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ABSTRACT. The synthesis and characterization of the tetrathiomolybdatorhodium(I) 

monoanionic complexes [L2Rh(µ-S)2MoS2]
-  (L = CO 3, P(OPh)3 4, P(O-o-Tol)3 5, P(OMe)3 6, 

P(OEt)3 7,  P(O-i-Pr)3 8; L2 = COD 2, cis-dppen 9, dppe 10, dppb 11), is presented. The complex 

2 (NEt4
+ salt) was characterized by X-ray diffraction analysis. The detailed DFT study of the 

electronic structure of 2, 3, 4, 6, 7 and 8 has revealed the existence of extended electron 

delocalization over the four-membered Rh(µ-S)2Mo ring and hence the possibility of electronic 

communication between the metal centers. The electronic spectra were studied with TDDFT 

calculations and the main absorption band in the visible was assigned to ν(Rh→Mo) electron 

transfer transition, which is actually a HOMO-LUMO transition. The ν(Rh→Mo) transition was 

found to correlate linearly both with Tolman's electronic parameter of the phosphite ligands and 

the calculated HOMO-LUMO gap of the complexes, rendering it a well defined ligand electronic 

parameter, which describes the net donating ability of monodentate and bidentate ligands (CO, 

COD, phosphites, diphosphines). The study of the variation of ∆δ(31P) and 1J(Rh-P) of the 

phosphite complexes with respect to the QALE model electronic parameters χd, πp and Ear has 

succeeded in the assessment of the σ and π effects on these NMR spectral parameters. 
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INTRODUCTION 

The Group 6 tetrathiometallate dianions, MoS4
2- and WS4

2-, display unique ligand properties 

and have been widely used as ligands for transition metals for the synthesis of multimetallic 

complexes and organometallic compounds.1 Interest in these compounds has expanded rapidly 

mainly because of their structural relation to the active sites of the nitrogen fixing enzymes,2 for 

the synthesis of industrial hydrodesulfurization catalysts,3 their potential applications as non-

linear optical (NLO) materials4, as precursors for new inorganic solids with unusual 

stoichiometries,1h,5 their activity in homogeneous catalysis6 and their applications in anti-tumor 

(antiangiogenic) therapy.7 

Beginning in the early 1970s Müller and his co-workers pioneered the systematic study of 

transition metal complexes derived from tetrathiometallates.1b In 1986 Rauchfuss, Rheingold et

al. first reported that MoS4
2- and WS4

2- can also function as ligands for low-valent 

organometallic compounds, which in turn are reactive toward π-acid ligands.8 

In most cases the tetrathiometallates, MS4
2-, function as either terminal (I, III) or bridging (II) 

chelating ligands (Scheme 1). The dinuclear structure I can be considered as the parent structure 

of II and III. 

Scheme 1 Usual modes of coordination of tetrathiometallato (MS4
2-) ligands. 
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There are far more transition metal complexes with WS4
2- than with MoS4

2-. This is due to the 

fact that the salts of WS4
2- are more resistant to hydrolysis (conversion to oxo-species) than the 

corresponding MoS4
2- compounds.9  Structurally characterized dinuclear complexes LnM'(MoS4) 

have been reported for M'=Mo0, FeII, PdII, CuI and AgI.10 

Many tetrathiometallato complexes have been described as having unusual electronic 

properties on the ground of spectroscopic (UV-Vis, IR, Raman, NMR) and electrochemical (CV) 

measurements, chemical reactivity and X-ray solid state structures.1b,10a,10b,11 The origin of these 

properties has been attributed to the ability of the MS4
2- anions to facilitate the delocalization of 

electrons and to metal-metal bonding interactions,12 resulting among else in the long range 

electronic communication between the metal centers. The electronic structure of the free 

tetrathiometallates and their complexes has been the subject of several theoretical studies,13 but 

the unraveling of the origin of their peculiar properties is still an open issue. 

Both RhI(d8)5,8,11c,14 and RhIII(d6)5,15 tetrathiometallato complexes, mainly with WS4
2-, have 

been reported. This could be of interest from the point of view of homogeneous catalysis, since 

the interconversions RhI→RhIII and RhIII→RhI through oxidative addition and reductive 

elimination reactions, respectively, are crucial steps of the catalytic cycle in most rhodium 

catalyzed reactions.16 There is only one dinuclear RhI complex reported so far, 

(PPh4)[(COD)Rh(µ-S)2WS2],
8 while several trinuclear (RhIMoVIRhI, RhIWVIRhI and RhIWVIW0) 

complexes have been reported (SI.1 in Supporting Information). The stabilization of the low-

valent RhI complexes is accomplished mainly through the coordination of strong π-acceptor (also 

weak σ-donor) ligands (COD, NBD, CO, t-BuNC). In contrast, the stabilization of the RhIII 

tetrathiotungstato complexes is accomplished mainly through the coordination of σ-donor 

ligands (Cp, Cp*, PMe3, Cl(also a π-donor)). 

Page 5 of 41 Submitted to Inorganic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



6

There seems to be one more difference between the RhI and RhIII species, namely the geometry 

of the Rh(µ-S)2W four-membered ring. Although the number of the structurally characterized 

rhodium tetrathiometallato complexes is limited, the existing data show that the ring in RhI 

complexes is perfectly planar, while in RhIII complexes possesses a butterfly 

arrangement.8,11c,14,15a-d 

The present work concerns the synthesis, structure and spectroscopic properties of dinuclear 

tetrhathiomolybdatorhodium(I) (TTMR) complexes with strong π-acceptor ligands (COD, CO, 

commercially available phosphites) and σ-donor chelating diphosphines. The electronic structure 

and the electronic spectra of these complexes were studied with DFT calculations and the 

electronic communication between the metal atoms is described in detail. Finally, interesting 

correlations of the experimental UV-Vis and 31P NMR spectroscopic parameters with respect to 

widely used ligand electronic parameters are presented and discussed. 
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RESULTS AND DISCUSSION 

Syntheses. The relatively unstable trinuclear complex [{(η4-COD)Rh}2(µ-MoS4)] (1) 

(COD=1,5-Cyclooctadiene),8,11d which is formed by reacting [RhCl(COD)]2 with MoS4
2- (eq. I), 

was found to react further with MoS4
2- yielding the stable dinuclear monoanionic complex [(η4-

