/2 state lies 19.3 kcal/mol higher in energy. The S = 1/2 
ground state of 2a was experimentally supported by the 
solution magnetic moment of 1.91µB determined by Evans’ 
method. Computed spin densities of the S = 1/2 state confirmed 
that the unpaired electron is localized mainly at Co (⍴Co = 
0.82), and the calculated <S2> value of 0.80 is close to the ideal 
value (0.75), indicating no spin contamination. In the case of 
Ni-CO complex 2b, we have optimized the S = 0 and 1 states. 
The ground state of 2b is S = 0, which is in agreement with the 
diamagnetic nature of 2b observed from NMR spectroscopy. 
The optimized S = 1 state is 23.4 kcal/mol higher in energy 
relative to the ground state. The optimized ground-state 
structures of 2a and 2b reproduced key structural parameters of 
their crystal structures listed in Tables 1 and S4. The calculated 
Mo-Mo Mayer bond orders of 2a and 2b indicate Mo-Mo 
bonding, which is larger compared to Co-Mo or Ni-Mo 
bonding characters (Table S5). Computed Kohn-Sham frontier 
orbitals of the ground state complexes are shown in Figures 
S14 and S15. Visual inspections of the Kohn-Sham orbitals in 
the frontier region suggested that the Co or Ni d orbitals are 
heavily mixed with the Mo-based orbitals. The calculated C-O 
vibrational frequency of the ground state structures of 2a and 
2b are 1957 cm-1 and 2002 cm-1, respectively. Computed C-O 
vibrational frequency qualitatively fits with the experimental 
results (1992 cm-1 of 2a and 2020 cm–1 of 2b) and shows a 
similar trend. Even though the computed C-O bond distances of 
the two clusters are almost indistinguishable, the calculated 
Mayer bond order of C-O in 2b (2.10) is slightly higher than 
the corresponding value in cluster 2a (2.05). Thus, the Ni-CO 
cluster 2b is expected to contain a relatively stronger C-O bond 
than the Co-CO cluster 2a, as observed in the IR spectra. To 
obtain quantitative insights into metal-to-CO π back-donation 
and CO-to-metal σ donation in these clusters, we have 
performed an energy decomposition analysis (EDA) together 
with the natural orbitals for chemical valence (NOCV). 
Numerical data of the EDA-NOCV is summarized in Table 2, 
and the plots of deformation densities (Δρ) are shown in Figure 
4. Computed interaction energy (ΔEint) between  

 
Table 1. M-C and C-O bond distances of the calculated and 
crystal structures of 2a, 2b, and 3, and calculated Mayer bond 
orders. 
 

 [CpXL
3Mo3S4Co(CO)]+ (2a) 

 Bond distances (Å) Mayer Bond 
Order a  DFT a X-ray 

Co-CCO 1.75 1.83 1.26 
C-O 1.16 0.99 2.05 
 [CpXL

3Mo3S4Ni(CO)]+ (2b) 
 Bond distances (Å) Mayer Bond 

Order b  DFT b X-ray 
Ni-CCO 1.76 1.76 1.11 
C-O 1.15 1.15 2.10 
 [CpXL

3Mo3S4Fe(CO)] (3) 
 Bond distances (Å) Mayer Bond 

Order a  DFT a X-ray 
Fe-CCO 1.75 1.77 1.33 
C-O 1.17 1.09 1.98 
a Based on the optimized structure in the S = 1/2 state. b Based on 
the optimized structure in the S = 0 state. 

 
[CpXL

3Mo3S4Co] and CO fragments is –81.5 kcal/mol, while 
ΔEint between [CpXL

3Mo3S4Ni] and CO fragments is relatively 
weak (–77.3 kcal/mol). In both systems, electrostatic  
attraction  (ΔEelstat) and orbital interactions  (ΔEorb) mainly 
contribute to overcome the Pauli repulsion (ΔEPauli). In 
particular, ΔEelstat and ΔEorb are the dominant components for 
both complexes, and the latter term is useful in obtaining 
quantitative insights into interactions between metal and CO.  

