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Synthesis, Characterization, and Molecular Orbital Analysis of 
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NaAsO2 reacts with Mo(CO)~ in refluxing methanol or ethanol to yield [E~]~[(OC)~MOASM~~(CO)&~-OR)~- 
Mo(C0)3] (R = Me, [EbN]2[Ia]; R = Et, [EtN]2[Ib]). The com ound [EkN]2[Ia] crystallizes as the thf solvate, 
[EkN]2[Ia].O.6thf, in space group P21ln, with a = 12.0420(46) i, b = 25.7455(81) A, c = 18.1991(56) A, /? = 
94.277(28)”, and V = 5626(5.9) A3, and was refined on to wR2 = 0.1802 and a conventional R1 = 0.0836. 
The anion [IaI2- is built around a tetrahedral AsMo3 core. A Mo(C0)3 fragment is bonded to the M03 base via 
three triply bridging methoxy ligands. The structure is completed by a Mo(CO)5 fragment which is bonded to 
the lone pair of the As. The compound does not obey the usual electron-counting rules, and extended Huckel 
calculations on an indealized model with C3v symmetry showed that the extra electron pair is located in an a2 
orbital, equally delocalized over the three molybdenum atoms of the M03 base. 

Introduction 
The interaction between hydroxy and alkoxy ligands and 

group 6 metal carbonyl compounds has been studied intensively, 
not only because of their interesting metal to metal interactions 
but also because of their ability to catalyze the water gas shift 
reaction as well as hydrogenation of aldehydes and ketones.‘ 
The f i s t  systematic research in this system is described in a 
series of papers by Hieber and co-workers,2 who reacted KOH 
and M(CO)6 (M = Cr, Mo, W) in protic solvents. Since then, 
several polynuclear alkoxidehydroxide compounds have been 
synthesized and structurally characterized, such as [Mo(OH)- 
(CO)Z(NO)]~,~ [W(OH)(C0)3H]4 (Hieber’s Acid): [EkN]3[W2- 
(co)6(oph)~],5 [EkNIn[M(OR)(C0)3ln (n = 3,4; M = Cr, Mo, 
W; R = H, Me, Et, Ph).6,7 It was also found that compounds 
of the form M(C0)5(OR)- will react reversibly with C02 to 
form M(C0)5(02COR)-, and the structure of [w(co)~o2coH]- 
was recently elucidated. 

Compared to the other transition metal-heavy main group 
element compounds, arsenic-containing compounds are rare and 

most of those reported to date are neutral. The series of 
heterometallic compounds { MnCp’(C0)2}2AsMoCp(CO)~ and 
{Cr(C0)5}2AsMCp(C0)2 (M = Mo, W)9 was synthesized from 
ClAs(Cr(C0)5)2 or ClAs(MnCp(C0)z)z and [MCp(CO)z]- (M 
= Mo, W). Another series including As5(CpMo}2,l0 (Cp*)2- 
Mo~(CO)~AS~,  (CP*)MO(CO)~(AS~), As{MoCp(CO)z}3,’ ’ and 
(Cp’Mo(CO)}2(As2)2l2 was created by treating {CpMo(CO),}2 
(n = 2, 3) directly with arsines or arsenic metal. Iron- or 
cobalt-arsenic cluster carbonyl compounds are also known, 
among which are As2Fe3(CO)9,l3 Fe2(C0)8ASFe2(C0)6C1,’4 Fe3- 
(CO)~(M~-SR)(M~-ASR’~) (R = t-C4H9, Cd-Ill; R‘ = alkyl, aryl),I5 
F~~(CO)~(M~-AS)(M~-CH), F~~(CO)~~~~CH)CU~-ASC~(CO)~},’~ 

and @4-AsCo3(CO)d3.’7 Re- 
cently, the syntheses of [HA~{Fe(C0)4}31~- and [{Fe3(C0)9}- 
{p-AsFe(C0)4}2l2- were reported.I8 

There are fewer compounds which incorporate main group 
elements as well as hydroxylalkoxy ligands. Those known 
include [ (As(0)3(CpM0)3], [As(0)2( S){ (CpMo)}3], l 9  and Fe2W2- 
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(~3-S)2(O-i-Pr)6(C0)5(py).~~ Recently, the compound [EtN]2- 
[BiMo4(CO)l &3-OMe)3]21 ([EtN]2[II]) was synthesized from 
NaBi03 and Mo(C0)6. We now wish to report the synthesis 
and structure as well as a detailed bonding analysis of the first 
anionic arsenic- and molybdenum-containing carbonyl com- 
pounds: [Et&J~[(oC)~MoAsMo~(CO)~(p~-OR)3Mo(C0)3], where 
R = Me ([EtN]2[Ia]) and R = Et ([EkN]z[Ib]). 

