
59 

Journal of Organometallic Chemistry, 340 (1988) 59-69 
Elsetier Sequoia S.A., Lausanne - Printed in The Netherlands 

High oxidation state organometallics. 
Pentamethylcyclopentadienyloxo-molybdenum( VI) 
and -tungsten( VI) complexes 

J.W. Failer* and Yinong Ma 
Department of Chemistry, Yale Umversity, New Haven, Connecticut 06520 (U.S.A.) 

(Received May 29th. 1987) 

Abstract 

The preparation, isolation, and characterization of [( $-Cs Me,)MoO,] 2O (1) and 
(q5-C,Me,)MoO,Cl (2) and their tungsten analogues (1’ and 2’) are described. A 
substantial improvement in stability, ease of preparation, and ease of separation 
from other reaction products are observed for these Cp* complexes compared to 
their cyclopentadienyl counterparts. The binuclear pentaoxo compound, 1, crystal- 
lizes in the monoclinic space group P2,/c with one and a half molecules in the 
asymmetric unit, Z = 6, a 21.265(7), b 9.237(3), c 17.669(5) A, j3 101.78(3)“, and I/ 
3398(4) A3. Anisotropic refinement of the molybdenum and isotropic refinement of 
the non-metal atoms with no hydrogen atoms included converged to the residuals 
R, = 0.075, R, = 0.088. Two independent ~-0x0 complexes are represented in the 
cell: one is centrosymmetric having the bridging oxygen on a special position: and 
the other nearly centrosymmetric having a MO-O-MO angle of 177.9(5) O. Grignard 
addition to 2’ yields the air-stable alkyl, (q5-C,Me,)WO,CH,SiMe,. 

Early studies of the hydrolysis of (v5-C,H,)MoBr, provided a route to oxo-metal 
derivatives in which the cyclopentadienyl group was retained [l]. Variable quantities 
of different monomeric or dimeric complexes and/or mixtures were isolated de- 
pending upon the conditions. Evidently the anticipated problems with separation of 
mixtures and low solubility of some of the complexes discouraged other researchers 
from further investigation of the potentially fruitful area of cyclopentadienyloxo- 
metal complexes. However, recent developments in the preparation and characteri- 
zation of diverse organometallic 0x0 complexes, such as ($-C,R,)ReO, for (R = Me 
or H) [2,3], ($-C,H,)ReOMe, [2b], ReOI(MeCCMe), [4], (q5-C,H5)WO(C2H2)Me 
[51, ($-C,H5)W02(CH2SiMe3) [6], WO(C,R,)(S,CNR,), [7], R,(2,2’-bipyridyl)- 
MOO, 181, WOCl,(CH,=CH,)(PMePh,) [9], (q5-C,H,)VOCl, [lo], MeReO,, 
Me,ReO,, Re,0,(p-O)2(CHZCMePh,) [ll] are but the beginning stages in what 
promises to be the evolution of an extensive organometallic chemistry of higher 
oxidation state complexes. Owing to the high formal charge on the metal in 0x0 
complexes, one might have previously anticipated a lack of stability in these high 

0022-328X/88/%03.50 0 1988 Elsevier Sequoia S.A. 





61 

The unit cell contains six molecules: two of which are centrosymmetric with 
MO-O-MO angles of 180”; and four of which are approximately centrosymmetric 
with MO-O-MO angles of 177.9(5)“. The linearity of the MO-O-MO bond might at 
first appear surprising. Indeed, the brief communication describing the preparation 
of 1 by oxidation of (n5-C,Me,)Mo(CO),(NO) implied that the bond would be bent 
[12]. Anticipating whether the MO-O-MO bond should be straight or bent and 
rationalizing the factors controlling the angle are not straightforward. 

