
This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
author guidelines.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the ethical guidelines, outlined 
in our author and reviewer resource centre, still apply. In no 
event shall the Royal Society of Chemistry be held responsible 
for any errors or omissions in this Accepted Manuscript or any 
consequences arising from the use of any information it contains. 

Accepted Manuscript

rsc.li/dalton

Dalton
 Transactions

An international journal of inorganic chemistry
www.rsc.org/dalton

ISSN 1477-9226

PAPER
Joseph T. Hupp, Omar K. Farha et al.
Effi  cient extraction of sulfate from water using a Zr-metal–organic 
framework

Volume 45 Number 1 7 January 2016 Pages 1–398

Dalton
 Transactions

An international journal of inorganic chemistry

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  G. Hogarth, S.

Ghosh, S. E. Kabir, M. G. Richmond, Mohd. R. Haque, T. Siddiquee, V. Nesterov and M. Rahman, Dalton

Trans., 2018, DOI: 10.1039/C8DT02231C.

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c8dt02231c
http://pubs.rsc.org/en/journals/journal/DT
http://crossmark.crossref.org/dialog/?doi=10.1039/C8DT02231C&domain=pdf&date_stamp=2018-06-28


Journal Name  

ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Mixed-valence dimolybdenum complexes containing hard oxo 

and soft carbonyl ligands: Synthesis, structure, and 

electrochemistry of Mo2(O)(CO)2(μ-к
2
-S(CH2)nS)2(к

2
-diphosphine) 

Mohd. Rezaul Haque,a Shishir Ghosh,a Md. Matiar Rahman,a Tasneem A. Siddiquee,b Vladimir N. 
Nesterov,c Michael G. Richmond,c,* Graeme Hogarth,d,* Shariff E. Kabir a,* 

Mixed-valence dimolybdenum complexes Mo2(O)(CO)2{μ-к2-S(CH2)nS}2(к2-Ph2P(CH2)mPPh2) (n=2,3; m=1,2) (1-4) have been 

synthesized from one-pot reactions of fac-Mo(CO)3(NCMe)3 and dithiols, HS(CH2)nSH, in the presence of diphosphines. The 

dimolybdenum framework is supported by two thiolate bridges, with one molybdenum carrying a terminal oxo ligand and 

the second two carbonyls. The dppm (m = 1) products exist as a pair of diastereomers differing in the relative orientation 

of the two carbonyls (cis and trans) at the Mo(CO)2(dppm) center, while dppe (m = 2) complexes are found solely as the 

trans isomers. Small amounts of Mo(CO){к3-S(CH2CH2S)2}(к2-dppe) (5) also result from the reaction using HS(CH2)2SH and 

dppe. The bonding in isomers of 1-4 has been computationally explored by DFT calculations, trans diastereomers being 

computed to be more stable than the corresponding pair of cis diastereomers for all. The calculations confirm the 

existence of Mo≡O and Mo-Mo bond orders and suggest that the new dimeric compounds are best viewed as Mo(V)-Mo(I) 

mixed-valence systems. The electrochemical properties of 1 have been investigated by CV and show a reversible one-

electron reduction associated with the Mo(V) centre, while two closely spaced irreversible oxidation waves are tentatively 

assigned to oxidation of the Mo(I) centre of the two isomers.

Introduction 

Metal-catalyzed oxygen atom transfer (OAT) reactions are not only 

important in biological systems but also in industry. In biology, 

molybdoenzymes mainly catalyze important OAT reactions in the 

living cells, the mechanistic details of which are still unclear despite 

the determination of many crystal structures.1-5 As a result, studies 

on new molybdenum and tungsten oxo complexes as functional and 

structural models of the oxotransferase enzymes continue to be of 

interest.6-12 Industrial OAT reactions include epoxidation of alkenes, 

such as styrene and propylene, and the resulting epoxides are used 

for the manufacture of important commercial products (e.g., epoxy 

resins, cosmetics, surface coatings, sweeteners, perfume, drugs, 

etc.).13-17 Molybdenum and tungsten dithiolene complexes have 

been studied as models of the active site of a range of 

oxotransferase enzymes since the molybdenum atom in the 

common molybdenum cofactor of these enzymes is bonded to the 

pterin ligand through a  dithiolene linkage.6-8  

Recently, we and others reported that a variety of molybdenum 

complexes containing up to three metal centers could be 

synthesized from one-pot reactions involving fac-Mo(CO)3(NCMe)3 

and pyridine-2-thiol in the presence of various phosphorus-donor 

ligands.18,19 Following this synthetic strategy, we herein report the 

unexpected synthesis of some new mixed-valence dimolybdenum 

complexes, containing hard (oxo) and soft (carbonyl) supported 

centres linked via two dithiolate bridges together with studies on 

their redox behavior, supported by DFT calculations in an attempt 

to understand the valency of each metal ion and the nature of the 

metal-metal interaction. 

Results and discussion 
 

Synthesis and characterization 

 

Reactions between fac-Mo(CO)3(NCMe)3, dppm and dithiols 

HS(CH2)nSH at 50-55 °C in MeCN furnished the mixed-valence 

molybdenum complexes Mo2(O)(CO)2{μ-к2-S(CH2)nS}2(к2-dppm) [1 
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Scheme 1. Synthesis of dimolybdenum complexes 1-4.