The ΔEorb of clusters 2a and 2b are –93.5 and –79.8 
kcal/mol, respectively. Thus, 2a reveals relatively strong orbital 
interactions between CO and Co compared to that of between 
CO and Ni of 2b. In 2a, the orb(3) component contributes to 
the σ donation from CO to Co (–25.0 kcal/mol), while orb(1) 
and orb(2) contribute to π back-donation from Co to π*(CO) 

Figure 4. Plots of the deformation densities of clusters 2a 
(a), 2b (b), and 3 (c).  



 
 

Table 2. EDA-NOCV results for 2a, 2b, and 3. The interaction energy (ΔEint) between [CpXL
3Mo3S4M] (M = Co, Ni) and CO 

fragments were separated into Pauli repulsion (ΔEPauli), electrostatic attraction (ΔEelstat), orbital interactions (ΔEorb), dispersion energy 
(ΔEdisp), and solvation energy (ΔESol). 
 

 Calculated energy (kcal/ mol) 
 [CpXL

3Mo3S4Co]+ + CO 
(2a) 

[CpXL
3Mo3S4Ni]+ + CO 

(2b) 
[CpXL

3Mo3S4Fe]0 + CO 
(3) 

∆Eint –81.5 –77.3 –101.1 
∆EPauli 170.5 149.6 196.9 
∆Eelstat –122.0 –115.3 –130.2 
∆Eorb –93.5 –79.8 –125.76 
∆Edisp –10.5 –7.1 –9.26 
∆Esol –26.0 –24.7 –32.8 
∆Eorb(1) 

 –28.7 (31%) a –23.0 (28%) a –45.2 (36%) a 
∆Eorb(2) 

 –28.8 (31%) a –22.0 (26%) b –36.0 (28%) c 
∆Eorb(3) 

 –25.0 (27%) b –27.5 (33%) a –21.9 (18%)c 
∆Eorb(rest) –10.9 (11%) –10.8 (13%) –22.1 (18%)  
a M(d) to π*(CO) π back-donation. b CO to M(d) σ donation. c Mixed M(d) to π*(CO) π back-donation 
and CO to M(d) σ donation. 

 

(–57.5 kcal/mol in total). Thus, π back-donation is the 
dominant component in the Co-CO orbital interactions. A 
qualitatively similar picture can be seen for cluster 2b, which 
shows the less significant σ donation from CO to Ni (orb(2), 
–22.0 kcal/mol) than π back-donation (orb(1) and orb(3), –50.5 
kcal/mol in total).  

As a result, cluster 2a has a relatively weak C-O bond 
that lowers the CO frequency compared to that of 2b, which is 
consistent with the experimental results. For the 
one-electron-reduced Fe analog of 2a and 2b 
([CpXL

3Mo3S4Fe(CO)], 3), computed S = 1/2 ground state 
optimized structure has the ΔEint value of –101 kcal/mol, which 
is stronger compared to 2a and 2b. The orb(1) component of 
3contributes to the π back-donation from Fe to CO (–45.2 

kcal/mol), which is dominant compared to orb(2) and orb(3) 
components that hold mixed M(d) to π*(CO) π back-donation 
and CO to M(d) σ donation. The total contribution of the π 
back-donation to ∆Eorb is therefore large in 3 and should result 
in a strong Fe-C bond as indicated by its Mayer bond order 
(1.31). 
Redox Properties of CO-bound Clusters 2a, 2b, and 3. The 
strong Fe-CO interaction in 3 was supported experimentally. 
Our theoretical prediction also suggested sufficient stability of 
the 1e-oxidized form of 3 ([CpXL

3Mo3S4Fe(CO)]+), whose 
oxidation state corresponds to 2a and 2b. However, the 
synthesis of this compound in a similar manner with 2a and 2b 
was unsuccessful, as mentioned above. Chemical oxidation of 
[CpXL

3Mo3S4Fe(CO)] (3) by [Cp2Fe](PF6) is a plausible 
alternative route, but the corresponding reaction mixture 
showed no signs of metal-bound CO in the IR spectrum. These 
results, including theoretical analyses, can be explained by an 
assumption as follows: [CpXL

3Mo3S4Fe(CO)]+ is a quasi-stable 
state under the current reaction conditions, and there are one or 
more thermodynamically stable species, which have not yet 
been confirmed. This idea is consistent with the complicated 
behavior observed in the cyclic voltammogram (CV) of cluster 
3 (Figure 5a). A sweep in a region more positive than the rest 
potential of 3 (i.e., oxidation of [CpXL

