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Abstract

The two compounds, trans-CpsMo,0,( #-OX u-Te) and ¢is-Cp,Mo,0,( p-OX p-8), were isolated in 31% and 36% yields
respectively, when a benzene solution of CpaMosFea(CO)y( u3-SK uy-Te) was refluxed for 3h in the presence of air. Characterisation
was carried out by IR, 'H NMR and '**Te NMR spectroscopy. The structures, established by single crystal X-ray diffraction analysis,
consist of an oxo-bridged dimolyhdenum unit containing a u,-Te atom in one case and a w,-S atom in the other. Also attached to each
Mo atom are a Cp ligand and a terminatly bonded oxo group. © 1997 Elsevier Science S.A.
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1. Introduction

Transition metal clusters containing single atom lig-
ands derived from several main group elements of the
petiodic table have been the centre of considerable
attention in recent years [1). The use of Group 16
elements for the stabilization of transition metal cur-
bonyl complexes is now well established [2]. Recently,
we have prepared several types of mixed-metal, mixed-
chalcogenide cluster complexes under facile reaction
conditions, and have identified the class of compounds,
Cp, Mo, Fe,(CO),( u,-EX u4-E') (E. E' =S, Se. Te) as
a starting material for obtaining other chalcogen-bridged
cluster compounds [3]. Metal-oxo compounds are inter-
esting because of their potential to serve as structural
models for metalloproteins involved in oxygen transport
and oxygen metabolism in living systems [4]. Apart
from this, metal-oxo derivatives have long been used
successfully as oxidants in organic synthesis and also in
industrial processes involving homogeneous as well as
heterogeneous catalysts [5). Recently, we described the
synthesis and structure of a novel imido-bridged com-
plex, Cp,Mo,0,( u-Te) u-NC Hy). isolated from the

* Corresponding author.

0022-328X /97 /$17.00 © 1997 Elsevier Science S.A. All rights reserved.

PII S0022-328X(97)00152-6

thermolytic reaction between Cp, Mo, Fe,(CO),( -
Te), and PhN, [6}. In continuation of our interest in
metal-o0xo complexes, we report here on the thermoly-
sis of Cp.Mo,Fe,(CO),( uy-S)N py-Te) in the presence
of air 10 form two oxo-bridged dimolybdenum com-
plexes, containing a p,-Te atom in one case and a p,-S
atom in the other. and their complete spectroscopic and
structural characterisation.

2. Results and discussion

When a benzene solution of Cp,Mo,Fe,(CO),( pus-
SX u,-Te) was refluxed in the presence of air for 3h.
the following two compounds were isolated:
Cp,M0,0,( u-OX u-Te) (1) (31%) and Cp,Mo,0,( p-
O)( u-8) (2) (36%) (Scheme 1). Compound 2 has previ-
ously been prepared by the reaction of Cp,Mo,(CO),
and As,S, and characterised by IR and 'H NMR
spectroscopy [7). We have identified 1 and 2 on the
basis of comparison of their IR and 'H NMR spectro-
scopic features with that reported for 2 eurlier and with
that of the related compound Cp,Mo,0,( u-OX u-Se)
[7]. The infrared spectra for compounds 1 and 2 show
intense bands at 907cm ™' and 910cm ™' respectively
due to the presence of terminally bonded oxygen atoms
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{8.9). There is also the presence of medium intensity
bands in the range 810-845cm™' due to the C-H
groups [7,10]. The 'H NMR spectra for 1 and 2 show a
single sharp peak each at 6=6.09ppm and &=
6.21 ppm respectively, which can be attributed to the
two equivalent Cp ligands in each case [11]. These
chemical shifts are comparable to the chemical shift of
§=6.11 ppm observed for the Cp ligands in the com-
pound trans-Cp,Mo,0,( u-SeX u-0) [7] and the chem-
ical shift of 8 = 6,28 ppm observed for the CP ligand in
Cp,M0,0,( u-TeX u-NC H,) [6] The ""Te NMR
spectrum of compound 1 shows a single sharp signal at
8=804ppm, which is 105ppm upfield of the signal
observed for Cp,Mo,0,( u-TeX u-NC,H,) [6]
Orange crystals of rrans-Cp, Mo,0,( u-OX u-Te) (1)
and reddish-orange crystals of ¢is-Cp, Mo,0,( u-OX p-
S) (2) were grown from dichloromethane=hexane sol-
vent mixtures at 0°C and their structures were eluci-