Colinear bonds at an oxygen atom are well-known, having been first observed in 
1935 for the pyrophosphate anion [14]. Colinear M-O-M bonds have been found in 
a number of [(C1,M),014- binuclear metal ions [15], as well as in [(neopentyl)],- 
WO],O [16]. Recently, the crystal structure of the trispyrazolylborate complex, 
[(HBpz,)Mo(O)Cl],O, firmly established precedent for the colinear M-O-M bond 
in a MO” analogue of 1 [13]. Force constant, “0 NMR shift, and bond shortening 
correlations have been used to indicate the high r-bond character in MO-O bonds 
[17,18]. In [CpTiCl,],O [19], for example, the effect of a-bonding0 has also been 
used to account for the linearity of the Ti-0-Ti bonds and the 0.14 A shortening of 
the Ti-0 bond relative io the sum of covalent radii. The relatively short bridging 
MO-O bonds (< 1.90 A) observed in 1 would also suggest that n-effects are 
dominant. 

There are, however, times when steric arguments are of considerable merit 
[20,21]. For example, comparison of [Ph,Si],O and [H,Si],O, which have bond 
angles at oxygen of 180 and 144 o respectively [22], leads to the conclusion that 
steric repulsion accounts for the linearity. Thus, one might argue that non-bonded 
interactions might significantly influence the angle between the octahedral frag- 
ments in the [(Cl,M),014- ions. In [$-C,R,MX,],O systems, for which the 
/.L-O-M-X angles are substantially greater than 90 o (i.e. averaging 106.7 o ), signifi- 
cantly less steric constraint should be involved. In [CpTiCl,],O with a 0-Ti-Cl 
angle of 104 + 2” the linear Ti-0-Ti bridge bond was attributed to m-bonding 
after the possible consequences of steric interactions were considered [19]. 

A linear, centrosymmetric arrangement in a {(M00,),0}~~ unit similar to that in 
1 has been previously observed in the {[MoO,(C,O~)(H,O)],O}~~ ion [23]. In this 
pseudooctahedral MO system the p-O-M-0 angles involving the water and one of 
the oxalate oxygen atoms are less than 90”, suggesting the possibility of increased 
steric interactions between dimer halves relative to 1. Nevertheless, the P-O-MO 
bond distance is 1.876(2) A compared to 1.864(l) A for the most accurately 
determined bond distance in 1. This P-O-MO bond length is also comparable to the 
1.861(l) A distance found in the diamagnetic MO” complex, meso-[(HBpz,)Mo(O)- 
Cl],0 [13]. For 1 the closest intramolecular contact between a methyl carbon and a 
terminal oxygen in one-half of a dimer is 2.96 A (see Fig. l), whereas the closest 
contact between the halves is 3.36 A. This suggests further that steric effects are 
minimal and that the a-effects are largely determining the straightening of the 
MO-O-MO bridge bond angle in 1. 

The IR spectrum of 1 in CS, shows three characteristic bands at 912, 882, and 
771 cm-’ corresponding to the two Mo=O stretching modes and the antisymmetric 
MO-O-MO stretching mode. This contrasts with the bands at 960, 920, and 860 
cm-’ for the oxalate complex anion [23] and the 930, 898, and 850 cm-’ bands for 
the n5-C,H, analogue of 1 [l]. The substantially lower MO-O stretching frequencies 
in 1, however, would not be reflected in crystallographically significant lengthening 
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Treatment of (n5-C,Me,)MoO,Cl (2) with Me,SiCH,MgCl did not yield a stable 
product; however, ($-C,Me,)WO,CH,SiMe, (3’) can be prepared by this route 
from the tungsten analogue 2’. The relatively low yields in the preparation of 
($-C,Me,)WO,Cl starting material do not presently make this procedure a more 
attractive route compared to that of Legzdins [6], but the high yield conversions of 2 
may prove useful for other alkyloxo complexes [24]. For the moment, oxidation of 
complexes with the preformed metal alkyl bond appears to be a superior method [6]. 
The two terminal W=O stretching bands and the relatively large coupling (10.3 Hz 
in 3’) of the a-protons to is3W are characteristic of this (n5-C,Me,)WO,(alkyl)sys- 
tern. This J(W-H) is substantially larger than that observed in hexamethyltungsten 
(3.0 Hz) [25] or (q5-C,Me,)WMe,O (6.0 Hz) [24]. 