COD)Rh(µ-S)2MoS2]
- (2) (eq. II): 

[RhCl(COD)]2 + MoS4
2-  →  [{(COD)Rh}2(MoS4)] + 2Cl- (I) 

[{(COD)Rh}2(MoS4)] + MoS4
2- → 2[(COD)Rh(MoS4)]

- (II) 

The synthesis of 2 seems to be easily accomplished in acetone. Complex 1 (bright violet) is 

prepared, followed by the immediate addition of 1 eq of MoS4
2-, which results in the formation 

of an apparently clear pink solution (pathway A, Scheme 2). The measurement of the UV-Vis 

spectrum of the reaction mixture showed repeatedly an unexpected small drift of the baseline, 

which could be attributed to the presence of a finely divided solid. This was confirmed, by the 

deposition of a small quantity of a dark colored solid upon standing of the reaction mixture in the 

flask for ca. 1 hour. 

The synthesis of 2, in one step, by reacting [RhCl(COD)]2 and MoS4
2- in 1÷2 molar ratio in 

acetone, also gave the same result. It was our belief that the by-products formed should be a 

mixture of decomposition products of the complex 1. 

Since the tetrathiomolybdate starting materials used, (NEt4)2(MoS4) and (PPh4)2(MoS4), are 

only slightly soluble in acetone, we have tried to perform the synthesis differently. First, we 

dissolved the tetrathiomolybdate salt in acetonitrile and [RhCl(COD)]2 in acetone separately. 

Then, we added dropwise one solution to the other. The solution which is slowly added to the 

other is of the outmost importance as described hereunder. The synthesis of 2 is an important 
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example where the experimental procedure strictly dictates the product and byproducts of the 

reaction. In this case, the rate and sequence of mixing the reactants is of outmost importance.17 

Upon the slow addition of the solution of tetrathiomolybdate to the solution of rhodium the 

color of the reaction mixture first turned reddish-violet, indicative of the formation of 1 (violet) 

and the presence of free MoS4
2- (red), which gradually turned pink (pathway C, Scheme 2). The 

formation of a small quantity of the dark colored solid byproduct renders this procedure 

inadequate. 

Finally, the quantitative preparation of 2 was accomplished by the slow addition of the solution 

of rhodium to the solution of the tetrathiomolybdate which resulted in the direct change of the 

color of the solution to pink, without the formation of any by-products (pathway B, Scheme 2). It 

seems that following this pathway the intermediate unstable complex 1 once formed it reacts fast 

with the excess MoS4
2- present, so that the concentration of 1 in the reacting system is practically 

negligible. The quantitative output of the reaction was confirmed by UV-Vis (complete 

disappearance of the 472nm (εmax 14,600) band of MoS4
2- 18 and ESI-MS measurements of the 

reaction mixtures. Complex 2 is a versatile synthetic starting material for the preparation of 

many complexes (Scheme 3). 
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Scheme 2. Summary of synthetic pathways leading to the formation of complex 2. 
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Scheme 3. Some reactions of complex 2. 
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The complexes with trivalent phosphorus ligands (4-11) were formed quantitatively, as 

demonstrated by measuring the 31P NMR spectra of the reaction mixtures, in which only the 

signal of the coordinated phosphorus ligand was observed. The composition of complexes 4-11 

was proven by ESI-MS (SI.2 in Supporting Information). 

Complex 2 did not react with the σ-donor PPh3 (even at 20-fold excess), while the respective 

trinuclear complex [{(PPh3)2Rh}2(µ-MoS4)] can be readily prepared.11c The formation of the 

complexes with the σ-donor chelating diphosphines (9-11) should thus be attributed to the 

additional stabilization arising from the formation of the chelate ring. 
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The dicarbonyl species 3, was formed in situ by bubbling cautiously and at low rate CO 

through a solution of 2 until the red orange solution turned into yellow. Excess CO causes the 

change of the color of the solution into dark golden, which was found to be an indication of the 

collapse of the dicarbonyl cluster. The structure of 3 was assigned on the basis of UV-Vis and IR 

spectra. The UV-Vis spectrum is characteristic of TTMR species, vide infra, while the IR 

spectrum (CH2Cl2) showed in the ν(CO) region two strong bands at 2064 and 2012 cm-1, 

assigned to νsym(C-O) and νasym(C-O) respectively. The ν(C-O) bands are comparable to those 

observed for other cis-dicarbonyl rhodium(I) species e.g. cis-[RhX2(CO)2]
- (Nujol; NBu4

+ salts): 

X=Cl 2058, 1974 cm-1; X=Br 2062, 1985 cm-1; X=I 2052, 1985 cm-1 and  [Rh(acac)(CO)2] 

(CHCl3) 2085.0, 2014.5 cm-1.19  

X-ray Structure of 2 (NEt4
+
 salt). 

Single crystals of 2 (NEt4
+ salt) suitable for X-ray diffraction measurements, were obtained by 

slow diffusion of n-hexane into a solution of the complex in dichloromethane. The molecular 

structure of 2 and numbering scheme is shown in Figure 1. (Crystal data and X-ray data 

collection and refinement are given in SI.3 in Supporting Information). A listing of important 

bond distances and bond angles is given in Table 1. 

 The main characteristics of the molecular structure of 2 are (a) the planarity of the Rh(µ-

S)2Mo ring, and (b) the short Rh-Mo distance of 2.8787(12) Å, which is indicative of metal-

metal bonding interaction. The Rh-S distances and the Rh-S-Mo angles of 2 are comparable with 

the Rh-S distances and the Rh-S-W angles of [{(η4-COD)Rh}2(µ-WS4)].
8,11a  
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Figure 1. Molecular structure of 2. Thermal ellipsoids are at 50% probability. 

Table 1.  Selected Bond Lengths (Å) and Bond Angles (deg) of 2. 