Experimental Section 

General Methods. Unless otherwise specified, all synthetic ma- 
nipulations were performed either with a vacuum line or under an 
atmosphere of purified nitrogen by employing standard drybox or 
Schlenk-type inert-atmosphere techniques. All solvents were distilled 
under nitrogen from the appropriate drying agents. Infrared spectra 
were obtained in 0.1 mm CaF? cells by using a Perkin-Elmer 1640 
Fourier transform infrared spectrometer. Other reagents, such as [EbNI- 
Br, Mo(CO)6, and NaAsO2, were used as obtained from commercial 
sources. NMR spectra were recorded on a Bruker AF 300, operating 
at 300 MHz for IH and 75 MHz for I3C. Elemental analysis was 
performed in house using the Carlo Erba Instruments NA 1500 Series 
2 analyzer. FAB mass spectra were obtained on a VG Analytical 
Autospec 3. Visible spectra were obtained on a Beckman DU 64 
spectrophotomer. 

Synthesis of [Et4N]2[Ia]. A Schlenk flask was charged with 1.0 
mmol of NaAsO? (0.13 g) and 5.0 mmol of Mo(CO)6 (1.3 g), To this 
were added 50 mL of MeOH and 5 mL of heptanes. The heptanes 
were added to rinse the Mo(CO)~,  which sublimes into the condensor, 
back into the reaction mixture. The mixture was sparged with dry 
dinitrogen for 30 min and refluxed overnight. The crude reaction 
mixture was filtered through a short column of Celite, and the filtrate 
was concentrated in vacuo to half its volume. Solid [EbNIBr (2.2 g, 
I O  mmol) was added, and the product was precipitated by adding twice 
the volume of deoxygenated water. The product was filtered off. 
washed with diethyl ether, dried in uacuo. and recrystallized from thfl 
hexanes (yield 0.7 g, 55%). Single crystals were obtained by slow 
diffusion at room temperature of hexanes into a thf solution of the 
products. The product is soluble in most polar organic solvents. IR 
(thf), cm-I: 2071 m, 1966 vs, 1926 m. 1896 m ,  1868 w. NMR, ppm: 
'H  (CDjCN), 3.883 (OMe), 1.201 (N(CH?CH&', t), 3.319 (N(CH2- 

(carbonyl groups). 81.456 (OMe), 53.001 (N(CH2CHj)lf), 7.586 
(N(CH~CH~)J+) .  Owing to the presence of lattice solvent, the sample 
for analysis was prepared by careful recrystallization and drying under 
vacuum for a week , Anal. Calcd (found) for C ~ ~ H ~ ~ A S I M O ~ N @ ~ O :  
C, 31.23 (29.32): H, 3.57 (4.65); N, 2.02 (2.18). Numerous repeated 
attempts to obtain better C analyses were not successful despite use of 
carefully purified single crystals. FAB MS (positive ion, electrospray 
in CH3CN. resolution 1000): d z  1514 ([EbNI3[Ia]'). UV-vis 
(MeCN): &,,, = 355 nm, E = 3 x 10.' M-' cm-'; very weak shoulder 
at 475 nm. 

Synthesis of [Et4N]z[Ib]. This compound was synthesized in a 
similar manner by using dry ethanol instead of methanol. It was 
purified by extracting the cluster into thf and allowing diethyl ether to 
diffuse slowly into the thf solution. Yield = 0.6 g (43%) of black 
needles. A second molybdenum compound, which contained no 
carbonyl stretches in the IR, was also obtained but was not further 
analyzed. IR (thf), cm-': 2068 m, 1965 vs, 1923 s. 1896 s, 1867 w. 
NMR: 'H (CD?CN), 3.766 (q, OCH2CH3), 1.485 (t, OCH2CHj), 3.148 
(q, N(CH2CH3)at), 1.117 (t. N(CH?CH3)4+); I3C, 233.18, 230.01, 224.15, 

(OCH?CH3), 53.309 (N(CH2CHj)4'), 7.997 (N(CH2CH,)jf). NMR 

CH?),', q): I3C (CD?CN), 234.3, 229.58, 223.85, 217.01. 205.34 

223.13, 218.05, 205.55 (carbonyl groups), 95.704 (OCHzCHj), 21.514 

indicated the presence of aproximately 0.5 thf per molecule even in 
well-dried crystals. Anal. Calcd (found) for C ~ ~ H ~ ~ A S M O ~ N ? O ~ ~ *  
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498. 

128. 

32. 2785-2788. 