dated by single crystal X-ray diffraction analysis. The
molecular structures of 1 and 2 are depicted in Figs. 1
and 2 respectively. The crystal data and details of
measurement are given in Table 1. Fractional atomic
coordinates of 1 and 2 are given in Tables 2 and 3
respectively. Selected bond distances and bond angles
for compounds 1 and 2 are given in Tables 4 and 5
respectively.

The structure of trans-Cp,Mo,O0,( u-OX u-Te) (1)
consists of a dimolybdenum unit bridged by a u,-Te
atom on one side and by a u,-O atom on the other. In
addition, each Mo atom has a Cp ligand and a termi-
nally bonded oxo group attached to it. The terminal oxo
groups exhibit a trans orientation along the Mo-Mo
bond. The structure of cis-Cp,Mo,0,( u-OX u-S) (2)
also consists of a dimolybdenum core which is bridged
by a u,-S atom on one side and by a u,-O atom on the
other. The terminal oxo groups, as well as the cyclopen-
tadienyl ligands, are in cis orientation along the Mo-Mo
axis.

The average Mo-Te bond distance in trans-
Cp, Mo,0,( u-OX u-Te) (1) is 2.574 A. This is compa-
rable to the average Mo-Te bond length (2.634 A) in
the related cluster Cp,Mo,0,( u-TeX u-NC.H,) re-
ported carlier by us [6]. The average Mo-S bond length
in cis-Cp;Mo,0,( u-OX p-S) (2) is 2.216 A. On com-
parison of these values with other average Mo-E bond
lengths in related clusters reported in literawre, trans-
Cp.Mo,0,( u-OX u-Se) (2.451 A) and rrans-
Cp; M0o,0,({ w-OX u-8) (2.319A) [7). it is observed
that there is a gradual increase in the Mo=E bond
lengths with replacement of the smaller chalcogen atoms
by the larger ones. The Mo=Mo bond length in rans-
CpyM0,0,( u-OX p-Te) (1) (2.964(1) A) is greater than

Fig. 1. Molecular structure of trans-Cp,Mo,0,( u-OX p-Te).
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Fig. 2. Molecular structure of c¢is-Cp,M0,0,( u-OX u-S).

the metal-metal bond distances in the u-Se-containing
cluster trans-Cp,Mo.O,( u-OX p-Se) (2.760(1) A) or
the u-S-containing clusters trans-Cpy Mo,0,( u-0O) p-
S) (2.732(1) A), trans-Cp,Mo,0,( u-S), (2.885 (1) A)
or [{(MoS( u-SXS,CNEL,)},] (2.801(2)A) [7,12]. The

Table 1
Crystal data and structure refinement details for 1 and 2

Mo-Te-Mo bond angle in 1 (70.32(4)°) is less than the
Mo-Se-Mo angle (75.2(1)°) or the Mo~-S-Mo angle
(72.2(1)°) in trans-Cp,Mo,0,( u-Se), and trans-
Cp,Mo,0,( u-S), respectively [7,12].