(18%), n = 2; 2 (11%), n = 3)] together with Mo(CO)4(κ2-dppm)19 (21 

and 23%, respectively). The nature of the diphosphine ligand in the 

reaction was next investigated by exchanging the rigid dppm ligand 

for the more flexible dppe. Heating fac-Mo(CO)3(NCMe)3, dppe, and 

1,2-ethanedithiol gave Mo2(O)(CO)2{μ-к2-S(CH2)2S}2(к2-dppe) (3) and 

Mo(CO)4(dppe)20 in 14% and 11% yields respectively, while with 1,3-

propanedithiol, Mo2(O)(CO)2{μ-к2-S(CH2)3S}2(к2-dppe) (4) and 

Mo(CO)4(κ2-dppe) were isolated in 13% and 10% yields (Scheme 1). 

 Dppm complexes 1-2 exist as mixture of trans and cis isomers 

(Scheme 1), the trans and cis descriptors having as their reference 

point the orientation of the ancillary CO groups at the 

Mo(CO)2(dppm) center since the diphosphine ligand is constrained 

to occupy mutually cis sites in each isomer, in ratios of 2:5 and 1:4 

respectively, based on 31P{1H} NMR spectroscopy. Trans-1 shows a 

single 31P{1H} resonance at δ 8.6 that is consistent with it possessing 

an idealized plane of symmetry (Cs) that bisects the dppm ligand 

and contains the two molybdenum atoms, two CO groups, and the 

oxo ligand, while the cis-1 isomer displays a pair of doublets (2JPP 

21.4 Hz) centered at δ 14.4 and 12.0. The isomer ratio in 1 remained 

relatively constant between different preparative batches and also 

upon heating to 60 °C. Above this temperature, it gradually 

decomposed and we abandoned further thermal equilibration 

studies.  

We have been unable to separate isomers of 1 or 2 except in 

single crystal X-ray studies (see later), so all spectroscopic data 

relate to mixtures. Both show a pair of carbonyl in the IR spectrum; 

in CH2Cl2 appearing at 1989 and 1876 for 1 and 1973 and 1865 cm-1 

for 2. Complexes 3-4 were isolated as a single diastereomer based 

on singlets at δ 44.3 and 32.6 respectively in the 31P{1H} NMR 

spectrum. In analogy to the dppm derivatives 1-2, the dppe ligand 

in 3-4 is assumed to occupy equatorial sites at the octahedral 

molybdenum center. The trans disposition of carbonyls is shown by 

the presence of two carbonyl bands of very different intensities in 

the IR spectrum; appearing (KBr) at 1975w and 1876vs for 3 and 

1977w and 1879vs cm-1 for 4, the weak band being associated with 

the symmetric stretch. The DFT computed ν(CO) for trans isomers 

are 1972 and 1888 cm-1 which is in good agreement with the IR 

spectra of 3-4. For cis isomers DFT values are 1950 and 1870 cm-1. 

The lower value fits well with that seen in 1 (1876 cm-1) but the 

higher energy vibration is too low. It is unclear why this should be 

but we do note that there are some significant differences in the IR 

stretching frequencies found in 1 and 2, and hence changing the 

nature of the dithiolate bridge clearly has a significant effect on the 

distribution of electron density. All four complexes show a single 

Mo=O band between 935-955 cm-1 (KBr), consistent with the 

computed ν(Mo=O) in trans isomers of 948 cm-1, but significantly 

lower than that predicted for cis isomers of 988 cm-1.   

Also isolated from the dppe/ethanedithiol reaction in very low 

yield (3%) was Mo(CO){к3-S(CH2CH2S)2}(к2-dppe) (5), which likely 

results due to an impurity in the ethanedithiol; this compound was 

characterized primarily by X-ray crystallographic study (see below). 

 

Crystallographic studies 

 

The solid-state structures of cis-1 and trans-2 were established by 

single-crystal X-ray diffraction analysis (Table S1). The structure of 

cis-1 is shown in Figure 1 and confirms the presence of a 

dimolybdenum framework ligated by two edt ligands and whose 

coordination sphere also contains a terminal oxo moiety at one Mo 

center and a к2-dppm and two carbonyls at the second. The CO 

groups are situated cis to each other, and the P(1) atom is oriented 

cis to the O(3) oxo group, the Mo(2)─O(3) of 1.683(5) Å is within the 

fac-Mo(CO)3(NCMe)3
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expected range. The C(2)-Mo(1)-C(1) angle is 88.4(3)° and the P(1)-

Mo(1)-Mo(2)-O(3) dihedral angle is 9.0(2)°. The molybdenum atoms 

have distinctly different coordination geometries; Mo(2) is five-

coordinate and best viewed as a distorted square pyramid, while 

Mo(1) exhibits a distorted octahedral geometry. The two are joined 

via the edge-bridging S(1) and S(3) moieties and the Mo(1)-Mo(2) 

vector is 2.7764(8) Å. 