Table 1. Crystal Data Collection and Refinement Parameters 

empirical formula 
fw 
spaSe group P2Jn (No. 14) 
a ,  4 12.0420(46) 
b, A 25.7455(8 1) 
c, A 18.1991(56) 
P, deg 94.277(28) 
v, A' 5626(5.9) 
Z 4 
density (calcd), Mg/m3 1.685 
p(Mo Ka). mm-l 1.735 
temp, K 213 
radiation; I., A 
final R indices [ I  > 2a(fll0 
R indices (all data)" 
transm coeff 

I' R1 = zilFoi - iFc11/)31Fol. wR2 = [ I [ w ( F o 2  - Fc2)2]/c[w(F~)2]]05; 

Mo Ka;  0.7107 
R1 = 0.0836, wR2 = 0.1802 
R1 = 0.1892, wR2 = 0.2496 
0.7 1 - 1 .OO 

M: = l/[a2[(Fo2) + (O.O497P)* + 129.8741Pl; P = (Fo2+ 2Fc2)/3. 

0.5C4H80: C, 33.67 (33.90); H, 4.07 (3.80); N, 1.92 (1.87). UV-vis 
(MeCN): l,,, = 390 nm, E = 9 x lo3 M-' cm-'. , weak shoulder at 
410 nm. 

X-ray Crystallography. A needle-shaped black crystal of [EbN]*- 
[Ia] was cut to the dimensions 0.2 x 0.2 x 0.5 mm', mounted on the 
tip of a glass fiber with epoxy cement, and immediately transferred to 
the cold stream on a Rigaku AFC5S automated single-crystal diffrac- 
tometer. The unit cell was determined with 25 randomly selected 
reflections with 20 between 7 and 15". Data were collected with the 
TEXSAN2? software package and were corrected for Lorentz- 
polarization effects and absorption (p scans, transmission range 0.71 - 
1 .OO). Data collection and refinement parameters are summarized in 
Table I .  Scattering factors were taken from the literature.*' Direct 
methods (SHELXS-86)?ja revealed the positions of the heavy atoms, 
and all the other non-hydrogen atoms were located by difference Fourier 
syntheses. The a-carbons of one of the EbN+ ions were disordered 
and were refined over two positions (relative occupancies 0.35 and 
0.65) with a common temperature factor. The lattice thf was found to 
be present in partial occupancy and disordered. It was refined to a 
total occupancy of 0.6 over two positions (0.3 each) with idealized 
bond metricals. Each thf molecule was refined in the bow tie 
conformation, but the molecules did not share atoms. Hydrogen atoms 
were placed at calculated positions but were not refined. The hydrogen 
atoms of the /3-carbons of the disordered EbN+ were refined as ideally 
disordered methyl groups with the occupancies tied to the disordered 
a-atoms. All non-hydrogen atoms of the ordered part of the molecule 
were refined with anisotropic displacement factors. Refinement on F? 
(SHELXL-93)?lh of all reflections except those with very negative F? 
converged to wR2 = 0.1802 (with I > 2a(I)) and a conventional R1 
of = 0.0836. R factors based on F? are statistically about twice as 
large as those based on F ,  and R factors based on all data are even 
larger. Selected final positional parameters of [E&NI2[Ia] are presented 
in Table 2, with selected bond metricals given in Table 3. 

Computational Details. All the computations were carried out with 
the extended Huckel methodz5 using the modified Wolfsberg-Helmholz 
formula.26 The atomic parameters utilized are taken from the litera- 
ture.?' In the calculated model, the three methyl groups of [Ia]?- were 
replaced by hydrogen atoms (0-H = 0.96 A). The molecular structure 
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England. 1985; pp 175-189. (b) Sheldrick. G. M. In preparation for 
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Chem. Soc. 1978, 100. 3686-3692. 
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Arsenic-Molybdenum-Carbonyl Compounds 

Table 2. Atomic Coordinates ( x  lo4) for the Non-H drogen Atoms 
and Equivalent Isotropic Displacement Parameters (i2 x lo3)  of the 
Anionic Part of [E~]~[(OC)~MOA~MO~(CO)~@~-OM~)~MO(CO)~] 

atom X Y Z 

101 5(2) 
- 2 m  

-1482(2) 
48(2) 

-38 l(2) 
-262(2) 
- 199( 10) 
1102(10) 

- 1128(10) 
719( 14) 

2864( 14) 
2973( 19) 
1912( 14) 

- 1723( 15) 
289(19) 

-3322( 15) 
-3603( 17) 
-1873(15) 
- 1650( 14) 

1864(14) 
436(19) 

-2518( 17) 
-2085( 17) 

-349( 17) 
1730( 16) 
1188(17) 

-328(20) 
2 161 ( 17) 

-201 8(20) 
812(17) 

2 158(20) 
2225(23) 
1165(20) 

- 1094(20) 
211(21) 

-2627(20) 
-2790(21) 
-1685( 16) 

-992(21) 
1166(19) 
256(2 1) 

- 1758(22) 
- 1468(22) 

-395(20) 
953(21) 
625(20) 