Rh1-S1 2.3291(15) C1-Rh1-C2 37.60(18) 

Rh1-S2 2.3190(17) C5-Rh1-C6 37.32(16) 

Mo1-S1 2.2287(17) S1-Rh1-S2 98.70(4) 

Mo1-S2 2.2309(15) Rh1-S2-Mo1 78.47(4) 

Mo1-S3 2.1721(17) S1-Mo1-S2 104.52(4) 

Mo1-S4 2.1454(17) Mo1-S1-Rh1 78.30(3) 

Rh1-Mo1 2.8788(12) S3-Mo1-S4 110.12(5) 

DFT Calculations. In order to gain insight into the electronic structure of the TTMR 

complexes, the structures of 2, 3, 4, 6, 7 and 8 were fully optimized using the B3LYP functional 

with DFT and a large triple zeta plus two polarization functions basis set (def2-TZVPP). 
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Selected parameters of the calculated stable structures are presented in Table 2. In all cases the 

coordination of rhodium can be described as square planar and that of Mo as tetrahedral. The 

calculated Rh-Mo distances were in the range of 2.988±0.005 Å and the Rh(µ-S)2Mo rings were 

found to be perfectly planar, in close agreement with the respective features of the molecular 

structure of complex 2 and the aforementioned planarity of the ring for the Rh(I) 

tetrathiometallato complexes. (Optimized structures, bond lengths and bond angles are given in 

SI.4 in Supporting Information). The HOMO-LUMO energy gap was found to vary parallel to 

the π-acidity of the phosphites (as described by the Tolman's electronic parameter20), while the 

Rh-P bond lengths to vary antiparallel. The calculated ν(CO) vibrations of complex 3, νsym(C-O) 

2097.5 cm-1 and νasym(C-O) 2042.2 cm-1, are in acceptable agreement with the experimental 

values. 

Table 2.  Selected computed parameters of the stable structures of complexes 2, 3, 4, 6, 7 and 8 (def2-

TZVPP) 

a. ∆E(HOMO-LUMO); b. Mulliken electric charge.

Complex Rh-Mo 
(Å) 

Rh-P 
(Å) 

∆E
 a

(eV) 
Q(Rh)b

(a.u.) 
Q(Mo)b

(a.u.) 
[(CO)2Rh(µ-S)2MoS2]

- 2.994 - 3.536 +0.10 +0.87 

[(COD)Rh(µ-S)2MoS2]
- 2.990 - 3.524 +0.02 +0.86 

[((PhO)3P)2Rh(µ-S)2MoS2]
- 2.987 2.206 3.429 -0.08 +0.65 

[((MeO)3P)2Rh(µ-S)2MoS2]
- 2.983 2.207 3.368 -0.27 +0.76 

[((EtO))3P)2Rh(µ-S)2MoS2]
- 2.988 2.212 3.363 -0.27 +0.73 

[((Pr-i-O)3P)2Rh(µ-S)2MoS2]
- 2.986 2.225 3.321 -0.12 +0.62 
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The examination of the bonding MOs revealed the existence of extended electron 

delocalization over the four-membered Rh(µ-S)2Mo ring, and hence the possibility of electronic 

communication between the metal centers. The most relevant of these bonding MOs are shown 

in Figure 2. These bonding features suggest that the electronic effects induced by the variation of 

the π-acceptor ligands could affect the electronic density on both metal atoms, as demonstrated 

by the variation of the computed Mulliken electric charges on Rh and Mo listed in Table 2. 

The Rh-Mo bonding is depicted by the lowest energy MOs shown in Figure 2, which arise 

from the mixing of the S p orbitals with the dδ orbitals of Rh and Mo. Each one of these MOs 

represents a four-center two-electron bond, which includes Rh-Mo, Rh-Sbr, Mo-Sbr and Sbr-Sbr 

bonding interactions. This type of mixing of the S p orbitals with the dδ metal orbitals is not 

unprecedented and has been also suggested by Murillo et al. for the MoII(µ-SR)2MoII four-

membered ring in [Mo2(cis-DAniF)2]2[(µ−ο−S2C6H4)2],
21 although in this case there is no metal-

metal bonding interaction (Mo···Mo 3.724 Å). 

The HOMO and the LUMO of the complexes are non-bonding MOs and are remarkably 

identical (SI.5 in Supporting Information). The HOMO possesses electron density on the Rh and 

the four S atoms and the LUMO on the Mo and the four S atoms. 
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Figure 2. Bonding features of the Rh(µ-S)2Mo ring for complexes 2, 3, 4, 6, 7, 8, isovalue=0.04. (MOs of 

related shapes arranged in the same row). 

Electronic Spectroscopy. The electronic absorption spectra of all the TTMR complexes 

consist of a well resolved intense main band in the Vis region and two shoulders at lower 

wavelengths, Figure 3. This characteristic shape, exhibited by all complexes studied, implies that 

the electronic spectra can be used as a diagnostic criterion for the confirmation of the formation 

of the TTMR complexes. The predictability in the spectral patterns of the electronic spectra of 
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tetrathiometalato complexes has been also noted previously by Coucouvanis et al. for the 

dinuclear L2FeIIS2MoS2  complexes.10b  

As shown in Table 3, the experimental band maxima of the ν(Rh→Mo) transitions for the 

complexes with π-acid ligands (2-8) were observed at higher energies, as compared with the 

maxima of the complexes with σ-only electron donor ligands (9-11). 

350 400 450 500 550 600 650

A
B
S
O
R
B
A
N
C
E

λ / nm

Figure 3.  Electronic absorption spectra of complexes 2 (COD, red), 3 (CO, blue) and 4 (P(OPh)3, green). 

(Arbitary absorbance scale). 
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Table 3.  UV-Vis and 31P NMR spectroscopic data of tetrathiomolybdatorhodium complexes 

Complex 
UV-Visa 31P NMRb 

ν(Rh→Mo)/nm δ(P)/ppm ∆δ(P)/ppm 
1
J(Rh-P)/Hz 

2 508 

3 483 

4 524 127.67 -2.84 281.9 

5 527 126.23 -6.83 283.2 

6 542 150.46 8.65 258.0 

7 551 144.98 5.18 256.1 

8 557 142.47 2.04 256.6 

9 563 80.50 82.89 165.9 

10 576 70.48 102.85 163.0 

11 571 36.33 52.04 164.3 

a in dichloromethane (3 in acetone); b 4-8 in acetone-d6; 9-11 in dichloromethane/acetone-d6. 