The structure of trans-2 (Figure 2) confirms the trans 

orientation of the two carbonyls. The dppm ligand and the bridging 

S(1) and S(3) atoms occupy the equatorial sites at the formally 

octahedral Mo(1) center. Structurally speaking, apart from the extra 

CH2 unit in the pdt ligand and the disposition of the CO and dppm 

ligands at the Mo(1) center, the bond distances and angles in trans-

2 follow those trends reported for cis-1. The Mo-Mo distance is 

2.8233(8) Å and the Mo≡O distance 1.671(3) Å, being slightly longer 

and shorter respectively than similar distances in cis-1.
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Fig. 1. Molecular structure of Mo2(O)(CO)2(μ-к2-edt)2(к2-dppm) (cis-1, right) showing 50% probability thermal ellipsoids and DFT-optimized structure of A2 (right). Selected X-ray 

diffraction bond distances [Å] and angles [º]: Mo(1)─Mo(2) 2.7764(8), Mo(1)─P(1) 2.5715(18), Mo(1)─P(2) 2.5213(17), Mo(2)─O(3) 1.683(5), Mo(1)─S(1) 2.4095(19), Mo(1)─S(3) 

2.4384(19), Mo(2)─S(1) 2.425(2), Mo(2)─S(2) 2.383 (2), Mo(2)─S(3) 2.420(2), Mo(2)─S(4) 2.399(2), Mo(1)─C(1) 2.019(8), Mo(1)─C(2) 1.949(8), P(1)─Mo(1)─P(2) 66.63(6), 

P(1)─Mo(1)─S(1) 96.80(6), P(1)─Mo(1)─S(3) 88.27(6), P(1)─Mo(1)─C(1) 89.7(2), P(1)─Mo(1)─C(2) 166.8(2), C(1)─Mo(1)─C(2) 88.4(3), P(1)─Mo(1)─Mo(2) 109.63(5), 

P(2)─Mo(1)─Mo(2) 139.66(5), O(3)─Mo(2)─Mo(1) 118.05(16), O(3)─Mo(2)─S(1) 95.31(18), O(3)─Mo(2)─S(2) 112.17(18), S(1)─Mo(2)─S(2) 82.65(8), S(1)─Mo(2)─S(4) 152.06(9), 

Mo(1)─S(1)─Mo(2) 70.102(5), Mo(1)─S(3)─Mo(2) 69.71(5), S(1)─Mo(1)─Mo(2) 55.21(5), S(1)─Mo(2)─Mo(1) 54.69(4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. Molecular structure of Mo2(O)(CO)2(μ-к

2
-pdt)2(к

2
-dppm) (trans-2, left) showing 50% probability thermal ellipsoids and DFT-optimized structure B1 (right). Selected X-ray 

diffraction bond distances [Å] and angles [º]: Mo(1)─Mo(2) 2.8233(8), Mo(1)─P(1) 2.5383(14), Mo(1)─P(2) 2.4927(15), Mo(2)─O(10) 1.671(3), Mo(1)─S(1) 2.3886(14), Mo(1)─S(3) 

2.4055(15), Mo(2)─S(1) 2.4575(15), Mo(2)─S(2) 2.4135(16), Mo(2)─S(3) 2.4513(15), Mo(2)─S(4) 2.4156(17), Mo(1)─C(8) 2.013(6), Mo(1)─C(9) 2.035(6), P(1)─Mo(1)─P(2) 67.82(5), 

P(1)─Mo(1)─S(1) 154.53(5), P(1)─Mo(1)─S(3) 94.31(5), P(1)─Mo(1)─C(8) 92.99(16), P(1)─Mo(1)─C(9) 89.92(15), C(8)─Mo(1)─C(9) 176.0(2), P(1)─Mo(1)─Mo(2) 149.38(4), 

P(2)─Mo(1)─Mo(2) 142.47(4), O(10)─Mo(2)─Mo(1) 106.88(13), O(10)─Mo(2)─S(1) 96.11(14), O(10)─Mo(2)─S(2) 111.25(13), S(1)─Mo(2)─S(2) 83.60(5), S(1)─Mo(2)─S(4) 152.81(6), 

Mo(1)─S(1)─Mo(2) 71.25(4), Mo(1)─S(3)─Mo(2) 71.08(4), S(1)─Mo(1)─Mo(2) 55.51(4), S(1)─Mo(2)─Mo(1) 53.24(3). 

Relative isomer stablity – DFT studies 

The stability of cis-1 relative to the other diastereomers based on 

Mo2(O)(CO)2{μ-к2-S(CH2)2S}2(к2-dppm) was explored by DFT 

calculations. The DFT-optimized structure of cis-1 (A2) is shown in 

Figure 1 and closely mirrors the crystallographic structure. The 

structure of trans-1 (A1) was also computationally examined, and 

the B3LYP-optimized structure is shown in Figure 3. The computed 

free energy difference between these two species is 3.9 kcal/mol in 

favor of A1. The observed ratio of the two diastereomeric products 

in the reaction between fac-Mo(CO)3(NCMe)3, dppm and 
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Fig. 5. Known bonding modes (A-E) of the S(CH2CH2S)2 ligand. 

 

Oxidation states, the nature of the Mo-Mo interaction, and 

DFT calculations 

 

Assigning oxidation states to individual metal atoms in 1-4 is 

difficult. Figures 6a-c show possible bonding scenarios. Overall 

the Mo2 centre carries a formal +6 charge in each case. One 

view (Figure 6a) involves lone electron pairs on each bridging 

sulfur to act as soft 2-electron donors to the molybdenum 

carbonyl moiety, thus making this an 18-electron Mo(0) centre 

and the molybdenum-oxo centre is then a hard Mo(VI) site. 