8760(1) 
7985(1) 
8729(1) 
9285(1) 
7331(1) 
8004( 1) 
9303(4) 
8659(5) 
862 l(5) 
8970(6) 
7974(7) 
9533(9) 
7 207 (7) 
7092(8) 
7452(8) 
7895(7) 
944 l(9) 
9062(7) 

10 106(7) 
10 120(7) 
91 19(8) 
6786(7) 
8019(8) 
6522(8) 
7803(7) 
6546( 8) 
98 12(8) 
8570(8) 
8515(9) 
8896(8) 
8252( 10) 
9256( 13) 
7485(8) 
7428( 10) 
7671( 11) 
8199(9) 
9 17 1 ( 10) 
8926(9) 
9788( 10) 
9795( 10) 
9 176( 10) 
6994( 10) 
7783( 10) 
6808( 1 1) 
7657(9) 
6842(9) 

5864( 1) 
6878(1) 
5943(1) 
7501( 1) 
44w 1) 
5464( 1) 
6270(6) 
7067(7) 
7127(7) 
4 19 l(8) 
5489(9) 
5612(13) 
6663( 10) 
6668( 10) 
844 1 (10) 
5605( 10) 
5968(11) 
4304(9) 
7930(9) 
7781( 11) 
9 163( 10) 
4952(11) 
3409( 1 1) 
3 132( 10) 
3704( 11) 
5302( 12) 
5975( 12) 
7456(11) 
761 l(13) 
4808( 13) 
5646( 12) 
5757( 15) 
6697( 12) 
6722( 13) 
7892( 14) 
5760( 12) 
6003( 12) 
4897( 13) 
7736( 13) 
7663( 11) 
85 12( 13) 
4783( 14) 
375 1( 16) 
3596( 14) 
3949( 14) 
4999( 13) 

a One-third of the trace of the orthogonalized U,, tensor. 

of [IaI2- was averaged so that the symmetry of the (C0)jMo- 
(OH)~MO~(CO)~AS fragment was C3". Because the Mo(C0)5 fragment 
attached to the As atom has no C3 axis, the real symmetry group of the 
whole molecule is at most C,. However, the symmetry of the levels 
associated to the [Mol3 core can be treated almost rigorously within 
the C,,, group. Calculations were also performed on isoelectronic 
models obtained by removal or replacement of the MO(C0)s substituent 
by a proton (As-H = 1.52 A). In all cases, the results were very 
similar. 

Results 

Reaction of NaAsO2 and Mo(CO)6 in refluxing methanol 
yields cleanly [Ia]*-, whereas the same reaction in ethanol yields 
[IbI2-. The proton NMR spectra for [IaI2- and [IbI2- show 
only one alkoxy signal, and the carbonyl regions for both 
compounds show the expected pattem for five different carbonyl 
environments at approximately the same chemical shifts, 
consistent with the idealized local symmetries of the metal 
carbonyl fragments of [II2-. The IR spectrum in the carbonyl 
region is complex, as expected for the presence of one Mo- 
(CO)5 and two different Mo(CO)3 environments. Positive ion 
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Table 3. Selected Bond Distances (A) and Angles (deg) for 
~~t4Nl~~~OCi~MoAsMo~(CO)~@~-OMe)~Mo(CO)~] 

Mo(l)-Mo(2) 3.037(3) Mo(l)-Mo(3) 3.022(3) 
Mo(2)-Mo(3) 3.048(3) Mo(l)-As(l) 2.553(3) 
Mo(2)-As( 1) 2.570(3) M0(3)-As(l) 2.570(3) 
M0(5)-As(l) 2.593(3) Mo( 1)-0(1) 2.191(12) 

2.196( 13) Mo( 1)-0(2) 
2.187(12) M0(2)-0(2) 
2.239( 11) Mo(4) - O( 2) 
1.87-2.03 M0(4)-0(3) 

