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Alkoxo-, aryloxo-, and hydroxometal carbonyls and substi-
tuted versions thereof are important classes of transition metal
complexes since one or more of these have been implicated as
intermediates in homogeneous catalyzed hydrogenations of
carbon monoxide,2 aldehydes,2 and carbonylations of alcohols.3

They have also been proposed as models for heterogeneous
catalysts derived from metal carbonyls and oxide supports.4,5

Despite a substantial interest in compounds of this type, well
characterized examples of the general formula [Mx(CO)y(OR)z]q,
where R) alkyl, aryl, or hydrogen, i.e., those for which both
spectral and structural data are available, are presently known
only for the group 6, 7, and 11 transition metals.5,6 We now
report on the synthesis and structural characterization of formally
unsaturated alkoxo- and aryloxotitanium carbonyls of the general
formula [Ti(CO)4(µ-OR)]22-, R ) methyl (1) and phenyl (2).
These are the first stable zerovalent titanium carbonyls contain-
ing oxygen donor ligands and six coordinate titanium.7 Of
particular interest are their spectral, chemical, and structural
properties, which indicate that the doubly bridging RO ligands
function as electronic equivalents ofη5-cyclopentadienyl groups.
These initial examples of Ti(0) alkoxides and aryloxides were

prepared by mixing [Ti(CO)6]2- 8 with methanol or phenol in
attempts to obtain the unknown hydride [Ti(CO)6H]-. In a
typical synthesis of1, methanol (200 mL) was added to finely
divided solid [K(15-crown-5)2]2[Ti(CO)6] (4.10 g, 3.50 mmol)
with vigorous stirring at room temperature. After 3.5 h, the
resulting red solid was isolated and recrystallized from pyri-
dine-ether. By this procedure satisfactorily pure [K(15-crown-
5)2]2(1), 1.48 g, was obtained in 63% yield as air-sensitive, dark-
red microcrystals.9 The analogous pure phenoxide adduct,
[K(15-crown-5)2]2(2), was prepared in 43% yield by a similar
procedure, except phenol and [Ti(CO)6]2- were combined in a
4:1 molar ratio in acetonitrile at 0°C.9 Water, ethanol,
2-propanol, and 1-butanol also readily react with [Ti(CO)6]2-

to give analogous products10 (eq 1).

Infrared and13C NMR spectra of1 and 2 in the ν,δ(CO)
regions9 are strikingly similar to those of conventional 18
electron seven coordinate titanium tetracarbonyls. For example,
solutions of1 in DMSO exhibit IRν(CO) bands at 1901 (m)
and 1758 (s) cm-1 and a13C NMR carbonyl resonance at+291
ppm. In the same solvent [Ti(CO)4C5H5]- has corresponding
peaks atν(CO) ) 1921 (m) and 1777 (s) cm-1 andδ(CO) )
+289 ppm,11 which suggests that the bridging methoxy groups
in 1 are substantially stronger donors to titanium than is the
η5-C5H5 group in [Ti(CO)4C5H5]-!
Despite the formally unsaturated character of1 it has proven

to be rather unreactive to thermal substitution reactions and in
this respect closely resembles [Ti(CO)4C5R5]-, R) H, CH3.12

For example, it failed to undergo detectable reactions with
excess alkyl- and arylphosphines, trimethyl phosphite, tri-
phenylstannyl anion, and 1,4,7-triazacyclononane at room
temperature for 24 h in pyridine at 20°C. However, unlike
[Ti(CO)4C5H5]-, it did undergo complete CO exchange within
an hour in pyridine at 20°C.
Single-crystal X-ray structural analyses have been carried out

for 1 and 2 and revealed nearly identical structural units for
both species. Only the molecular structure of2, shown in Figure
1, will be discussed in detail herein.13 The dimeric unit contains
two Ti(CO)4 groups bridged by phenoxide ligands and has an
overall structure consisting of two trigonal prisms sharing an
edge, defined by the bridging phenoxo oxygens. Although
mononuclear complexes containing trigonal prismatic environ-
ments about a metal center are now well-established,14 dinuclear
species such as2 appear to be unprecedented.
A comparison of its structure with that of the stoichiomet-