Clearly then the Mo-Mo interaction is best throught of as a 

donor-acceptor (dative) interaction. Another possibility (Figure 

6b) again has asymmetrical µ2 sulfur bridges where one 

bridging ligand functions as a 2-electron donor to the Mo(oxo) 

moiety. Here the two metals are formally Mo(I) and Mo(V) 

centres, and the observed diamagnetism would then result 

from the formation of a Mo-Mo single bond. The third option 

(Figure 6c) contains a Mo(IV)-Mo(II) formalism where the two 

bridging sulfur symmetrically bridge the two molybdenum 

atoms that are connected by a formal Mo=Mo double bond. 

While we cannot easily assign oxidation states to each 

molybdenum centre, these complexes are undoubtedly mixed-

valent. 
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Fig. 6. Possible bonding pictures for 1-4 (a-c) and the related cyclopentadienyl 

complexes Cp2Mo2(O)(CO)(µ-PPh2)(µ-X) (d-f). 

 Closely related to 1-4 are the cyclopentadienyl complexes 

Cp2Mo2(O)(CO)(µ-PPh2)(µ-X) (X = PPh2, CH2PPh2, CH=CHPh)23-26 

whose metal-metal bond order and oxidation state at each 

molybdenum atom may be viewed in a number of possible 

ways (shown for X = PPh2 in Figures 6d-f). The difference 

between these and our oxo derivatives is that each 

molybdenum atom carries a cyclopentadienyl ligand whose 

presence precludes a mixed-valence state based on Mo(VI)-

Mo(0) centers. A Mo(III)-Mo(III) state is a possibility, although 

not one we would favor based on an electron count of 20 

electrons at the molybdenum-oxo moiety. One way of 

potentially differentiating between different valence forms 

would be to use Mo-Mo distances to assign a bond order as 

(formally) this differs based on oxidation states; however, this 

approach can be problematic, especially in compounds with a 

constraining bridging ligand(s).27 Mays and coworkers have 

previously suggested a Mo=Mo double bond in 

Cp2Mo2(O)(CO)(µ-PPh2)2
23 based on a valence electron count 

(VEC) of 32. However, we believe this assignment to be 

erroneous as it was based on the assumption that the oxo 

ligand functioned as a 2-electron donor (Type B), in contrast to 

the established view that favours a single oxo ligand as a 4-

electron donor (Type A), except for cases where there is only a 

single vacant metal orbital of the right symmetry to take part 

in the π-bonding.28 The latter scenario is particularly common 

in early metal compounds where the electronic deficiency 

facilitates multiple π-bonding between the metal and the oxo 

moiety. One might expect the Mo-O bond distance to be 

distinctive between Type A and B bonding modes but as the 

difference is only a second π-component to the bond, then 

again this is not a good measure of bond order. Counting the 

oxo ligand as a 4-electron donor leads to a VEC of 34 in 

Cp2Mo2(O)(CO)(µ-PPh2)(µ-X), an electron count that supports 

the presence of a metal-metal single bond. Counting each 

dithiolate ligand as a 4-electron donor (1+1+2) suggests that 

complexes 1-4 have a VEC of 32 and this is commensurate with 

a Mo-Mo single bond provided the high valent centre is a 16-

electron moiety. The Mo-O bond distance of 1.684(3) and 

1.670(3) Å in cis-1 and trans-2, respectively, are similar to 

those reported in the cyclopentadienyl complexes discussed 

above.23-26 Further in support of a proposed Mo(V)-Mo(I) 

mixed valence arrangement for 1-4, the Mo-O distances are 

also very similar to those found in Mo(V) complexes [MoO(κ2-

edt)2][PPh4] (Mo≡O 1.678(5) Å)29 and [MoO(κ2-pdt)2][PPh4] 
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(Mo≡O 1.667(8) Å).30 Indeed, [MoO(κ2-pdt)2][PPh4] reacts with 

hydrazoic acid in methanol to afford binuclear [Mo2(O)2(к2-

pdt)(µ-N3)(μ-к2-pdt)2][PPh4] in which the two Mo(V) centres 

are linked via a Mo-Mo bond of 2.893(3) Å and Mo≡O bonds 

are 1.66(1) and 1.67(1) Å.30 

 The general nature of the bonding in 1, especially with 

respect to the metal-metal and the metal-oxo bond orders, 

was investigated through the aid of electronic structure 

calculations. Figure 7 shows selected orbital plots for the 

important bonding orbitals for the metal-oxo and metal-metal 

vectors in species A2. Depicted at the top of Figure 7 is MO 

149 that represents the Mo-oxo σ bond, and at slightly higher 

energy two Mo-oxo π-bonds (MO 153 and 154) confirm the 

presence of a “Type A” oxo in species A2. The bonding 

between the two molybdenum centres is illustrated by MO 

176 and consists of a strong overlap between the two metals. 

Our DFT calculations revealed no evidence for the existence of 

a Mo=Mo bond in A2, and these data support a Mo(V)-Mo(I) 

mixed-valent complex that possesses an oxo moiety that 

functions as a 4-electron donor in accord with species b in 

Figure 6. Species A1 and A3 gave similar orbital plots (not 

shown) in terms of the Mo-O and Mo-Mo bonds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 7. Selected orbital plots for the Mo-oxo and Mo-Mo moieties in species A2. The top 

two listed orbitals represent the σ and π components for the Mo-oxo bond and the 

bottom plot shows the Mo-Mo bond in A2. All plots are shown at a common isovalue of 

0.055. 