The coupling of 29Si to the cr-protons is not significantly different from that to 
the methyl groups and furthermore the couplings to ls3W and 29Si are not tempera- 
ture dependent. Consequently, a major bonding interaction of an a-hydrogen with 
the tungsten, as in a methylene-hydride or a strongly agostic system, is not 
indicated. The W-C-Si bond angle is opened to 115.8” [6], however, which suggests 
a smaller W-C-H angle and a different hybridization at carbon. Comparisons with 
other alkyls will be necessary to rationalize the coupling constants and correlate 
them with bonding and structural considerations. 

In contrast to the cyclopentadienyl complexes, which require meticulous care in 
the hydrolysis of halides to yield the pure analogues of 1 and 2 [l], the n5-C5Me5 
complexes are simply prepared and a single isomer is readily obtained. Several 
isomers with varying numbers of 0x0 groups were the typical products of the 
unsubstituted cyclopentadienyl preparations. Furthermore, the $-C,Me, products 
are quite soluble in organic solvents and easily handled. The use of [($- 
C,Me,)Mo(CO),], as a starting material provides a convenient entryway into 
(n5-C5Me5)MoV1 chemistry, and further investigations of the reactivity and stability 
of this kind of complex are in progress. 

Experimental 

Reagent grade solvents were used as supplied by the manufacturers. Pentameth- 
ylcyclopentadiene was purchased from Aldrich. The dimers, [( $-Cs Me,)Mo(CO) 2] 2 

and K~5-Wfe5W’W)212~ were prepared according to the method of Ring et al. 
[26], with the exception that an increased yield was obtained when ethylcyclohexane 
was used as solvent for the molybdenum complex. 

Proton NMR spectra were recorded at 250 MHz with a Bruker spectrometer and 
are reported as ppm downfield from tetramethylsilane using the solvent resonance 
for calibration. Infrared spectra were obtained with a Nicolet 5SX FTIR spectrome- 
ter. Mass spectra were obtained with a Kratos MS-80 RFA mass spectrometer. 

Syntheses 

The [(n5-C,Me,)Mo(CO),], dimer (150 mg, 0.261 mmol) was dissolved in 50 ml 
chloroform and stirred for 2 d while exposed to air. The solvent was removed from 
the resulting yellow solution, and the residue was taken up in 50 ml of wet acetone. 
This solution was allowed to stir in air for 1 h in order to allow conversion of the 
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was prevented by disorder. X-Ray: space group Pi, a 6.166(l), h 8.577(2), c 
11.296(2) A, ar 85.65(l), ,f3 87.55(2), y 88.40(2)“, V 595.0(3) A3, pobs 1.66, pcalc 1.667 
g/cm3 (Z = 2) R, = 0.077. Analysis. Found: C, 40.14; H, 5.07. MoClO,C,,H,, 
talc: C, 40.22; H, 5.06%. 

The attempted preparation and isolation of ($-Cs Me,)MoOz Br 
A solution of 1 in CS, was treated with equimolar Br, in CS, (1 M). The reaction 
mixture was stirred for 1.5 h under dry nitrogen to yield a reddish-brown precipitate 
and a yellow-orange solution. The air-sensitive precipitate was not identified. The 
IR of the solution showed two strong M=O stretching bands at 918 and 887 cm-‘. 
A ‘H resonance was observed at 6 2.12 in CDCI,. Although this complex can be 
obtained as red-orange crystals upon evaporation of the solvent, the complex is 
extremely air-sensitive and thermally unstable. We presume it was (q5- 
C,Me,)MoO,Br, but were unable to obtain elemental analyses. 

Treatment of 1 with PBr, also yielded a yellow-orange solution showing the same 
spectral features, but this route did not give a more stable product. 

(q’-C, Me5) WO,Ci (2’) 
Method I. A solution of 30 mg (0.042 mmol) of 1’ in 50 ml CS, was treated with 

PCl, (9 mg, 0.043 mmol) under an atmosphere of dry nitrogen for 2 h. The pale 
yellow solution was evaporated to yield a residue which was extracted with 50 ml 
Et *O in three portions. Evaporation and recrystallization from Et 2O yielded 32 mg 
(99%) of air-stable pale yellow crystals of 2’ melting at 172°C. ‘H NMR (CDCl,, 
25°C) 6 2.23 (C,Me,); IR (CS,, 2 W=O) 905s 945s cm-‘. Analysis. Found: C, 
31.16; H, 3.96. WClO,C,,H,, talc: C, 31.07; H, 3.91%. 