0(1)-M0(1)-0(2) 74.0(4) O(1)-Mo(1)-As(1) 100.4(3) 
0(2)-Mo(l)-As(l) 100.2(4) O(l)-Mo(l)-Mo(3) 46.3(3) 
0(2)-Mo(l)-Mo(3) 85.6(3) As(l)-Mo(l)-Mo(3) 54.1 I(7) 
O(l)-Mo( 1)-M0(2) 84.6(3) 0(2)-Mo(I)-Mo(2) 46.3(4) 
As(l)-Mo(l)-M0(2) 53.90(7) Mo(3)-Mo(l)-M0(2) 60.41(6) 
0(3)-M0(2)-0(2) 75.8(5) 0(3)-M0(2)-As(l) 99.3(4) 
0(2)-M0(2)-As(l) 99.8(3) 0(3)-Mo(2)-Mo(l) 85.3(3) 
0(2)-M0(2)-Mo(l) 46.4(3) As(l)-M0(2)-Mo( 1) 53.38(7) 
0(3)-M0(2)-Mo(3) 45.7(3) 0(2)-Mo(2)-M0(3) 85.0(3) 
As(l)-Mo(2)-M0(3) 53.63(7) Mo(l)-Mo(2)-M0(3) 59.55(6) 
0(3)-M0(3)-0( 1) 74.7(4) 0(3)-M0(3)-As( 1) 99.7(4) 
O(l)-M0(3)-As(l) 100.0(3) 0(3)-M0(3)-Mo(l) 85.9(3) 
O(l)-Mo(3)-Mo(l) 46.4(3) As(l)-Mo(3)-Mo( 1) 53.59(7) 
0(3)-M0(3)-Mo(2) 46.1(3) 0(1)-Mo(3)-M0(2) 84.4(3) 
AS( 1 )-Mo(3)-Mo(2) 53.63(7) Mo( l)-M0(3)-Mo(2) 60.04(6) 
0(2)-M0(4)-0(1) 72.4(5) 0(2)-M0(4)-0(3) 73.2(5) 
0(1)-M0(4)-0(3) 71.6(4) Mo(l)-As( 1)-Mo(3) 72.30(8) 
Mo(l)-As(l)-M0(2) 72.72(8) Mo(3)-As(l)-M0(2) 72.75(8) 
Mo(l)-As(l)-M0(5) 136.13(11) Mo(3)-As(l)-M0(5) 137.58(11) 
Mo(2)-As(l)-M0(5) 136.93(11) M0(3)-O(l)-Mo(l) 87.3(4) 
M0(3)-0(1)-Mo(4) 107.2(5) Mo(l)-O(l)-Mo(4) 106.4(5) 
M0(2)-0(2)-Mo(l) 87.3(5) Mo(2)-0(2)-Mo(4) 105.8(5) 
Mo(l)-0(2)-Mo(4) 106.3(6) Mo(3)-0(3)-Mo(2) 88.2(5) 
Mo(3)-0(3)-Mo(4) 105.6(5) M0(2)-0(3)-Mo(4) 103.9(5) 
Mo-C-0 range 172-178 

2.200(13) Mo(2)-O(3) 
2.197(14) Mo(3)-O(1) 
2.233(13) Mo(4)-O(1) 
2.291(13) Mo-C range 

electrospray mass spectrometry of [EkN]z[Ia] gave a signal 
appropriate for { [EkN]3[Ia]}+, and the theoretical isotope 
distribution matches the observed spectrum reasonably well 
(Figure 1). On the basis of similar IR and NMR spectra, 
elemental analysis, and mass spectroscopy, the structure of 
[Et4N]2[Ib] is proposed to be essentially the same as that of 
[EkN]2[Ia]. Unfortunately, no crystals suitable for crystal- 
lographic analysis have been obtained to date. 

[EkNl~[Ia]-0.6thf crystallizes in space group P2l/n, with one 
anion in the asymmetric unit and no crystallographically 
imposed symmetry. Figure 2 shows the anionic part of the 
structure. Crystallographic data collection and refinement 
parameters are given in Table 1, while selected bond metricals 
are provided in Table 3. The structure may be described as a 
Mo3As tetrahedron, capped with three triply bridging methoxy 
ligands around the M03 group. The methoxides are bonded to 
a Mo(CO)3 fragment. The As atom donates its extemal lone 
pair of electrons to a Mo(CO)5 fragment to complete the 
structure. The Mo-Mo distances average 3.04(1) A, and the 
As-Mo distances average 2.56(1) A. The 0-Mo distances of 
the M03 unit are on the order of 2.18 A, whereas the 0-Mo 
distances to Mo(4) are somewhat longer, ranging from 2.23( 1) 
to 2.28(1) A. The Mo-As-Mo angles average 72.7". The 
bond metricals for the carbonyl ligands are all within values 
expected for terminally-bound CO. 

Discussion 

The reaction to give the title compound probably proceeds 
via the nucleophilic attack of As02- on a metal-bound CO to 
generate COz and a Mo-As bond as has been established for 
the reaction of Fe(C0)5 with NaBiO3 in MeOH.28 A set of CO 
stretching bands (1913, 1778, and 1738 cm-I) was observed 

(28) Whitmire, K. H.; Lagrone, C. B.; Churchill, M. B.; Fettinger, J. C.; 
Biondi, L. V. Inorg. Chem. 1984, 23, 4237. 
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Figure 1. Observed (top) and calculated (bottom) mass distribution 
in the parent ion peak of [Et4N]3[II]’. 