 We also examined the effect of the ligand distribution on 

the natural charges and bond indices in A1-A3 by NBO 

analysis. Table 1 shows the atomic charges and Wiberg bond 

indices for selected atoms in the three stereoisomers. As 

expected, the oxo-substituted molybdenum center is 

considerably less electron-rich than the dppm-substituted 

molybdenum atom. The charge on Mo1 for the three species 

does not vary much (average value -0.05) while the atomic 

charge on the Mo2 center varies slightly, ranging from -1.85 

(A1) to -1.69 (A3), with an average of -1.75. The oxo ligand in 

each is electron rich, and the average charge is -0.34. The 

bridging S1 and S2 atoms are electron poor relative to the 

terminal S3 and S4 donor groups, while the two phosphorus 

atoms have a positive charge, as found in other phosphine-

substituted complexes.31,32 The average index for Mo-Mo and 

Mo≡O bonds is 0.63 and 2.09 respectively, values in excellent 

agreement with the computed indices of 0.60 and 2.09 for the 

same bonds in trans-Mo2Cp2(PPh2)2(O)(CO).33 As an added 

check on the validity of the computed WBI for the Mo≡O triple 

bond in our compounds, we also examined 

Cp2MoOC(O)CHCC(O)OMe, whose structure is depicted in 

Figure 8.34 This complex is electronically saturated and cannot 

exhibit multiple π-bonding with the metal without 

accompanying slippage of a cyclopentadienyl ring(s). The Mo-O 

bond distance of 2.113(5) Å is over 0.4 Å longer than those in 

1-4, providing a benchmark for a Mo-O single bond. The 

structure of Cp2MoOC(O)CHC(O)OMe was optimized, and the 

Mo-O bond index examined by Wiberg analysis. The computed 

WBI for the Mo-O vector (Figure 8) is 0.69, gratifyingly exactly 

33% of the WBI value for the Mo-O bond in 1-4. Finally, the 

different Mo-S Wiberg indices computed are consistent with 

the number of electrons donated by the different sulfur atoms. 

The bridging S1 and S2 centers show slightly smaller Mo-S 

indices (average WBI 0.81) compared to the average Mo-S 

index of 1.06 for the two κ1 S3 and S4 donors. Each bridging 

sulfur moiety (S1 and S2) donates 3e and this gives rise to a pair 

of three-center, two-electron interactions whose Mo-S Wiberg 

index should be slightly smaller than the Mo-S index produced 

by the electron-precise interaction between the Mo1-S3,4 

bonds whose slightly larger values also reflect the contribution 

of additional electron donation from the sulfur lone-electron 

pair(s) to the metal centre. 

 

 

 

 

 

 
 
Figure 8.  Reaction of Cp2MoH2 with DMAD to give Cp2MoOC(O)CHCC(O)OMe. The 

computed WBI of the Mo-O bond is 0.69. 
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Table 1 Selected natural charges and Wiberg bond indices for species A1-A3.a 

 

 

 

 

 

 

 

 

 A1 A2 A3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
a The numbering scheme for species A1-A3 is depicted immediately below the table heading. The phenyl groups associated with 

the P1 and P2 atoms are omitted for clarity. 

 

 

 A1 A2 A3 

Natural charges    

Mo1 -0.04 -0.06 -0.05 

Mo2 -1.85 -1.72 -1.69 

O -0.34 -0.37 -0.32 

S1 (bridging) 0.36 0.40 0.40 

S2 (bridging) 0.36 0.33 0.36 

S3 (terminal) 0.06 0.07 0.04 

S4 (terminal) 0.05 0.07 0.03 

P1 1.32 1.23 1.20 

P2 1.29 1.29 1.30 

Wiberg bond indices    

Mo-Mo 0.64 0.66 0.59 

Mo1-O 2.11 2.05 2.11 

Mo1-S1 0.74 0.79 0.82 

Mo2-S1 0.88 0.84 0.82 

Mo1-S2 0.76 0.78 0.84 

Mo2-S2 0.86 0.79 0.79 

Mo1-S3 1.08 1.08 1.06 

Mo1-S4 1.05 1.08 1.02 

Mo2-P1 0.73 0.63 0.63 

Mo2-P2 0.73 0.72 0.73 
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Electrochemistry 

 

A CV of 1 recorded in MeCN at a scan rate of 0.1 Vs-1 is shown 

in Figure 9. It shows a quasi-reversible reduction at E1/2 = –1.44 

V, together with two irreversible oxidations at Ep = 0.60 V and 

Ep = 0.78 V (wrt Fc+/Fc couple). The reversible reduction, 

despite its large peak-to-peak separation (ΔEp) of 200 mV, 

shows good chemical reversibility (ipa/ipc ~ 0.90). A small 

oxidative feature on the return scan at Ep = –0.68 V is 

associated with the quasi-reversible reduction (Fig. S2), and 

the overlapping reductive features observed on the return 

scan around –0.22 V are due to species generated by the 

irreversible oxidations (Fig. S2). The CV does not show any 

discernable change when the scan rate scan rate is varied (Fig. 