Compounds 1 and 2 are evidently products of cluster

Compound 1 Compound 2
Ewpirical formula C o H0M0o,0,Te CoH yM0.0,8
Formula weight 497.6 402.1
Crystal systen Monoclinie Orthorhembic
Space group P2, /¢ (No. 14) Prma (No, 62)
a(A) 6,740(8) 18.952(4)
b(A) 11.056(5) 9.344(2)
¢(A) 8.893(3) 6.688(4)
a (deg) 90 90
£ (deg) 100.16(4) 90
¥ (deg) 90 90
V(AY 652.9(6) 1184.4(8)
Z 2 4
Dlcale) (mgm ™) 2.53 2.26
Temperature (K) 293(2) 293(2)
Ikl ranges h=0109.k=01015[=~-1210 +12 h=01026k=0t10131=0w09
F000) 460 776
Crystal size (mm) 0.15 % 0.15 X 0.10 .25 x 0.25 X 0.08
Absorption coefficient (mm ") 4.10 2,28
6 range for data collection (deg) 21030 21030
No. of reflections collected 2038 1815
No. of independemt reflections 1898 (R(int) = 0.0602) 1815 (R(int) = 0.0000)
Reflections with 1> 2o (1) 1749 1628
Structure solution Direct methods Direct methods ,
Refinement methods Full-matrix least squares on all F* Full-matrix least squares on all F*
Data/restraints / purameters 1898/0/83 1815/0/106
Goodness-of-fit on F? 1.240 1,145

Final R indices [1> 20(1))
R indices (all data) R, =0.043, wR, = 0.098
Largest diff. peak and hole (eA ™) 0.88 and —0.64
Maximum shift/e.s.d. 0.001

R, = 0.039, wR, = 0.086

R, = 0.065, wR, = 0.156
R, = 0,069, wR; = 0.16]
2.06 and =331

0.001
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Table 2

Atomic coordinates (% 10%) and equivalent isotropic displacement
parameters (A* X 10*) for compound 1. where U, is defined as
one-third of the trace of the orthogonalised U,; tensor

Atom X ¥ z Uq

Mo 581.7(5) 86.2(3) 1683.1(4) 33
Te 1397(2) 167%(1) —204(1) 49(1)*
ol -~ 122X(5) 788(4) 2466(4) 53(1)
0o(2) ~ 1094(14) —1306(6) 217011 24(2) 2
(1) 3653(10) 512(7) 3250(9) 76(2)
C(2) 2550(10) = 102(10) 4116(7) 81(3)
c3) 2177(12) - 1186(11) 3613(11) 95(3)
c«4) 3209%(14) -~ 1396(9) 2432(13) 101(4)
(s 4171(9) - 352(13) 2168(8) 101(4)
* Occupancy 0.5.

Table 3

Atomic coordinates (X 10*) and equivalent isotropic displacement
parameters (A* X 10%) for compound 2, where U, is defined as
one-third of the trace of the onthogonalised Uj, tensor

Atom X ¥ 2 U‘.q

Mo(1) 2049.7(3) 2500 850.2(9) 34(1)
Mo(2) 687.9(3) 2500 =411.1(8) 38(1)

S 1394(1) 4360(3) = 103(4) 64(1)
0o3) 1394(1) 4360(3) = 103(4) 641)
o) 2021(14) 2500 33s82011) 84(3)
o) 187(4) 2500 1657010) 83(3)
() 2818(6) 2881(13) =1977011) 63(8)
€2 3048(7) 3813010 =432(14) 48(4)
C€(3) 329¥(7) 2960(14) 1182015) ol
(82)) 3215(6) 1500(12) 633(21) 94010)
C(3) 2922(9) 14352011) =13921) 10200
€(6) 638(5) J05416) = 3919(14) 85(4)
(8 V)] 118(3) 894(12) =2041(18) 58(4)
Ci8) =396(5)  2930(14) =213216) 87012)
Cc9) =19X7) 1528(12) =2610(26) BX7)
cuo 447(8) 1593(14) =3711402D) 92(9)
Table 4