Figure 2. ORTEP drawing of the cluster anion found in [EbNl2[Ia]. 
The ellipsoids are drawn at 50% probability. Carbon atoms are labeled 
according to the attached oxygen atoms, and hydrogen atoms have been 
omitted for clarity. 

both for the crude reaction mixture and in a “blank’ reaction 
of just Mo(CO)~ in MeOH, indicating that substitution of CO 
by MeOH may be occurring. It is unclear if this substitution 
precedes the nucleophilic attack of AsOz- or occurs concur- 
rently. In contrast, neither Cr(C0)6 nor W(CO)6 reacted with 
NaAsO2 in MeOH or EtOH, even after prolonged heating. While 
members of the same group often show consistent trends in 

properties and similar reactivies, there are numerous exceptions. 
For example, the one-electron-reduction potentials of M(CO)6 
in THF were found to be in the order Mo < W < Cr.29 

The Mo-As cluster compounds are air stable in the solid 
state, and crystals of both compounds left in air show no 
noticeable decomposition after several hours. The mass spectral 
data do not indicate the presence of any hydride ligands and 
demonstrate the usefulness of the electrospray technique for the 
characterization of highly charged anionic cluster compounds 
in the presence of tetraalkylammonium counterions. The 
compound is diamagnetic. 

Structure of [EtN]z[Ia]. The As-Mo bond lengths (2.56- 
(1) A) are slightly longer than those found in both open and 
closed As(ML,,)3 compounds such as {CpMo(CO)z}As{MnCp- 
(C0)?}2 (2.41 A), {MoCp(CO)~}As{Cr(CO)~}2 (2.36 A),9 As- 
{MoCp(CO)1}3 (2.53 A),” {CpMo)3&-0)3As (2.45 A), and 
{MoCp}&-O)2&-S)As (2.47 A).19 This is more or less 
expected, since [Ia]’- is anionic and electron rich (vide infra). 
The As-Mo bond lengths are slightly shorter then those found 
in compounds containing polyarsenic fragments, {MoCp}&- 
ASS) (2.59(7) A),10 MoCp(CO)zAs3 (2.673 A),” and {CpMo- 
(CO)}2{As~}~ (2.626(1) A).’? The Mo-Mo distances in the 
M03 triangle are within the range of formal Mo-Mo single 
bonds as found in [ ( C ~ ) ~ M O ~ ( C O ) ~ S ] ’  (3.085(21) A), 
[ H M o ( C O ) ~ ] ~ ~ -  (3.1 1 (2) A), [CpzMOz(C0)6] (3.235 A), 
MO~(CO)IO’- (3.123 (7) A), and RCCR’Mo2(0R”)6 (2.95-2.98 
A).30 The compound is similar to [Etd]2[II], where the primary 
differences are longer Bi-Mo distances and ligation of As to 
an Mo(CO)5 group. These differences can be explained by the 
smaller size and greater basicity of As. 

The electron-counting scheme chosen here is based upon the 
triangular Mo3 unit. There are no Mo-Mo bonds from the Mo3 
triangle to Mo(4), and so the [Mo(CO)3(0Me)3l3- fragment is 
treated as a complex ligand attached to the cluster base. In 
this fragment, Mo(4) attains a standard 18e configuration via 
ligation by three 2e-donating carbonyl ligands and three 2e- 
donating alkoxides. These three bridging alkoxide ligands each 
function as 4e donors to the Mo3As cluster core. The role of 
the As atom with regard to the four Mo atoms to which it is 
attached is conventional. It serves as a 2e donor to the external 
Mo(C0)5 group, leaving 3e for use in cluster bonding. The 
M03 unit in this approach possesses a +1 charge and attains a 
50e configuration which may be summarized as follows: 3e 
from As, 12e from the bridging alkoxides, 18e from the metal 
atoms plus 18e from the CO ligands less le  for the positive 
charge. Other schemes based upon a neutral Mo(CO)3(OMe)3 
fragment or other oxidation state distributions between the Mo3 
triangle and the As atom are possible but arrive at the same 
electron count. Fifty electrons is two more than predicted by 
the effective atomic number (EAN) rule which assumes 
2-electrod2-center Mo-Mo bonds. Indeed, triangular M3L,, 
complexes have generally VEC = 48,3’ even when they form 
a tetrahedral closo cluster with a capping p3-main group ligand.32 
When VEC = 50, the usual arrangement satisfying the EAN 
rule is an open triangle with only two 2-electron metal-metal 

(29) Pickett, C. J . ;  Pletcher. D. J .  Chem. Soc., Dalton Trans. 1975. 879. 
(30) Cotton, F. A.; Walton, R. A. In Mulriple Bonds bemeen Metal Afoms; 

Clarendon Press: Oxford. England, 1993. Adams, R. D.; Collins, D. 
M.; Cotton. F. A. Inorg. Chem. 1974, 13. 1086. T’suen. J.; Ellis, J. E. 
J .  A m  Chem. Soc. 1983, 105. 6252-6258. Handy, L. B.; Ruff, J. K.; 
Dahl. L. E. J. Am. Chem. Soc. 1970, 92, 7312. Curtis, M. D.: Butler, 
W. M. J .  Chem. Soc., Chem. Commun. 1980, 998- 1000. 