S3). The plot of peak current (ip) vs. square root of scan rate for 

the quasi-reversible reduction response shows that the redox 

wave originates from a diffusion-controlled solution process 

(Fig. S4). The current function (ip/√ν) associated with this 

reduction deviates from linearity at slow scan rates (Fig. S5), 

and this behavior supports a multielectron process on longer 

timescales. The reduction is a well-behaved one electron 

process at higher scan rates (≥ 1 Vs-1). The peak current ratio, 

ired/iox, of ca. 1.5 (ired = reductive peak current of the reduction 

wave and iox = oxidative peak current of the first reduction) at 

scan rate 0.1 Vs-1 provides further support that more than one 

electron is involved in the reduction process of 1. The 

reversible reduction is attributed to a Mo(V) to Mo(IV) process 

and we note that [MoO(κ2-pdt)2][PPh4] shows a similar 

reversible one-electron reduction observed at -0.615 V in 

MeCN.30 Since solutions of 1 contain both isomers (trans:cis-1 

ratio is 2:5), we suggest that the two oxidation peaks may 

originate from the 1→1
+ oxidation of the individual isomers. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9. 

 
CV of Mo2(O)(CO)2(к

2
-dppm)(μ-к

2
-edt)2

 
(1) in MeCN (0.5 mM solution, 

supporting electrolyte [NBu4][PF6], scan rate 0.1 Vs
-1

, glassy carbon electrode, potential 

vs. Fc
+
/Fc). 

 

DFT studies on principal orbital contributions 

To better understand the redox properties we computed the 

HOMO and LUMO of 1 [trans-1 (A1) and cis-1 (A2)] (Figure 10) 

and D (see ESI). The LUMO of all is delocalized over the 

dimolybdenum framework and similar relative to the principal 

orbital contributions from the two metals and bridging thiolate 

ligands. The minor difference between the LUMO is the 

presence of an in-phase Mo-CO π-contribution involving the 

equatorial CO group in A2. The HOMO in the trans-based 

structure of A1 is identical and largely localized on the two 

peripheral thiolate groups with a minor contribution from the 

oxo moiety. That the disposition of the ancillary ligands is 

important in controlling the nature of the HOMO is verified by 

comparison of A1 and D with A2. In the case of the latter 

species, the orbital parentage in the HOMO of A2 is very 

different and essentially localized on the dppm-bound 

molybdenum center. Also noted in the metal-based HOMO of 

A2 are minor out-of-phase interactions with one of the CO and 

bridging thiolate groups. The energy difference (∆E) computed 

for the HOMO-LUMO levels in A2 is 65.3 kcal/mol, which is 

significantly smaller than the ∆E of 75.3 and 74.4 kcal/mol 

computed for the trans species A1 and D, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 10. 

 
HOMO (left) and LUMO (right) for species trans-1 (A1, top), cis-1 (A2, 

bottom). The orbitals are printed with an isovalue of 0.055. 
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Summary and conclusions 

This work describes the fortuitous synthesis of mixed-valence 

dimolybdenum complexes Mo2(O)(CO)2{μ-к2-S(CH2)nS}2(к2-

Ph2P(CH2)mPPh2) (n=2,3; m=1,2) (1-4) containing closely linked hard 

and soft molybdenum centres which we believe are best described 

as Mo(V) and Mo(I) resepctively. Exactly how they are formed 

remains unclear and our best guess is that mononuclear 

Mo(CO)2{к1-S(CH2)nS}2(к2-Ph2P(CH2)mPPh2) are initially formed and 

in turn react with further fac-Mo(CO)3(NCMe)3 to initially afford 

Mo2(CO)3{μ-к2-S(CH2)nS}2(к2-Ph2P(CH2)mPPh2) which in turn are 

oxidised to the observed products; certainly oxidation of 

molybdenum-carbonyl to molybdenum-oxo species is quite 

common23,28e,35 although we cannot discount the possibility of 

thermally-induced carbonyl loss followed by hydrolysis from water. 

The dppm-derivatives exist as a mixture of cis and trans isomers 

which do not interconvert in solution. DFT studies indicate that the 

major cis isomer is the least stable and thus we conclude that the 

observed ratios are the result of kinetic factors, possibly relating to 

the stability or rate of further reactions of mononuclear presursors 

cis/trans-Mo(CO)2{к1-S(CH2)nS}2(к2-dppm). Interestingly for the 

dppe derivatives only the trans isomer is seen which may suggest 

that trans-Mo(CO)2{к1-S(CH2)nS}2(к2-dppe) is exclusively initially 

formed.  

An understanding of the bonding in these complexes has 

led to a reevaluation of the nature of the Mo-Mo bond in 

related cyclopentadienyl complexes Cp2Mo2(O)(CO)(µ-PPh2)(µ-

X) (X = PPh2, CH2PPh2, CH=CHPh)23-26 which are almost 

certainly 34-electron complexes containing a Mo-Mo single 

bond rather than 32-electron species with a metal-metal 

double bond as the Mo-oxo bond is clearly a 4-electron 

interaction (neutral counting). Interestingly 1-4 are best 

considered as 32-electron complexes and likely contain a low 

valent 17-electron centre linked to the high valent 15-electron 

oxo-supported centre. The later is, however, based on a lack of 

π-donation from the terminally bonded sulfur atoms and may 

be a somewhat simplified view. Preliminary electrochemical 

measurements on 1 support the Mo(V)-Mo(I) view of these 

complexes as the reversible one-electron reduction observed 

is consistent with a Mo(V)-Mo(IV) couple as noted in related 

mononuclear Mo(V) complexes. 