The electronic spectra were studied by time-dependent DFT (TDDFT) calculations. Table 4 

gives the major predicted transitions with the excitation energy (E), oscillator strength (f), 

dominant configuration contribution, and assignment. According to the TDDFT predictions the 

main band in the Vis is assigned to the spin allowed (HOMO)2→(HOMO)1(LUMO)1 transition, 

which is actually a ν(Rh→Mo) electron transfer transition with minor Sbr→Mo (br: bridging) 

contribution. For complex 3 the ν(Rh→Mo) transition is assigned to the 

(HOMO)2→(HOMO)1(LUMO+1)1 transition. The lower energy shoulder in the experimental 

spectra could be assigned to Sterm→Mo (term: terminal) transition and the higher energy shoulder 

mainly to other Rh→Mo transition(s). The results of the calculations confirm the trend of the 

variation of the experimental ν(Rh→Mo) data. 
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 Furthermore, the regression analysis of the experimental ν(Rh→Mo) values to the computed 

ground state configuration HOMO-LUMO energy gap for complexes 2, 3, 4, 6, 7, and 8, shows a 

linear correlation, equation 1 (Figure 4 shows the resulting linear fit): 

νexp(Rh→Mo)/103·cm
-1 = -19.50293 + 1.39457·∆E(HOMO-LUMO)/103·cm

-1  (R2=0.901)   (1) 

It is thus obvious that by tuning the donor-acceptor properties of the auxiliary ligands of the 

rhodium atom, a predictable fine-tune of the electronic properties of the corresponding TTMR 

complexes seems to take place. 

27 28

18

19

20

CO

COD

P(OPh)
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P(OMe)
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ν
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R
h
  
  
 M
o
) 
/ 
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0
3
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m
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Figure 4. Correlation between experimental ν(Rh→Mo) and computed ground state ∆E(HOMO-LUMO). 

Page 18 of 41Submitted to Inorganic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



19

Table 4. Excitation Energy (E), Oscillator Strength (f), Dominant Contributing Transitions and 

Associated Percent Contribution, and Assignment of Complexes 3, 6, 7 and 8.a 

Sn E/eV E/nm f dominant transitions (contribution %)b assignmentc 

Complex 3 

3 2.65 469 0.0078 HOMO-1 → LUMO (88%) St → Mo 

4 2.86 434 0.0355 HOMO →→→→ LUMO+1 (92%) Rh, Sbr →→→→ Mo 

9 3.43 361 0.0237 HOMO-1 → LUMO+2 (98%) St → Mo, C(CO) 

12 3.60 344 0.0188 HOMO-2 → LUMO+2 (72%) Rh → C(CO) 

20 3.94 315 0.0125 HOMO → LUMO+6 (75%) Rh, Sbr → Mo 

Complex 6 

4 2.64 469 0.0398 HOMO →→→→ LUMO (84%) Rh, Sbr →→→→ Mo 

5 2.78 445 0.0118 HOMO-1 → LUMO+1 (76%) St → Mo 

7 3.21 386 0.0091 HOMO-3 → LUMO+2 (64%) Rh → Mo, P 

10 3.33 373 0.0053 HOMO-2 → LUMO (79%) Rh, P → Mo 

19 3.76 330 0.0039 HOMO-5 → LUMO+1 (65%) Rh, P → Mo 

Complex 7 

2 2.45 506 0.0536 HOMO →→→→ LUMO (85%) Rh, Sbr →→→→ Mo 

5 2.74 452 0.0142 HOMO-1 → LUMO+1 (74%) St → Mo 

7 2.95 420 0.0103 HOMO-2 → LUMO (79%) Rh → Mo, St 

9 3.08 403 0.0079 HOMO-2 → LUMO+2 (63%) Rh → Mo, P 

11 3.17 391 0.0076 HOMO-3 → LUMO (29%) 

HOMO-3 → LUMO+1 (47%) 

Rh → Mo, P 

Rh → Mo 

14 3.48 357 0.0076 HOMO → LUMO+3 (63%) Rh, Sbr, St → Mo, P 

18 3.61 343 0.0274 HOMO-4 → LUMO+1 (88%) St → Mo 

Complex 8 

2 2.37 523 0.0520 HOMO →→→→ LUMO (54%) 

HOMO →→→→ LUMO+1 26(%) 

Rh, Sbr →→→→ Mo 

Rh, Sbr →→→→ Mo 

3 2.42 512 0.0070 HOMO → LUMO+2 (83%) Rh, St → Mo, P 

5 2.71 458 0.0100 HOMO-1 → LUMO (76%) St → Mo 

9 3.05 406 0.0075 HOMO-2 → LUMO (65%) 

HOMO-2 → LUMO+1 (26%) 

Rh, P → Mo 

Rh, P → Mo 

10 3.10 400 0.0229 HOMO-3 → LUMO+1 (42%) 

HOMO-2 → LUMO+2 (30%) 

Rh → Mo, St 

Rh → Mo 

14 3.37 367 0.0119 HOMO-4 → LUMO (78%) Rh → Mo 

17 3.50 355 0.0342 HOMO-4 → LUMO+1 (70%) Rh → Mo 

a Computed at the TZVPP level of theory. b The actual percent contribution = (configuration coefficient)2× 
2×100%. c main band in bold characters. 
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31
P NMR Spectroscopy. The 31P NMR spectra of the complexes 4-11 consist of a doublet, 

indicative of the equivalence of the phosphorus nuclei in solution (Table 3). The coordination 

chemical shift, ∆δ(31P), equal to the difference of the chemical shift upon coordination, δ(31P)c, 

and the chemical shift of the free phosphorus ligand, δ(31P)f, of the phosphite-complexes in 

comparison with the diphosphine-complexes were found to depend on a distinct manner on the 

nature of the ligands, the former having small positive or negative values and the latter large 

positive values. This is in accordance with the well known tendency that the 31P chemical shift 

for σ-donor phosphines moves by a large amount toward high frequency upon coordination, 

while for π-acceptor (also weak σ-donors) phosphites the chemical shift moves by a small 

amount toward high or low frequency upon coordination.22 As far as the spin-spin coupling 

constants, 1
J(Rh-P), are concerned, they were found to be significantly larger for the phosphite-

complexes in comparison to those of the diphosphine complexes, in agreement with the 

experimental observation according which phosphite ligands cause in general 50–100% larger 