(31) See for example: Schilling, B. E. R.: Hoffmann, R. J. Am. Chem. 
Soc. 1979. I O / .  3456-3467 and references therein. 

(32) Wade. K. Inorx. N u d .  Chem. Lett. 1978, 13, 71. 
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bonds.33 Nevertheless, a few equilateral triangular [Mg] clusters 
having a VEC = 50 have been reported.34 They all exhibit 
rather long M-M bond distances, in agreement with their 
electron excess. On the other hand, if each Mo atom in the 
triangle attained an 18e configuration with no M-M bonding, 
a total of 54e would be expected. It is noteworthy that the 
related clusters [IaI2- and [III2- are the only examples of such 
trinuclear electron-rich systems in early-transition-metal chem- 
istry. 

Theoretical Study 

Qualitative Approach. Each of the metal atoms of the [Mol3 
core is bonded to six ligands in a distorted octahedral environ- 
ment. The [Mol3 plane bisects each of these octahedra in the 
way depicted in Chart la. The Mo-Mo bonding within the 
triangle can then be conceptually analyzed as resulting from 
the interaction of three “MOL;’ units. Although distorted, the 
octahedral environment of one metal atom splits its d orbitals 
into the usual “e;’ and “t2g)’ groups. The levels of “e;’ 
pseudosymmetry are significantly metal-ligand antibonding, lie 
at high energy, and are vacant. The “t2g)’ orbitals are mainly 
nonbonding and lie at lower energy. They are represented in 
Chart lb. In our local coordinate system, they derive principally 
from the x2 - y2, xy, and z2 atomic orbitals (AOs). They are 
the frontier molecular orbital (FMO) set of the “MOL;’ subunits. 

Within the strong C3v pseudosymmetry of cluster [IaI2-, the 
x2 - y2 FMOs of the three metal atoms combine to give a set 
of a1 (Mo-Mo bonding) + e (Mo-Mo antibonding) MOs. The 
three xy FMOs combine to form an orbital set of e (Mo-Mo 
bonding) + a2 (Mo-Mo antibonding) symmetry. The z2 FMOs, 
poorly localized in the M03 plane, overlap weakly and lead to 
more or less nonbonding combinations of a1 + e symmetry. To 
summarize, the “t2g)’ system leads to three mainly bonding 
orbitals (a1 + e), three mainly nonbonding orbitals (a1 + e), 
and three antibonding orbitals (a2 + e), allowing for some 
mixing between combinations of the same symmetry. Assuming 
that all the metal-ligand interactions are 2-electrod2-center 
bonds, seven of these MOs are occupied, which means that one 

(33) See for example: Albers, M. 0.; Robinson, D. J.; Coville, N. J. Coord. 
Chem. Rev. 1986, 69, 127 and references therein. 

(34) (a) Cherkas, A. A.; Taylor, N. J.; Carty, A. J. J. Chem. Soc., Chem. 
Commun. 1990, 385-387. (b) Mealli, C. J. Am. Chem. SOC. 1990, 
112, 2245-2253. (c) Cabeza, J. A.; Lahoz, F. J.; Martin, A. 
Organometallics 1992, 11, 2754-2756. (d) Lugan, N.; Fabre, P.-L.; 
de Montauzon, D.; Lavigne, G.; Bonnet, J.-J.; Saillard, J.-Y.; Halet, 
J.-F. Inorg. Chem. 1993,32, 1363-1369. (e) Corrigan, J. F.; Doherty, 
S.; Taylor, N. J.; Carty, A. J. J. Organomet. Chem. 1994,462, C24- 
C26. 
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Figure 3. Molecular orbital diagram for the model [Mo4@3-AsMo-‘ 
(CO)S>(CO),~@-OH)~]. MOs are labeled in the C3v symmetry group. 
Numbers in parentheses indicate the percentage metal character for the 
triangle [Mo]~, Mo(4), and Mo(5), respectively. 

antibonding level is occupied by the extra electron pair. Since 
the three Mo-Mo bonds are equivalent, it is likely that these 
two electrons are located in the antibonding a2 level. Either a 
Jahn-Teller distortion or a triplet state, which is not observed, 
would be expected if they were located in the antibonding e 
level. A similar electron distribution has been proposed for 
related electron-rich trinuclear triangular  system^.^^^.^ 

Electronic Structure of [IaI2-. Extended Huckel calcula- 
tions have been carried out on an idealized model of [IaI2- in 
which the methyl groups were replaced by hydrogen atoms and 
with a symmetry very close to C3v (see the Experimental 
Section). The corresponding MO diagram, shown in Figure 3, 
is in full agreement with the electron configuration predicted 
from the qualitative analysis. The upper group of occupied 
levels is made of thirteen metallic MOs. Seven of them are 
localized on the [Mog] core (two of a] symmetry (2al and 4al), 
two of e symmetry (2e and 3e), and one a2 symmetry (la2), as 
expected from above). Among the six remaining ones, three 
(3al and 4e) are localized mainly on Mo(4) and three (la1 and 
le) on Mo(5). They correspond to the “t2g)’ MOs expected for 
octahedrally coordinated metal atoms. 