Experimental 

General and instrumentation 

All the reactions were carried out under a nitrogen 

atmosphere using standard Schlenk techniques unless 

otherwise stated. Mo(CO)6 was purchased from Strem 

Chemical Inc. and used without further purification. Dithiols 

and diphosphines were purchased from Acros Chemicals Inc. and 

used as received, while Mo(CO)3(NCMe)3 (1) was prepared 

according to a published procedure.36
 All products were 

separated in the air by TLC over 0.5 mm silica gel 60 Å F254 

glass plates. Infrared spectra were recorded on a Shimadzu IR 

Prestige-21 spectrophotometer, and the 1H and 31P NMR 

spectra were recorded on a 400 MHz Bruker-VNMRS 

spectrometer. All NMR chemical shift and coupling constant 

data are reported in δ units and Hz, respectively. Elemental 

analyses were performed by the Microanalytical Laboratory of 

Wazed Miah Research Centre at Jahangirnagar University. 

Reaction of fac-Mo(CO)3(NCMe)3 with dppm and HS(CH2)2SH 

To 15 mL of MeCN in a Schlenk flask containing Mo(CO)3(NCMe)3 

(0.23 g, 0.74 mmol) and dppm (0.29 mg, 0.76 mmol) was added 

HS(CH2)2SH (0.29 mg, 3.01 mmol). The solution was heated to 50-55 

°C for 18 h during which time the color changed from yellow to dark 

brown. After cooling to room temperature, volatiles were removed 

under reduced pressure. The crude product was purified by 

chromatography on silica gel. Elution with cyclohexane/acetone 

(7:3, v/v) developed eight bands. The third band afforded the 

known compound Mo(CO)4(κ2-dppm) (90 mg, 21%) as yellow 

crystals, while the fifth band afforded Mo2(O)(CO)2(к2-dppm)(μ-к2-

edt)2 (1) (56 mg, 18%) as red crystals after recrystallization from 

hexane/CH2Cl2 at 4° C. The contents of the other bands were too 

small for complete characterization. Data for 1: Anal. Calcd. for 

C31H30Mo2O3P2S4: C, 44.61; H, 3.62. Found: C, 44.95; H, 3.78%. IR 

(CH2Cl2): 1989s (CO), 1876s (CO) cm-1; (KBr): 1989s (CO), 1974s (CO), 

935w (Mo=O) cm-1. UV-vis (CH2Cl2): 364 nm. 1H NMR (CD2Cl2): for 

both diastereomers: δ 7.85 (m, 2H), 7.64 (m, 2H), 7.52-7.34 

(m,14H), 7.25 (m, 2H), 4.88-4.19 (m, 8H), 3.88 (m, 1H), 3.38 (m, 1H). 

major diastereomer: δ 12.0 (d, J 21.4, 1P), -14.4 (d, J 21.4, 1P); 

minor diastereomer: δ 8.6 (s). ratio major:minor diastereomer = 

5:2. 

Reaction of fac-Mo(CO)3(NCMe)3 with dppm and HS(CH2)3SH 

To a MeCN (15 ml) solution of Mo(CO)3(NCMe)3 (0.23 g, 0.74 mmol) 

was added dppm (0.29g, 0.76 mmol) and HS(CH2)3SH (0.32g, 3.03 

mmol). The mixture was stirred at 50-55 °C for 18 h, the color 

changing from yellow to dark brown. After cooling to room 

temperature, volatiles were removed under vacuum and the 
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residue separated by TLC on silica gel. Elution with 

cyclohexane/acetone (4:1, v/v) developed eight bands. The third 

band gave Mo(CO)4(κ2-dppm) (0.10g, 23%) as yellow crystals, while 

the sixth afforded Mo2(O)(CO)2(к2-dppm)(μ-к2-pdt)2 (2) (34 mg, 

11%) as red crystals after recrystallization from hexane/CH2Cl2 at 4 
oC. Data for 2: Anal. Calcd for C33H34Mo2O3P2S4 : C, 45.94; H, 3.97. 

Found: C, 46.35; H, 4.11%. IR (CH2Cl2): 1973s (CO), 1865s (CO) cm-1; 

(KBr): 1954s (CO), 1854s (CO), 949w (Mo=O) cm-1. UV-vis (CH2Cl2): 

372 nm. 1H NMR (CD2Cl2): for both diastereomers: δ 7.72-6.97 (m, 

20H), 4.75-3.74 (m, 12H), 2.37-2.15 (m, 2H). 31P{1H} NMR ( CD2Cl2): 

major isomer: δ12.4 (d, J 24.2, 1P), -15.2 (d, J 24.2, 1P); minor 

isomer: δ 7.9 (s), with a ratio of major:minor diastereomer = 4:1. 

UV-vis ( 

Reaction of fac-Mo(CO)3(NCMe)3 with dppe and HS(CH2)2SH 

MeCN (15 ml) was added to a misture of Mo(CO)3(NCMe)3 (0.23g, 

0.74 mmol) and dppe (0.30g, 0.76 mmol), and HS(CH2)2SH (0.28 g, 

3.04 mmol) was then added. The solution was stirred at 50-55 °C for 

18 h. Chromatographic separation and workup as described above 

gave eight bands. The third band gave Mo(CO)4(κ2-dppe) (51 mg, 

11%) as yellow crystals, the fourth band gave Mo(CO){к3-

S(CH2CH2S)2}(к2-dppe) (5) (14 mg, 3%) as green crystals, and the 

fifth band afforded Mo2(O)(CO)2(к2-dppe)(μ-к2-edt)2 (3) (38 mg, 

12%) as red crystals after recrystallization from hexane/CH2Cl2 at 4 

°C. Data for 3: Anal. Calcd for C32H32Mo2O3P2S4: C, 45.29; H, 3.80. 