Method 2. A solution of 1.54 g (0.21 mmol) of [(q’-CSMeS)W(C0)2], in 120 ml 
chloroform was heated under reflux under an atmosphere of oxygen for 24 h. The 
brown solution was evaporated to yield a brown oily residue which was extracted 
with 250 ml Et *O in five portions. Evaporation of the combined extracts and 
recrystallization of the residue gave 432 mg (27%) of 2’. 

Attempted preparation and isolation of ($X5 Me,) WO?Br 
A solution of 19 mg (0.026 mmol) of 3 in 50 ml CS, was treated with PBr, (11 mg, 
0.026 mmol) under an atmosphere of dry nitrogen for 2 h. The yellow solution was 
evaporated to yield a residue which gave an unstable yellow-orange crystalline 
compound presumed to be the bromo analogue of 2’. ‘H NMR (CDCl,, 25°C) S 
2.26 (CsMe5); IR (CS,, 2 W=O) 944s 904s cm-‘. 

(q’-C,Me,) WO,CH,SiMe, (3’) 
A solution of 16 mg of 2’ in 10 ml Et,0 was treated with 0.1 ml of 1 M 
Me,SiCH,MgCl in Et,0 at 0°C. The reaction mixture was stirred and allowed to 
warm to room temperature over a period of 1.5 h. The reaction mixture was filtered 
and the solvent removed from the filtrate. Extraction of the residue with 25 ml of 
Et,0 in three portions, evaporation, and recrystallization from Et 2O produced 14.7 
mg (80%) of an air stable white compound. ‘H NMR (CDCl,, 25 o C, 90 MHz) 6 
2.07 (s, C,Me,, 15H), 6 0.48 (s, CH,, 2H, J(lx3W-H) 10.3 Hz, J(29Si-H) 6.4 Hz), 6 
0.09 (s, SiMe,, 9H, J(29Si-H) 6.4 Hz); IR (CS,, W=O, W=O) 903s 943s cm-‘; 
MS-E1 (20 ev), m/z for C,(CH,), ‘s4W02CH2Si(CH3)3 = 438. Analysis. Found: C, 
38.44; H, 6.02. WSi02C1,H,, talc: C, 38.37; H, 5.98%. 



C’rr,.vtullogruphic, mdyses 
Crystals suitable for diffraction analysis were obtained from xctone,, ether 

solutions by slow evaporation of solvent. A crystal was mounted in ;I thin-w.alled 
glass capillary. Diffraction measurements were carried out on an Enraf -Noniu> 
CAD-4 fully automated four circle diffractometer. Unit cells were dleta-mined and 
refined from 25 randomlv selected reflections obtained by uhg the ~.‘.4D-4 ;wto- 
matic search. center, index and Ieat-byusres routines. Data prc)<esGng was per- 
formed on a Digital PDP 11 /‘L. 3 computer using the Enraf- N~~niu> SDP pr-ogram 
library (Version IX). Absorption corrections wcrc not ptxformed ou ing to the IOU 
absorption coefficients. Seutrai atom scattering factors wt’rc calculated hy \tandard 
procedures [27a]. Anomaiou~ dispersion corrections were applied to ali atom\ [Zb]. 
Full-matrix least-squares r&nernents minimized the function !I,:,, w ! I : I 1‘ 1)‘. 