1
J(M-P) coupling constant compared to analogous phosphine ligands.

23

νννν(Rh→→→→Mo) as Ligand Electronic Parameter. Since the ν(Rh→Mo) transition of the TTMR 

complexes respond sensitively to phosphite alterations (Table 3), we proceeded to the study of 

this electronic transition as candidate parameter for the quantification of the electron donor-

acceptor properties of the ligands in question. It should be mentioned that the transition metal 

complexes and organometallic compounds of Rh(I) with phosphorus ligands only occasionally 

were of interest from the point of view of electronic spectroscopy, since they usually absorb in 

the UV and the spectral region available for the measurement of the spectra is limited by the cut-

off limit of the solvent used. 
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The best known spectroscopic description of the electronic effects of trivalent phosphorus 

ligands is Tolman’s electronic parameter (TEP).20,24 Tolman have shown that the band maximum 

of the A1 ν(CO) vibration of [Ni(CO)3L] (L=PR1R2R3) in the IR, can be expressed in terms of 

empirical parameters, which describe the effects of phosphorus substituents, according to 

equation 2: 

νCONi = 2056.1 + ∑χj          (2) 

where νCONi refers to the A1 ν(CO) band, 2056.1 cm-1 is the A1 band of [[Ni(CO)3(PBut
3)] and 

χj is a parameter which describes the contribution of the Rj substituent of the phosphorus ligand 

on the CO stretching frequency of [Ni(CO)3L].20a The term TEP is used to describe either ∑χj 

(symb. Χ) or νCONi. Bartik et al. re-evaluated and extended Tolman’s νCONi data bank by using 

FT-IR measurements and derived a new set of more accurate TEP values, FTΧ .25 Although the 

differences between the two sets of νCONi values for the phosphites studied in the present work 

are less than 1.4 cm-1, we have used Bartik's data for the sake of accuracy.  

It is generally accepted that the variation of the A1 νCONi can be attributed to the variation of 

the electron donor-acceptor properties of the phosphorus ligands; the stronger donor phosphorus 

ligands increase the electron density on Ni, which passes some of this increase along to the COs 

by back donation. This, in turn, lowers ν(CO)Ni. Thus, TEP describes the net donating ability of 

the phosphorus ligands satisfactorily.26 Since many important ligands do not give the required 

stable [Ni(CO)3L] complex, there have been efforts to overcome this obstacle by means of the 

"computational way".26a More detailed theoretical studies of the nature of the variation of 

ν(CO)Ni have been reported recently.26b The TEP concept has been also proposed as an 

alternative and effective way of determining the electronic communication between metals in 

bimetallic organometallic compounds.27 
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With the introduction of bidentate chelating phosphorus ligands the [Ni(CO)3L] based scale of 

Tolman was no longer applicable. In 1983 Crabtree et al. have shown that the highest ν(CO) 

band of the IR spectrum of the cis-[Mo(CO)4L2] (L: monodentate phosphorus ligand) complexes 

correlate linearly with the νCONi values, 

νCONi = νCOMo + 871 (3) 

Thus, a new scale was introduced, based on cis-[Mo(CO)4L-L] (L-L: bidentate ligand or two 

monodentate ligands) complexes, which could be used not only for monodentate and bidentate 

phosphorus ligands but also for olefinic and diolefinic ligands provided that the respective 

complexes could be prepared.28 

Apart from the IR methods based on the νCO stretching frequency,24b Cotton, Turner et al. 

have examined the predictive power of UV-Vis spectral data of [Cr(CO)5L] (L: phosphorus and 

nitrogen ligands) complexes for the direct evaluation of the π-bonding in metal carbonyls, for 

which they have concluded to have only qualitative ability.29 

The energies of the ν(Rh→Mo) transitions of complexes 4-8 were found to correlate linearly 

with Tolman's electronic parameter (Table 5) according to equation 4 (Figure 5 shows the 

resulting linear fit): 

ν(Rh→Mo)/cm
-1 = 15940.4 + 104.111·FTΧ  (R2=0.996) (4) 

(|λmax(exp)−λmax(calc)| ≤ 1 nm) 

This linear correlation shows that the two parameters, ν(Rh→Mo) and FTΧ, are in very close 

agreement, so that it can be argued that they describe the same property of the ligands, namely 

the net donating ability. The observed transferability between ν(Rh→Mo) and FTΧ, suggests that 

π effects are comparable in importance in the respective systems, [L2RhS2MoS2]
- and 

[Ni(CO)3L].

Page 22 of 41Submitted to Inorganic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



23

20 25 30

18000

18500

19000 P(O-o-Tol)
3

P(O-i-Pr)
3

P(OEt)
3

P(OMe)
3

P(OPh)
3

FT
X

ν
 (R
h
  
  
M
o
) 
/ 
c
m
-1

 Figure 5.  Correlation between ν(Rh→Mo) and FTΧ. 

As shown above, the variation of ν(Rh→Mo) is attributed to the tuning of the HOMO-LUMO 

gap, as a result of the variation of the donor-acceptor properties of the phosphorus ligands. It can 

thus be argued that ν(Rh→Mo) is a well defined electronic parameter for monodentate and 

bidentate ligands, provided that they give the required complexes. For the ligands studied in this 

work the variation of the net donating ability according to ν(Rh→Mo) has as follows: 

CO<COD<P(OPh)3<P(O-o-Tol)3<P(OMe)3<P(OEt)3<P(O-i-Pr)3<cis-dppen<dppb< dppe. 

Page 23 of 41 Submitted to Inorganic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



24

Quantitative Analysis of Ligand Effects of the 
31

P NMR Parameters. In addition to 

ν(Rh→Mo), the 31P NMR spectral parameters (δ(31P), ∆δ(31P) and 1
J(Rh-P)), of the complexes 

also respond sensitively to alterations of the phosphite ligands (Table 3). In particular, it appears 

that although 1
J(Rh-P) vary roughly parallel to the π-acidity of the phosphites, the variation of 

δ(31P) and ∆δ(31P) seems to be more complicated. 