rically related but saturated alkoxo carbonyl dimer [W(CO)4-
(µ-OCH2CF3)]22- (3)5 is especially revealing. The latter has a
normal structure consisting of two octahedra sharing an edge,
defined by the bridging RO groups. While the bridging oxygens
in 3 are pyramidal, those in2 are trigonal planar and are of
appropriate symmetry to function asπ-donors. To permit
effective ROπ donation to empty titanium dπ orbitals, the
individual M(CO)4 units in 2 have been rotated by about 45°
with respect to the planar M2O2 core, compared to corresponding
M(CO)4 units in3. Thus, the trigonal prismatic and octahedral
geometries of the metals in2 and3, respectively, arise from
the different electronic requirements of the d4 titanium and d6

tungsten atoms in six-coordinate environments.
Other structural features of2 are consistent with the presence

of an electronically saturated Ti(0) carbonyl complex. For
example, the two eclipsed and symmetry equivalent Ti(CO)4

units in2 closely resemble those present in the seven-coordinate,
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18-electron species Ti(CO)4(Me3tacn)15 (4). For compound4,
the average Ti-C and C-O distances are 1.996(6) and 1.17(1)
Å, respectively,15while corresponding values in2 are essentially
identical, i.e., 2.003(3) and 1.169(6) Å. Also the averagecis
and transC-Ti-C angles in the Ti(CO)4 units in 4 (cis, 68-
(2)°; trans, 104.6(3)°) and 2 (cis, 69(2)°; trans, 106(2)°) are
experimentally indistinguishable (and differ greatly from cor-
responding values in the tungsten dimer,35). Similarly, acute
cis C-M-C angles of 72° and 74.3° have been observed in
Mo(CO)2(η1-pyridine)2(O-tBu)216 and Mo(CO)2(S2CN-iPr2)2,17
respectively, which are also formally unsaturated 6-coordinate
low-spin d4 metal carbonyls, containing potentialπ-donor
ligands. The unusual structures adopted by the latter species,
and undoubtedly also those of1 and2, are necessary to optimize
both ligandπ-donation and metal dπ-π* (CO) back-dona-
tion,17,18and serve to emphasize the cooperativeπ-donor (OR)-

π-acceptor (CO) interactions present in these species. The Ti-
Ti distances in1 and2 of 3.340(6) and 3.378(1) Å, respectively,
are similar to that in the paramagnetic dimer [Ti(C5H5)2(µ-
OMe)]2, 3.358(2) Å,19 in which direct Ti-Ti bonding is believed
to play a minor role at best.20 The average Ti-O distance in2
of 2.09(1) Å is only slightly longer than those in1, 2.07(1) Å,
and the aforementioned Ti(III) dimer, 2.065(2) Å.20 While all
of our other data strongly suggest that the Ti-O bonds in1
and2have some degree of multiple bonding, the Ti-O distances
are rather uninformative in this regard since there exist no other
Ti(0)-oxygen bond data for comparison. Anions are well-
separated from the [K(18-crown-6)-pyridine]+ cation in the
crystalline lattice.21

Compounds1 and2 represent two new examples of a growing
number of compounds in which “π-stabilized unsaturation”
plays a key role in defining their chemical, spectroscopic, and
structural properties.22 In the past, alkoxides, aryloxides, and
similar “hard” donors bound to early transition metals in high
oxidation states provided the best examples of this phenom-
enon.23,24 But this work and related reports on formally
unsaturated group 6 and 7η2-catecholato metal carbonyls25

emphasize that RO ligands bound to low-valent metal centers
bearing good acceptor ligands can also function as effective
π-donors in stable compounds.
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Figure 1. Molecular structure of2 showing the labeling scheme.
Selected dimensions (Å and deg): Ti-C(1) 2.004(3), Ti-C(2)
2.003(3), Ti-C(3) 2.004(3), Ti-C(4) 2.002(3), Ti-Ti 3.3782(8), Ti-
O(5) 2.079(2), Ti(A)-O(5) 2.102(2), C(1)-O(1) 1.161(3), C(2)-O(2)
1.166(3), C(3)-O(3) 1.174(3), C(4)-O(4) 1.174(3), C(5)-O(5)
1.373(3), C(1)-Ti-C(2) 69.3(1), C(1)-Ti-C(3) 71.4(1), C(2)-Ti-
C(4) 68.7(1), C(3)-Ti-C(4) 67.4(1), C(1)-Ti-C(4) 108.4(1), C(2)-
Ti-C(3) 105.3(1), Ti-O(5)-Ti(A) 107.80(7), O(5)-Ti-O(5A)
72.20(7).
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