Selected bond lengths (A) and bond angles (deg) for 1

Mo-O{1) 1.693(4) C(d)=C(3) 1.364(14)
Mo#1-002) 2.236(8) Mo=C{1) 2.332(6)
Mo=Ci2) 2.340(6) Mo=C(3) 2.330(7)
Mo=-Cl4) 241%7)  Mo=C(3) 2.432(6)
Mo=M(1) 2.068(7) Mo-Te 2.35%(1)
Mo#1-Te 2.588(2) Mo-Mo#1 2.964(1)
C)-02) L346(11) C(H=-C(5) L441(14)
(2)-003) 1.289(13) C(3)=-CW) 1.378(14)
O{1)-Mo=-042) 103.3(3)  O(D#1-Mo#1-0{2) 104.6(3)
Ol1)=Mo=Te 102.00)  O2)-Mo-Te 103.9(2)
O()#1-Mo#1-Te 102.22) O(2)-Mo#1-Te 101.9(2)
Mo=Te-Mo#1 03204 Mo-0(2)-Mo#1 83.9Q2)
M(D)=-Mo-0(1) 153 M(1)-Mo-0(2) 1135.6(3)
M(1)-Mo-Te HESD)  C(2)-C(1)-C5) 105.7(8)
C)-c)-c1) HLXB)  C(2)-C3)-C4) 109.1(8)
C(8)=-C3)=-C03) 107.99)  C)-C(5)-C(1) 105.5(7)

hﬁ(l) is the centroid of the ring C(1) to C(3). Symmetry transforma-
tions used to generate equivalent atoms (#1: = x, ~ v, - .

Table 5 .
Selected bond lengths (A) and bond angles (deg) for 2

Mo(1)-0(1) 1.694(8) Mo(1)-M(1) 2.08(1)
Mo(1)-S /0(3) 2.230(3) Mo(1)-C(1) 241(D)
Mo(1)-C(2) 241(1)  Mo(1)-C(3) 24K1)
Mol(1)-C(4) 240(1)  Mo(1)-C(5) 2412)
Mo(2)-0(2) 1.678(7) Mo(2)-M(2) 20701)
Mo(2)-S /0(3) 2.202(3) Mo(2)-Ci6) 2.40(1)
Mo(2)-C(7) 2.39%(1)  Mo(2)-C(8) 2.39(1)
Mo(2)-C(9) 240(1)  Mo(2)-c10) 24K
O(D-Mo(1)-M(1) 11522} O(1)-Mo(1)-S/0(3)  105.5(2)
M(1)-Mo(1)-S 113.12)  S,/0(3)-Mo(1)-S,/0(3Y 102.4(1)

0(2)-Mo(2)-M(2)  114.4(3) O(2)-Mo(2)-S/0(3)  105.5(2)
M(2)-Mo(2)-S /0(3) 110.8%(7) S /0(3)-Mo(2)-S /O(3) 104.2(1)

Symmetry transformations used to generate equivalent atoms (') x.
1
- .‘1 + -2-' 2.

fragmentation. In the presence of oxygen there occurs
extensive decarbonylation and degradatior: of the parent
mixed-metal dichalcogenide cluster with the retention of
the Cp, Mo, unit and the rupture of Mo-Te-Mo bonds
or Mo-S--Mo bonds in favour of a bridging oxo group
linking the two Mo atoms, together with the incorpora-
tion of terminal oxo groups. The fate of the Fe-contain-
ing fragments is not known at present. Since no other
products were observed in the reaction, it can be as-
sumed that the Fe fragments end up as decomposition
material which is observed on chromatographic work-up.

3. Experimental section
3.1, General procedures

The starting material Cp, Mo, Fe,(CO),( p1,-SX u,-
Te) was prepared as reported in the literature [3). All
solvents were dried and distilled immediately prior to
use. Infrared spectra were recorded on a Nicolet Impact
400 FTIR spectrophotometer as dichloromethane solu-
tion in 0.1 mm pathlength NaCl cells. Elemental analy-
ses were performed using a Carlo Erba automatic anal-
yser. 'H and "**Te NMR spectra were recorded on a
Varian VXR-300S spectrometer in CDCI,. Operating
frequency for '**Te NMR was 94.705MHz, with a
pulse width of 9.5 s and a delay of | 5. The spectrum is
referenced to Me,Te (6 = ().