The 31P NMR spectral parameters have been widely employed for the interpretation of metal-

phosphorus bonds of transition metal complexes and organometallic compounds in terms of σ- 

and π-bonding interactions.20b,22,23,24a,33

The 31P NMR chemical shifts of free and of coordinated phosphorus(III) ligands are thought to 

arise primarily from variations in the paramagnetic contribution from electrons in valence 

orbitals.30 This was supported by the elaborate theoretical study of ∆δ(31P) for the phosphine-

substituted metal carbonyl complexes of the type [M(CO)5PR3] (M=Cr, Mo; R=H, Me, Ph, F, Cl) 

by Morales and Ziegler.31 The interpretation of the results of these theoretical calculations has 

revealed that: (i) for complexes with σ donors  (alkyl or phenyl phosphine) ∆δ is positive (with 

the poorest donors affording the largest values for ∆δ), while the result of back-donation (as in 

PCl3) is negative contributions to ∆δ, and (ii) ∆δ should be to a first approximation inversely 

proportional to the HOMO-LUMO energy gap. 

The magnitude of the 1
J(M-P) has been attributed to the s character of the M-P bond.22,23,33 It 

has been reported that the complexes with isosteric phosphines [RhCl(η4-COD)(P(4-XC6H4)3)] 

(X = OCH3,CH3,H,F,Cl, and CF3), show a linear relation between 1
J(Rh-P) and the σ-electron 

donicity of the ligands, as described by the QALE parameter χd, vide infra.34 This is in 

accordance with the dominant role of the s character, since strong σ-donation is usually 

associated with high ratio of p/s character in the lone pair.22,35 
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According to the above discussion, the variation of the 31P NMR spectral parameters should be 

examined in light of suitable parameters related to the σ- and π-bonding capacity of the 

phosphite ligands. Such parameters are provided by the QALE model, which was invented and 

developed by Giering et al.36 The QALE model has succeeded in the resolution of the net 

donating ability of a ligand in terms of the stereoelectronic parameters χd , πp , Ear  and θ, which 

are defined as follows: 

χd - describes the σ electron donor capacity (a small χd value means a good σ electron 

donor);35d 

πp - describes the π electron acceptor capacity (a large value indicates a strong π acid);36k 

Ear  - secondary electronic effect (origin unknown);36e 

θ - Tolman's cone angle (a large value of θ  is associated with a large ligand).20b,37 

A fundamental tenet of QALE is that a physicochemical property of a complex can be 

expressed as a linear relationship in terms of the stereoelectronic parameters of the ligands 

according to an equation of the form: 

property = a·χd  + b·πp  + c·Ear + d·(θ-θst) + e (5) 

where θst is the steric threshold.

In the absence of a steric threshold equation 5 reduces to equation 6: 

property = a·χd + b·πp + c·Ear + d (6) 

The acceptability of a multiparametric regression equation of the above form relies on 

statistical criteria. 

Although it has been stressed for some time that "regarding the 31P chemical shifts it stands to 

reason that the QALE parameters exert a similar influence to the chemical shift in the NMR 

spectrum as they do to the ν(CO) vibrations in the IR spectrum",23 the successful 
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parameterization of the 31P NMR chemical shifts (or of the coordination chemical shifts) of 

coordinated phosphorus ligands in terms of the QALE parameters has never, to our knowledge, 

been reported to date. In our opinion, one of the reasons about this lies in the choice of the 

spectral parameter under examination. Thus, before proceeding to the study of the QALE 

correlation of the chemical shifts, we should question on the suitability of δ(P) and/or ∆δ(P) for 

such a task.23,31  

The chemical shift of a nucleus (δsample) is measured relative to an arbitrary (and convenient) 

reference and can be written with sufficient accuracy as 

δsample = σreference - σsample (7) 

where σ is the shielding constant. Thus, the measured value of δsample is an arbitrary number, 

since it depends on the reference used. 

The coordination of a ligand is accompanied by changes in the chemical shifts of the ligand 

nuclei and these effects can be analyzed in terms of the coordination chemical shift, ∆δ, which is 

independent of the reference used, since 

∆δ  = σfree ligand - σcoordinated ligand (8) 

According to the above, since a QALE correlation provides the quantification of the individual 

effects induced as a result of the coordination of the ligand under consideration, the suitable 

parameter should be ∆δ(P), because it describes the difference in the shielding of the free ligand 

and the ligand in the complex. 

Since the phosphites we are dealing with are sterically unhindered (107°<θ <141°) and given 

the electronic nature of the properties under consideration, the dependence of the 31P NMR 

parameters on steric effects could be precluded to a first approximation. 
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Table 5.  Stereoelectronic parameters of phosphite ligands 

Phosphite FTΧa χd
b Ear

b πp
b θ c

deg 
P(OPh)3 30.20 23.6 1.3 4.1 128 

P(O-o-Tol)3 29.05 23.2d 1.4d 4.3d 141e 

P(OMe)3 24.10 17.9 1.0 2.8 107 

P(OEt)3 21.60 15.8 1.1 2.9 109 

P(O-i-Pr)3 19.05 13.4 1.3 2.9 130 

a Ref. 25; b Ref. 36k; c Ref. 20b; d This work (SI.7 in Supporting Information); e Ref. 38 

The examination of the correlations of ∆δ(P) and 1
J(Rh-P) for complexes 4-8 with respect to 

the QALE model parameters (Table 5), resulted in the following statistically significant 

correlations, (Statistical Analysis of the QALE Multiple Regressions is given in SI.7 in 

Supporting Information): 

∆δ(P)/ppm = 28.1382 + 1.18668·χd − 14.4659·πp (R
2=0.998) (9) 

(|∆δ(P)(exp)−∆δ(P)(calc)| ≤ 0.32 ppm) 

∆δ(P)/ppm · ∆E/10-4·cm
-1= 52.2651 + 2.21402·χd − 26.9752·πp (R

2=0.998) (10) 

(∆E is the band maximum of ν(Rh→Mo)) 

1
J(Rh-P)/Hz = 183.05 + 2.44616·χd  + 31.288·Εar (R

2=1.000) (11) 

(|1J(Rh−P)(exp)−1
J(Rh-P)(calc)| ≤ 0.4 Hz) 
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Our analysis for ∆δ(P) would indicate that: 

1. Both the σ electron donor capacity (χd) and the π electron acceptor capacity (πp) of the

phosphites seem to be equally important in determining the sign and the magnitude of the 

coordination chemical shift, ∆δ(P), implying a dependence of the form: 

∆δ(P) = constant + ∆δσ(P) + ∆δπ(P) (12) 

since ∆E exhibit minor change. 