10.0 
1.2 
43X2 including abnrnwr 
1761 

not applied 

11.1 
0.02 

0.075. 0.0X8 
3.45 

0.X 

difference Fourier (e/A’) 
----~ -_-.._ 

0.83 
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where w = ~/u(F)~, a(F) = a(F,*)/2F,, and a(F,‘) = [a(I,,,)* + (PF,2)2]1’2/Lp. 
For 1, the space group P2,/c was established by the systematic absences. The 

structure was solved by a combination of Patterson and difference Fourier tech- 
niques. One and one-half molecules were found in the asymmetric unit, Z = 6, a 
21.275(5), b 9.240(2), c 17.658(4) A, /3 101.83(2)“, and V 3398(3) A3. Anisotropic 
refinement of the molybdenum and isotropic refinement of the non-metal atoms 
with no hydrogen atoms included in the structure factor calculation converged to 

Table 2 

Positional and thermal parameters for [Cp* MOO,] 2O 

Atom x/a Y/b z/c B 

MO(~) 
MO(~) 
W1) 
O(W 
Wl) 
W2) 
O(lB) 
CP(l0) 
CP(ll) 
CP(12) 
CP(13) 
CP(14) 
CP(15) 
Cp(l6) 
CP(17) 
Cp(l8) 
CP(19) 
CP(20) 
CP(21) 
CP(22) 
~~(23) 
C~(24) 
C~(25) 
Cp(26) 
C~(27) 
Cp(28) 
~~(29) 

Mo(3) 

O(3B) 
O(31) 
o(32) 
CP(30) 
CP(31) 
C~(32) 
CP(33) 
CP(34) 
CP(35) 
Cp(36) 
CP(37) 
Cp(38) 
CP(39) 

0.3377(l) 
0.3300(l) 
0.2800(9) 
0.4025(9) 
0.3937(9) 
0.2668(g) 
0.3322(7) 
0.278(l) 
0.299(l) 
0.368(l) 
0.389(l) 
0.335(l) 
0.211(l) 
0.254(l) 
0.407(l) 
0.459(l) 
0.339(l) 
0.276(l) 
0.307(l) 
0.373(l) 
0.379(l) 
0.312(l) 
0.205(2) 
0.284(2) 
0.434(2) 
0.436(2) 
0.287(2) 

-0.0160(l) 

0.0000 
0.0276(10) 

-0.0886(11) 
0.038(l) 
0.046(l) 

-0.028(l) 
-0.064(l) 
-0.026(l) 

0.099(2) 
0.095(l) 

-0.051(l) 
-0.138(l) 
-0.052(l) 

- 0.0123(2) 
0.0258(2) 

-0.127(2) 
-0.111(2) 

0.137(2) 
0.128(2) 
0.008(2) 
0.169(2) 
0.237(2) 
0.241(2) 
0.176(3) 
0.122(3) 
0.134(3) 
0.300(3) 
0.314(3) 
0.158(3) 
0.044(4) 

-0.186(3) 
-0.119(3) 
- 0.137(3) 
- 0.211(3) 
- 0.240(3) 
- 0.176(6) 
- 0.049(5) 
- 0.090(5) 
- 0.252(4) 
- 0.322(4) 

0.5201(3) 

0.500 
0.652(2) 
0.599(3) 
0.366(3) 
0.296(3) 
0.260(2) 
0.317(3) 
0.388(3) 
0.426(4) 
0.247(3) 
0.175(4) 
0.301(4) 
0.465(4) 

0.7407(l) 
0.9491(l) 
0.7026(11) 
0.7367(11) 
0.9918(11) 
0.9505(10) 
0.8460(g) 
0.655(l) 
0.726(l) 
0.741(l) 
0.681(l) 
0.631(l) 
0.611(2) 
0.771(2) 
0.815(l) 
0.676(2) 
0.553(2) 
0.987(l) 
1.049(l) 
1.051(l) 
0.981(l) 
0.942(l) 
0.982(2) 
1.117(2) 
1.110(2) 
0.945(2) 
0.865(2) 

0.3928(l) 

0.5000 
0.3741(12) 
0.3683(13) 
0.316(l) 
0.385(l) 
0.387(l) 
0.324(l) 
0.280(l) 
0.294(2) 
0.448(2) 
0.450(2) 
0.298(2) 
0.203(2) 

4.47(5) y 
4.33(5) u 
8.5(6) 
8.6(6) 
7.9(5) 
7.7(5) 
6.1(4) 
3.7(5) 

4+X6) 
3.3(5) 
4.0(6) 
4.3(6) 
8.1(9) 
6.5(7) 
6.1(7) 
7.1(8) 
9.4(9) 
4.9(6) 
4.9(6) 
5.2(6) 
5.8(7) 
6.0(7) 

15.7(16) 
13.0(13) 
13.5(13) 
10.8(11) 

9.4(10) 

5.52(6) I1 

5.3(5) 
9.6(6) 

11.1(7) 
6.0(7) 
5.4(6) 
2.9(5) 
3.8(5) 
4.7(6) 

lO.l(lO) 
7.9(9) 
8.1(9) 
8.8(9) 
8.6(9) 

’ Refinied anisotropically, Beq IS gwen. 