3.2. Preparation of CpyMo,0,( u-ON p-E) (E = Te, I;

A benzene solution (20 ml) containing
Cp, Mo, Fe,(CO)»( ,-SX p;-Te) (0.012mmol, 10 mg)
was subjected to reflux with constant stirring in pres-
ence of air for 3h. After evaporation of the solvent in
vacuo, the residue was dissolved in dichloromethane
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and subjected to chromatographic work-up using silica-
gel TLC plates. Elution with 30/70 (v/v) hexane-di-
chloromethane mixture afforded the following two com-
pounds in order of elution: orange trans-Cp, Mo,O,( u-
OX pu-Te) (1) (yield, 1.85 mg (31%)) and reddish orange
cis-Cp, Mo, 0,( n-OX u-S) (2) (yield, 1.75 mg (36%)).
1: Anal. Found: C, 24.2; H, 2.21. C;H;Mo,0,Te calc.:
C, 24.1; H, 2.01%. 2: Anal. Found: C, 30.0; H, 2.70.
CsH;Mo0,0;S calc.: C, 29.9; H, 2.53%.

3.3. Crystallography

Crystals of compounds 1 and 2 suitable fer X-ray
diffraction analysis were grown from hexane and
dichloromethane solvent mixtures by slow evaporation
of the solvents at 0°C. Crystallographic data (sum-
marised in Table 1) were measured at 293(2)K on a
CADA4 automatic four circle uiffractometer, using En-
raf-Nonius CAD4 software [13]. All non-H atoms were
anisotropic. Hydrogen atoms were included in riding
mode with U,(H) equal to 1.2U, (C). Solutions of the
structures were performed using direct methods and the
refinement was carried out by Full-Matrix Least Squares
procedures. The computing systems used for this were
SHELXS-86 and SHELXL-93 respectively [14,15). The in-
teractive graphics and the final drawings were done by
CAMERON [16).

In the case of trans-Cp,Mo,0,( u-OX u-Te) (1), the
molecule lies on a crystallographic inversion centre with
consequent disorder of the bridging Te and O atoms.
The crystal system is monoclinic with P2, /¢ (No. 14)
as the space group. For ¢is-Cp, Mo,0,( u-OX u-S) (2),
the molecule lies with Mo(1), Mo(2), O(1) and O(2) on
the crystallographic mirror plane. The bridging S and
O(3) atoms were disordered ucross the mirror plane and
could not be resolved, so a single site of occupancy
0.5S /0.5C was refined. The Cp groups were both disor-
dered across the mirror plane and in each case a rigid
group of idealised geometry and half occupancy was
refined. The figure shows only one orientation of the Cp
rings. The crystal system is orthorhombic with a Pnma
(No. 62) space group.

Acknowledgements

Financial assistance by the Royal Society of Chem-
istry to P.M. is gratefully acknowledged.

References

(1] K.H. Whitmire, J. Coord. Chem. 17 (1988) 95. L.C. Roof, J.W.
Kolis, Chem. Rev. (1993) 1037. N.A. Compion, R.J. Errington,
N.C. Norman, Adv. Organomet. Chem. 31 (1990) 91. M.A.
Ansari, J.A. Ibers, Coord. Chem. Rev. 100 (1990) 223. TM.
Layer, J. Lewis, A. Martin, P.R. Raithby, W.T. Wong, J. Chem.
Soc. Dalton Trans. (1992) 3411. D.F. Shriver, H.D. Kaez, R.D.
Adams, The Chemistry of Metal Cluster Complexes, VCH, New
York, 1990. H. Vahrenkamp, Philos. Trans. R. Soc. London Ser.
A: 308 (1982) 17.