2. As shown in Table 6, the result of the σ bonding interaction (P→Rh) is the shift of δ(P)

towards higher frequencies (∆δσ(P)>0) while that of the π bonding interaction (P←Rh) is the 

shift of δ(P) towards lower frequencies (∆δπ(P)<0). 

3. Both ∆δσ(P) and  ∆δπ(P) vary antiparallel to the σ donicity and the π acidity of the

phosphite, respectively, i.e. the poorest donors afford the largest (positive) values of ∆δσ(P) 

while the strongest acceptors afford smallest (negative) values of  ∆δπ(P), as depicted in Scheme 

4. 

4. The coordination chemical shifts for the sterically unhindered phosphites under

consideration seem to be independent of the steric parameter θ. 

These results are in excellent agreement with the results of the theoretical calculations 

mentioned above.31
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Table 6. Calculated contributions to the ∆δ(P) and 1J(Rh-P) values according to the QALE correlations. 

Complex  ∆δσ(P)a ∆δπ(P)b 1
J

σ(Rh-P)c 1
J

ar(Rh-P)d 

4 28.01 -59.31 57.7 40.7 

5 27.53 -62.20 56.8 43.8 

6 21.24 -40.50 43.8 31.3 

7 18.75 -41.95 38.6 34.4 

8 15.90 -41.95 32.8 40.7 

a ∆δσ(P) = 1.18668·χd; 
b  ∆δπ(P) = −14.4659·πp; 

c 1Jσ(Rh-P) = 2.44616·χd; 
d 1Jar(Rh-P) = 31.288·Εar 

Scheme 4. Variation of ∆δ(P) with σ-donor and π-acceptor capacities of phosphite ligands. 

d p

δδδδ donicity δοδοδοδοacidity

0

δδδδ δδδδ δδδδ (31P) 3333 δδδδ δδδδ (31P)

3333 ΠΠΠΠ(31P)positive negative

Regarding the correlation described by Equation 11, it is shown that the electronic parameters 

χd and Ear, are equally important in determining the magnitude of 1
J(Rh-P), implying a 

dependence of the form (Equation 13 and Table 6): 

1
J(Rh-P) = constant + 1Jσ(Rh-P) + 1Jar(Rh-P)  (13) 

Page 29 of 41 Submitted to Inorganic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



30

It is worth noting that the π-bonding ability of the phosphite ligands (expressed by πp) seems 

not to contribute to the magnitude of 1
J(Rh-P), which depends only on the σ-bonding ability 

(expressed by χd) and the "aryl effect" parameter Ear. The magnitude of 1
J(Rh-P) parallels weak, 

rather than strong, σ-donation, in accordance with published experimental observations.34  

The aforementioned linear relation between 1
J(Rh-P) and χd,

34 is in agreement with equation 

11, since for all the phosphines studied the parameter Ear=2.7. 

CONCLUSION 

We have synthesized and studied new bimetallic TTMR complexes, in which the stabilization 

of Rh(I) is accomplished through the coordination of strong π-acceptors (2-8) and σ-donor 

diphosphines (9-11). The X-ray crystal structure of 2 has revealed that the Rh-Mo distance is 

indicative of bonding interactions and that the Rh(µ-S)2Mo ring is perfectly planar. The DFT 

study of complexes 2, 3, 4, 6, 7 and 8 has shown that there are five delocalized bonding MOs 

over the four-membered Rh(µ-S)2Mo ring. These MOs contribute to the electronic 

communication between the metal centers. The electronic absorption spectra consist of a well 

resolved intense main band in the Vis region and two shoulders at lower wavelengths, so that 

they can be used as a diagnostic criterion for the confirmation of the formation of TTMR 

complexes. The TDDFT study of the electronic spectra showed that the main band is assigned to 

the HOMO→LUMO transition, which is a ν(Rh→Mo) electron transfer transition. 

It was shown that, for the complexes with phosphite ligands, the ν(Rh→Mo) correlates linearly 

with Tolman's electronic parameter, rendering ν(Rh→Mo) a well defined electronic parameter 

for monodentate and bidentate ligands. 
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The examination of the correlations of ∆δ(P) and 1
J(Rh-P) for complexes 4-8 with respect to 

the QALE model electronic parameters χd , πp  and Ear  has shown: (i) that both the σ electron 

donor capacity and the π electron acceptor capacity of the phosphites seem to be equally 

important in determining the sign and the magnitude of ∆δ(P) and (ii) that 1J(Rh-P) depends only 

on the σ-bonding ability and the "aryl effect" parameter. 

EXPERIMENTAL SECTION 

General Procedures. All operations were performed under a pure nitrogen atmosphere, using 

Schlenk and syringe techniques. [RhCl(COD)]2,
39

 (NΗ4)2MoS4 and (NEt4)2MoS4
18 were prepared 

according to literature methods. (PPh4)2MoS4 was obtained by metathetical reaction of the 

ammonium salt with PPh4Br in water. The phosphorus ligands used are commercially available 

and were stored under Ar. The purity of each ligand was estimated by measuring the 31P NMR 

before the synthetic experiments. All solvents were dried by standard methods and were 

degassed by bubbling nitrogen for 30 min. ESI-MS measurements of acetonitrile solutions of the 

complexes were performed on a Thermo Scientific TSQ Quantum Access Triple Quadrupole 

Instrument. The measurements were performed in full scan mode and in negative ionization 

mode. The samples for the spectroscopic measurements were taken directly from the reaction 

mixtures and diluted with the appropriate solvent. The electronic absorption spectra were 

measured on a Varian Cary 3E UV/VIS Spectrophotometer. The 31P NMR spectra were 

measured on a Varian Unity Plus 300 spectrometer and were referenced with an external 

standard of H3PO4 85%. 
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Synthesis of 2(NEt4
+
 salt). [RhCl(COD)]2 (0.0099 g, 0.02 mmol) was introduced in a Schlenk 

flask with acetone (15 mL) and was stirred for dissolution. In another Schlenk flask 

(NEt4)2[MoS4] (0.0196 g, 0.04 mmol) was introduced with CH3CN (15 mL) and was also stirred 

for dissolution. The tetrathiomolybdate solution was transferred by syringe equipped with a long 

thin needle and added dropwise to the stirred rhodium solution (~15 min). The resulting solution 

was stirred for 20 min at room temperature and concentrated under vacuum ca. 2 mL. Addition 

of n-hexane (10 mL) precipitated a pink solid and the precipitation was completed by standing at 

-20°C. The pink solid was collected by filtration, washed with n-hexane and dried under vacuum. 