3Mo3S4Fe(CO)]) 
displayed an unidentifiable and irreversible oxidation wave at 
–0.70 V vs. Fc/Fc+ followed by a reversible redox wave at 
–0.10 V. Given that clusters 2a and 2b exhibited reversible 
redox couples between [CpXL

3Mo3S4M(CO)]+ and 
[CpXL

3Mo3S4M(CO)] (M = Co, Ni) at –0.43 (2a) and –1.33 V 
(2b) without other major redox processes (Figures 5b and S10), 
the unusual behavior of 3 during oxidation suggests structural 
changes from [CpXL

3Mo3S4Fe(CO)]+. Although the predicted 
more stable species remains elusive, it may lead to intriguing 
reactivity of the CO complex.  

The discussed electrochemical measurements of clusters 
2a, 2b and 3 also revealed well-defined reversible 
[Mo3S4M]3+/2+ redox couples observed at –2.62 (for 2a, 
[Mo3S4Co] cluster), –2.46 (for 2b, [Mo3S4Ni] cluster) and 
–1.72 (for 3, [Mo3S4Fe] cluster) V vs. Fc/Fc+, indicating the 
formation of unrealized [Mo3S4M]2+ states with CO ligands. In 
contrast to the theoretical and actual strength of M-CO 
interactions, the potentials of the [Mo3S4M]3+/2+ processes did 
not imply periodic trends, where the values decrease in the 
order of Fe > Ni > Co. These results should translate into 
extended stability of the [Mo3S4M]3+ (i.e. 
[CpXL

3Mo3S4M(CO)]0) state when Co is incorporated. As 
[Mo3S4Co]3+ is the sole even electron system among the series 

Figure 5. Cyclic voltammograms of [CpXL
3Mo3S4Fe(CO)] 

(3) (a) and 2b (b) in THF. Detailed measurement conditions 
are described in Supporting Information. 



 
 

of [Mo3S4M]2+ clusters (M = Fe, Co, Ni), their electron 
configurations may affect such disordered redox behaviors.  
 

3. Conclusion 
In summary, we have synthesized the Cl-bound 

[Mo3S4Co] and [Mo3S4Ni] clusters supported by CpXL 
(C5Me4SiEt3) ligands. With the known [Mo3S4Fe] analog 
together, we tested the CO-binding behavior of a series of cubic 
[Mo3S4M] clusters (M = Fe, Co, Ni). Removal of the Cl ligand 
of the [Mo3S4Co] and [Mo3S4Ni] clusters was attained by 
simple salt-metathesis, and the resultant cationic species were 
trapped by CO (1 atm) to provide the cationic CO-bound 
clusters 2a and 2b. An Fe analog of these clusters was not 
isolable from a similar reaction using the corresponding 
Cl-bound cluster, whereas the corresponding one-electron 
reduced form 3 was available via the direct incorporation of the 
Fe-CO moiety onto the [Mo3S4] platform. Theoretical analysis 
of the isolated CO-bound clusters indicated the significantly 
stronger M-to-CO back-donation in 3 than in 2a and 2b. Even 
though theoretical analysis also suggested a stable 1e-oxidized 
form of 3, [CpXL

3Mo3S4Fe(CO)]+, neither synthetic nor 
electrochemical approaches to detect [CpXL

3Mo3S4Fe(CO)]+ 
were successful, probably due to the presence of more stable 
unknown species. The identity of this uncharacterized species 
will be a subject of our future studies, as it is potentially 
relevant to a novel reactivity of the CO complex. Moreover, the 
electrochemical analyses on clusters 2a, 2b, and 3 
demonstrated non-straightforward redox behaviors of the series. 
These insights may benefit further pursuit of C1-substrate 
reductions using the [Mo3S4M] clusters and relate the reactivity 
of the clusters with M-CO interactions.  
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<Summary> 
Cubic [Mo3S4M]-type clusters (M = Co, Ni) with bulky cyclopentadienyl ligands (CpXL, C5Me4SiEt3) were synthesized. CO binding 
behaviors of the [Mo3S4M] cubes (M = Fe, Co, Ni) revealed unexpected instability of [CpXL

3Mo3S4Fe(CO)]+ in comparison with 
[CpXL

3Mo3S4M(CO)]+ (M = Co, Ni). Their M-CO interactions were analyzed by DFT calculations.   
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