[2] P. Mathur, LJ. Mavunkal, V. Rugmini, M.F. Mahon, Inorg.
Chem. 29 (1990) 4838. L. Linford, H.G. Raubenheimer, Adv.
Organomet. Chem. 32 (1991) 1. P. Mathur, D. Chakrabarty,
M.M. Hossain, R.S. Rashid, V. Rugmini, A.L. Rheingold, In-
org. Chem. 31 (1992) 1106. P. Mathur, BH.S. Thimmappa,
AL. Rheingold, Inorg. Chem. 29 (1990) 4658. AJ. Arce, R.
Machado, C. Rivas, Y. de Sanctis, A.J. Deeming, J. Organomet.
Chem. 419 (1991) 63.

[3] P. Mathur, M.M. Hossain, A.L. Rheingold, Organometatlics 12
(1993) 5029. P. Mathur, M.M. Hossain, A.L. Rheingold.
Organometallics 13 (1994) 3909. P. Mathur, M.M. Hossain,
S.B. Umbarkar, C.V.V. Satyanarayana, A.L. Rheingold, L.M.
Liable-Sands, G.P.A. Yap, Organometallics 15 (1996) 1898.

[4] H. Toftland, S. Larsen, K.S. Murray, Inorg. Chem. 30 (1991)
3964. R.H. Holm, Chem. Rev. 87 (1987) 1401. B.O. West,
Polyhedron 8 (1989) 219.

{5] R.A. Sheldon, J.A. Kochi, Metal-Catalysed Oxidation of Or-
ganic Compounds, Academic Press, New York, 1965. C.J.
Machiels, A.W. Sleight, J. Catal. 76 (1982) 238,

(6] P. Mathur, S. Ghose, M.M. Hossain, H. Vahrenkamp. submitted
to J. Organomet. Chem.

(7] M. Gorzellik, H. Bock, L. Gang, B. Nuber, M.L. Ziegler, J.
Organomet. Chem. 412 (1991) 95.

(8] M. Gorzellik, B. Nuber, M.L. Ziegler. J. Organomet. Chem. 429
(1992) 153, H. Brunner, J. Wachter, H. Wintergerst, J.
Organomet. Chem. 235 (1982) 77,

(9] W.A. Nugent, J.M. Mayer, Metal=Ligand Multiple Bonds, Wi-
ley, New York, 1988,

[10] ).T. Huneke, J.H. Enemark, Inorg. Chem. 17 (1978) 3698. M,
Rukowski-Dubois, D.L. Dubeis, M.C. VanDervees, R.C. Halu-
wanger, Inorg. Chem. 20 (1981) 3064,

{11) MLLH. Green, G. Hogarth, P.C. Konidaris, P. Mountford, ).
Organomet. Chem. 394 (1990) C9.

{12] L.D. Tanner, R.C. Haitiwanger. M.Rakowski-Dubois. Inorg.
Chem. 27 (1988) 1741. T.A. Coffey, G.D. Forster, G. Hogarth,
J. Chem, Soc. Dalton Trans. 21 (2) (1996) 183, A. Miiller, R.G.
Bhattacharyya, N. Mohan, B. Pfefferkom, Z. Anorg. Allg.
Chem. 454 (1979) 118,

[13] Enraf-Nonius (1989) CAD4 Sofiware, Version 5.0, Enraf-Non-
ius, Netherlands.

[14] G.M. Sheldrick, sHELXS-86. Program for the Solution of Crystal
Structures, University of Gdttingen, Germany, 1985,

(15] G.M. Sheldrick, sHELXL-93. Program for Crystal Structure Re-
finement, University of Gottingen, Germany, 1993

[16) D.J. Watkin, L.J. Pearce, cAMERON. An Interactive Graphics
Editor, Universty of Oxford, UK, 1993.