MO(l)~MO(?) 
Mo( I)-()(I I) 
.%40(l)--(X12) 
MO( I)&<)( 113) 
Mo(l)~Cp(lo) 
MO( 1 I-(‘p 1 I ) 
Mo( I )-C‘p( 12 I 
MN 1) -C‘p( 1 .i, 
Mo( 1 )-~Cp( 14) 
MO(~)-O(21 j 
MO(?.)-CI(22) 
Moi’r--O(l B) 
Mo(?.)~(‘p(X) 

the residuals Ri = 0.075, K, _ 0.088. It was difficuit to locate a crystal of accepta- 
ble. but not high quality. The presence of more than one molcculc 11) the asvmmetric 
unit exacerbated the problem with the limited quantit> of data and an .tnisotr~yic 
refinement of all atoms did not appear to be justified. .“\h it \\ax difficult to locate 
any hydrogen atoms on SOIJIC of the methyl grolups and since the l:ol’lforlnatiolr of 
the methyl groups cannot bc idealized without one reference- I-1 ;iton~ hvdrogcn 
atoms were not included ln the structure factor calculations. lui> independent 
p-0x0 complexes are represented in the cell: one is ccntro\r,mmctrl; h;lvlng the 
bridging oxygen on a special position; and the other is nearI\- crntrcl\\ mmetrlc 
having a Mo -O- Mo angle ,>i’ 177.9(S)“. The data collecticx~ pararnet~~rc coc>rdi- 
nates, interatomic distances and angles are given in Table, \I i rhr~@ -b. ~I-~bIex t>f 
anisotropic thermal parameters. htructure factor ampiitudec. ; ind non-c’zacn tial bond 
distance and angle parameters are available from tht: author\ (.I .\V. F. ). 

The chloride, 2. crystallizes in the triclinic apace group Pi ~3rh / -~ I”. ,i 6.16h( 1 ). 
h X.577(2), c 11.296(2) A. cx 85.6S(l). 12 X7.55(2). y X8.402)“. I’ iW.ii(l) ;i’. 
Anisotropic refinement of rho molybdenum and isotropic refinement cif the 1101-l- 
metal atoms with no hvdrogen atoms included cclnverged to the re,idua1 R, 0.077. 

- K, = 0.090. A - 3/2 population of two conformations of the Illoifi_,CY differing h\ 
- 21” was required to account for the electron denaitv clistrihutic~n. .4~ t!lr dihordrr 
would have prevented 3 reliahic determination of bond icngth~ anti ori! ‘I yualita- 
tive verification of the structure U;IS desired. the refinement \~a\ not c:ai-ricd further. 

Selectecl lnterat0mlC angles (O ) for [C’p” M~1002]2~l 
-_- 
O(lI)~~Mo(l)--o(I2) 100 h( h 1 0(3B)-MO(~)--0(31 ) 107 O(Ci 
O(,ll)-Ma(l)-O(lB) 105 X(5) O(IB)~MO(.l) HO 105 S(i) 
O(l2)--Mo(l)~O(lB) 1 ox ^c(i ! Oil )- MO(~) O( 32) 9oa7, 
0(21)-K?(2)-O(22) l(IL.;t>, hlO(3) O(3H) M,Ct)’ 1W i! 
0(21)~-Mo(2)~0(1B) l(J7.Xl:j) 
0(2’7)-Mo(2)WXlB) i 04 h( 5 1 
MO(~)-O(IR)-Mo(2) 177 +I 5, 
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The data collection parameters, tables of coordinates, anisotropic thermal parame- 
ters, structure factor amplitudes, bond distance and angle parameters are available 
from the authors (J.W.F.). 
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