Found: C, 46.45; H, 3.97%. IR (KBr): 1975w (CO), 1874s (CO), 955w 

(Mo=O) cm-1. UV-vis (CH2Cl2): 368 nm. 1H NMR (CD2Cl2): δ 7.81 (m, 

8H), 7.45 (m, 12H), 3.75 (d, J 4.0 Hz, 4H), 2.58-2.10 (m, 8H). 31P{1H} 

NMR (CD2Cl2): δ 44.3 (s).  Data for 5: Anal. Calcd for C31H32MoOP2S3: 

C, 55.19; H, 4.78. Found: C, 55.96; H, 4.85%. IR (υ(CO), CH2Cl2): 

1822s cm-1. 1H NMR (CD2Cl2): δ 8.06 (m, 4H), 7.47 (m, 6H), 7.32 (m, 

6H), 7.21 (m, 4H), 2.74 (m, 2H), 2.58 (m, 4H), 2.34 (m, 2H), 2.02 (m, 

2H) 1.71 (m, 2H). 31P{1H} NMR (CD2Cl2): δ 52.9 (s). 

Reaction of fac-Mo(CO)3(NCMe)3 with dppe and HS(CH2)3SH 

Following a similar procedure to that described above but with 

dppe (0.30g, 0.76 mmol) and HS(CH2)3SH (0.33 g, 3.03 mmol). Eight 

bands were developed on the TLC plate of which the fifth band gave 

Mo(CO)4(κ2-dppe) (45 mg, 10%) as yellow crystals, and the eighth 

band Mo2(O)(CO)2(к2-dppe)(μ-к2-pdt)2 (4) (42 mg, 13%) as red 

crystals after recrystallization from hexane/CH2Cl2 at 4 °C. Data for 

4: Anal. Calcd for C34H36Mo2O3P2S4: C, 46.58; H, 4.14. Found: C, 

47.96; H, 4.25%. IR (KBr): 1977w (CO), 1976vs (CO), 955w (Mo=O) 

cm-1. UV-vis (CH2Cl2): 360 nm. 1H NMR (CD2Cl2): δ 7.72 (m, 6H), 7.53 

(m, 4H), 7.47 (m, 10H), 4.10-3.60 (m, 12H), 2.68 (m, 2H), 2.33 

(m,2H).31P{1H} NMR ( CD2Cl2): δ32.6 (s). 

Electrochemical studies 

The cyclic voltammetric studies on 1 and 3 were carried out in 

deoxygenated acetonitrile (MeCN) solution with tetra-n-

butylammonium hexafluorophosphate (TBAPF6) as the supporting 

electrolyte. The working electrode was a 3 mm diameter glassy 

carbon electrode that was polished with a 0.3 μm alumina slurry 

before each scan. The counter electrode was a Pt wire, and the 

quasi-reference electrode was a silver wire. All CVs were referenced 

to the Fc/Fc+ redox couple. An Autolab potentiostat (EcoChemie, 

Netherlands) was used for all electrochemical measurements. 

X-ray crystallography 

Single crystals of cis-1, trans-2, and 5 suitable for X-ray structure 

analysis, were grown by slow diffusion of hexane into a 

dichloromethane solution containing each compound at 4o C. The 

selected crystals were attached to a MiTeGen loop by Apiezon H 

grease and mounted on a Rigaku Mercury375R/M CCD (XtaLAB 

mini) diffractometer using graphite monochromated Mo-Kα 

radiation at 293(2) K (for trans-2 and 5) and 296(2) K (for cis-1). 

Data collection and subsequent data processing of these 

compounds were performed using the available diffractometer 

software Crystal Clear (Rigaku). The data were corrected for Lorentz 

and polarization effects. All three structures were solved by direct 

methods, and all non-hydrogen atoms were refined anisotropically. 

The hydrogen atoms were refined using a riding model for all three 

compounds. Table S1 summarizes the X-ray processing and data 

collection parameters. 

Computational details and modeling 

The DFT calculations were carried out with the Gaussian 09 package 

of programs,37 using the B3LYP hybrid functional. This functional is 

comprised of Becke's three-parameter hybrid exchange functional 

(B3)38 and the correlation functional of Lee, Yang, and Parr (LYP).39 

The molybdenum atoms were described with the Stuttgart-Dresden 

effective core potential and SDD basis set,40 and the 6-31G(d’) basis 

set41 was employed for all remaining atoms. 

The reported geometries have been fully optimized and the 

analytical second derivatives were evaluated, confirming that the 

geometry was an energy minimum (no negative eigenvalues). 

Unscaled vibrational frequencies were used to make zero-point and 

thermal corrections to the electronic energies. The vibrational 

analysis of the ν(CO) band in C employed a scaling factor of 0.94. 

The natural charges and Wiberg indices were computed using 

Weinhold’s NaturalBond Orbital (NBO) program.42,43 The geometry-

optimized structures have been drawn with the JIMP2 molecular 

visualization and manipulation program.44  

Supplementary Information 

Additional computational, electrochemical and crystallographic 

information are given in Figs. S1-S6 and Table S1. CCDC 1400764 

(for cis-1), CCDC 1400765 (for trans-2) and CCDC 1400766 (for 4) 

contain supplementary crystallographic data. These data may be 

obtained free of charge from The Cambridge Crystallographic Data 

Center via www.ccdc.cam.ac.uk/data_request/cif. 
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