(Yield 0.22 mg, 96%). 

Anal. Calcd. for C16H32MoNRhS4: C, 33.87; H, 5.69; N, 2.47; S. 22.56. Found: C, 33.02; H, 

5.54; N, 2.62; S, 22.40. 

HRMS: Exact m/z calcd. for [(COD)Rh(MoS4)]
- 436.79309; found: 436.70. 

Syntheses of 4-11 (NEt4
+
 salts). In a typical reaction, [RhCl(COD)]2 (0.0099 g, 0.02 mmol) 

was introduced in a Schlenk tube with acetone (15 mL) and was stirred for dissolution. In 

another Schlenk tube (NEt4)2[MoS4] (0.0196 g, 0.04 mmol) was introduced with CH3CN 

(15 mL) and was also stirred for dissolution. The tetrathiomolybdate solution was transferred by 

syringe equipped with a long thin needle and added dropwise to the stirred rhodium solution 

(~15 min). The resulting solution was stirred for 20 min and the stoichiometric quantity of the 

P(III) ligand (0.08 mmol of phosphite or 0.04 mmol of diphosphine) was added. The color of the 

reaction mixture changed rapidly, indicative the formation of the product. The reaction mixture 

was stirred for 1 h. Addition of n-hexane (10 mL) precipitated the solid product and the 
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precipitation was completed by standing at -20°C. The product was collected by filtration, 

washed with n-hexane and dried under vacuum. 

HRMS for complexes 4-11 (NEt4
+ salts):

4 (red-orange): Exact m/z calcd. for [((P(OPh)3)2Rh(MoS4)]
-: 948.85095; found: 948.03.  

5 (red-orange): Exact m/z calcd. for [((P(O-o-Tol)3)2Rh(MoS4)]
-: 1032.94486; found: 1032.89. 

6 (dark-red): Exact m/z calcd. for [((P(OMe)3)2Rh(MoS4)]
-: 576.75705; found: 574.36.  

7 (violet-red): Exact m/z calcd. for [((P(OEt)3)2Rh(MoS4)]
-: 660.85095; found: 658.21.  

8 (red-violet): Exact m/z calcd. for [((P(O-i-Pr)3)2Rh(MoS4)]
-: 744.94485; found: 744.32.  

9 (dark-red): Exact m/z calcd. for [(cis-dppen)Rh(MoS4)]
-: 724.81886; found: 723.14.  

10 (light-violet): Exact m/z calcd. for [(dppe)Rh(MoS4)]
-: 726.8354; found: 726.86.  

11 (violet): Exact m/z calcd. for [(dppb)Rh(MoS4)]
-: 754.8658; found: 754.34.  

Reaction of 2 with CO. A freshly prepared solution of 2 in acetone was purged, cautiously and 

at very low rate, with CO (~10 s) until the red orange solution turned to yellow (Caution: fume 

hood). The carbonylation reaction can be also performed in acetonitrile or dichloromethane. The 

solution of the dicarbonyl derivative is fairly stable, at least enough for the measurement of the 

IR spectrum. 

Prolonged bubbling of CO results in the change of the color of the solution to dark golden. 

This indicates the collapse of the yellow dicarbonyl cluster, 3. 

X-ray Crystal Structure Determination. X-ray diffraction measurements were made using a 

Bruker SMART CCD area-detector diffractometer with Mo Ka radiation (k = 0.71073 Ε).40 

Single crystals of C16H32NS4MoRh were obtained by slow diffusion of n-hexane into a solution 
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of the complex in dichloromethane. A suitable crystal was selected and was mounted in glass 

fiber on the diffractometer. The crystal was kept at 301(2) K during data collection. Using 

Olex2,41 the structure was solved with the ShelXT42 structure solution program using Direct 

Methods and refined with the ShelXL42 refinement package using Least Squares minimisation. 

CCDC-660513 contains the supplementary crystallographic data for compound 

(NEt4)[(COD)Rh(MoS4)]. The data can be obtained free of charge from The Cambridge 

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

Computational Methods / Details. All calculations were done with the Gaussian 09 suite of 

programs.44 The SVP basis is a split-valence plus polarization45 and the TZVPP is a triple zeta 

valence plus double polarization including an effective core potential.46,47 In some cases 

geometry optimizations were first performed at the SVP level, followed by full optimization with 

the TZVPP basis. This reduces the computational costs significantly. The popular B3LYP 

functional is due to Becke48 and Lee, Yang and Parr49 and contains empirical data. The TZVPP 

computations were made faster using the Density Fitting approximation.50 The structures were 

fully optimized and stationary points characterized by second derivative calculations to confirm 

that they are true minima. 
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Table of Contents Graphic and Synopsis 

We report the synthesis, spectroscopy and DFT study of dinuclear tetrathiomolybdatorhodium(I) 

monoanionic complexes [L2Rh(µ-S)2MoS2]
-. The examination of the bonding MOs show that 

there exists an extended electron delocalization over the four-membered Rh(µ-S)2Mo ring, and 

hence the possibility of electronic communication between the metal centers. Finally it is shown 

that both the electronic and the 31P NMR spectra of the complexes with phosphite ligands are 

predictable in terms of widely used ligand electronic parameters, Tolman's and QALE electronic 

parameters, respectively. 
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We report the synthesis, spectroscopy and DFT study of dinuclear tetrathiomolybdatorhodium(I) 
monoanionic complexes [L2Rh(mu-S)2MoS2]-. The examination of the bonding MOs show that there exists 
an extended electron delocalization over the four-membered Rh(mu-S)2Mo ring, and hence the possibility of 

electronic communication between the metal centers. Finally it is shown that both the electronic and the 31P 
NMR spectra of the complexes with phosphite ligands are predictable in terms of widely used ligand 

electronic parameters, Tolman's and QALE electronic parameters, respectively.  
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