The HOMO of [IaI2-, plotted in Figure 4, is the [Mag] 
antibonding 1 a:! combination. The computed Mo-Mo overlap 
population in this level is -0.018. We cannot identify the 
bonding electron pair in a single al level. The al bonding 
character is actually distributed over the two [Mog] 2al and 4al 
MOs (the corresponding Mo-Mo overlap populations are 
+0.020 and +0.028, respectively). From the plot given in 
Figure 4, one can see that 2al possesses a large x2 - y2 character, 
whereas 4al is predominantly made of z2 AOs, with some 5s 
admixture. The total Mo-Mo overlap population (+0.059) 
indicates rather weak metal-metal bonding. Consistent with 
the structural parameters, there is essentially no Mo-Mo 
interaction between the [Mo~] core and Mo(4) (the correspond- 
ing Mo-Mo overlap population is -0.004). 

The computed HOMOLUMO gap is large (1.29 eV), in 
agreement with the stability and diamagnetism of [IaI2-. As 
expected from above, the 5e LUMOs are Mo-Mo antibonding. 
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Figure 4. Contour maps in the [Mol3 plane for the 2a1, 4a1, and la2 MOs of the [MO~(~~-ASMO(CO)~)(CO)~~(~-OH)~] model. 

The Mo-Mo overlap population in each of these orbitals is 
-0.018, a value equal to the one corresponding to thela2 
HOMO. The question which arises then is the following: Why 
is the 5e level so much higher in energy than that of the la2 
orbital if they represent similar Mo-Mo antibonding character? 
The answer lies in their different ligand character. As we can 
see in Figure 4, the la2 HOMO presents a significant Mo-CO 
bonding character, due to some in-phase mixing of Z*CO orbitals 
into this d level. On the other hand, the 5e LUMOs are 
destabilized by low-lying ligand levels of the same symmetry 
deriving from the oxygen p lone pairs and from the arsenic 4p 
AOs. This metal-ligand antibonding mixing induces in tum, 
a large admixture of the Mo z2 AOs in the 5e level, leading to 
the increase of its metal-ligand antibonding character. Clearly, 
the nature of the metal-ligand interactions is the main factor 
responsible for the HOMO (la2)LUMO (5e) splitting. This 
mixing of ligand orbitals in levels of “tZg” parentage is favored 
by the distortion of the Mo ligand shell away from the ideal 
octahedral symmetry. This distortion induces some additional 
stabilization of occupied ‘‘t2g’’ MOs by high-lying vacant “eg” 
levels. 

Conclusion 

Although bearing an excess of two electrons with respect to 
the triangular arrangement of the [Mo~]  core, compound [Ia]*- 
does not present any Jahn-Teller instability, which would lead 
to the formation of an open [ M o ~ ]  triangle. It turns out that 
the extra electron pair does not occupy a degenerate e level but 
is housed in an a2 orbital equally delocalized over the three metal 
atoms. For this electron configuration, a large HOMOLUMO 
gap is computed, principally resulting from the different nature 
(bonding or antibonding) of the metal-ligand interactions. 
Although significant, the Mo-Mo bonding in the triangle is 

weak, the stability of this C3” architecture being partly due to 
the bridging ligands. 

Is it possible to oxidize [I]*- and to generate a 48-electron 
species with three two-electron localized Mo-Mo bonds? This 
process might involve the partial or complete depopulation of 
the la2 HOMO, leading to some shortening of the Mo-Mo 
separations, without changing the molecular framework tre- 
mendously. If this soft structural rearrangement was able to 
induce a significant destabilization of laz, it should be possible 
to isolate 48-electron neutral compounds of the type M04&3- 
EMo(CO)~)(CO)I~&-OR)~ or Mo~@~-E)(CO)IZ@-OR)~ with E 
= P, As, Sb, or Bi. However, the formation upon oxidation of 
some bonding between Mo(4) and the [Mol3 core cannot fully 
be ruled out. Indeed, the corresponding nonbonding contacts 
in [IaI2- are rather short (about 3.55 A). One orbital of the d 
block (3a,), which can be identified as the z2 level of Mo(4), 
could form an antibonding combination with the [Mo~]  4a1 level 
upon shortening of the Mo(4)-[Mo3] contacts. This orbital 
could consequently be depopulated in the oxidized species. 
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