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Summary: Reaction of [CpTi(u-H)]2(u-1%:1%-C1oHs) with
CO; (3 atm) leads to the formation of the bis(formato)
complex [CpTi(u-n-(0)CHO)]2(C1oHs) (1). Complex 1
contains monodentate bridging formate ligands. The
difference between vibrational frequencies v,5(CO,) and
v5(COy) is 455 cm™1, the largest ever observed for a
monodentate formate ligand.

Hydrogenation of carbon dioxide, an abundant and
inexpensive source of carbon, to useful organic products
has been of great interest. Methanol and/or methane
are the major products from the hydrogenation of CO,
over heterogeneous catalysts.! Homogeneous catalysts,
on the other hand, catalyze the hydrogenation of CO,
to formic acid, formate esters, or formamides when
alcohol, alkyl halides, or secondary amines are present
in the reactions.2 Stoichiometric reduction of CO, to
formaldehyde and methanol was achieved by using [Cp»-
Zr(H)(CI)] as the reducing agent.® Another intriguing
reaction is the formation of the u-formaldehyde com-
pound Cp(CO),Ru(CH,0)Zr(CI)Cp> from the reduction
of Cp(CO)2Ru(CO)Zr(Cl)Cp, with Cp,Zr(H)(CI).* Con-
sidering that two metal centers held in proximity afford
the possibility of cooperative reactivity, we investigated
the reaction of CO, with the dinuclear titanium complex
[CpTi(u-H)12(u-1%15-C10Hs) (C10Hs = fulvalene),’ isolated
as “titanocene” in the reduction of Cp,TiCl; by sodium.
This fulvalene-bridged complex [CpTi(u-H)]2(C10Hs) has
so far been shown to react with Sg to form [CpTi(u-S)]»-
(C10Hsg) and H,S and with H>0 to form [CpTi(u-OH)]»-
(C10Hs) and H,.% Although the molecular structure of
the complex [CpTi(u-H)]2(Ci0Hs) has not been solved,
the crystal structures of its analogs [CpTi]2(u-H)(u-Cl)-
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(C1oHs), [CpTil2(u-H)(u-H2AIEL)(C10Hs), and [CpTi(u-
H,AIEt)]2(C10Hs) are known, in which the Ti-Ti sepa-
ration ranges from 2.910 to 3.125 A7 In this com-
munication we report the characterization of the CO;
reaction product of the titanium dinuclear complex
[CpTi(u-H)]2(C1oHs).

Reaction of the complex [CpTi(u-H)]2(C10Hs) with CO,
(3 atm) in toluene leads to the formation of the bis-
(formato) complex [CpTi(u-(O)CHO)]2(C1oHs) (1).2 In-
sertion of CO; into a metal—hydride bond to produce
formate is a key step in catalytic hydrogenation of CO,.
Many formate complexes have been synthesized from
CO, and transition-metal hydride complexes, and some
have been structurally characterized.® A very recent
example, reported by Bergman and co-workers, is the
complex Cp,Zr (71-OCOH)(u-N'Bu)(u-H)IrCp*, prepared
by reaction of CO, with CpoZr(H)(u-NtBu)(u-H)IrCp*.°f
An interesting finding by Bergman and co-workers is
that CO, inserts selectively into the terminal Zr—H
bond and leaves the bridging H intact. The reaction,
however, was carried out in the ratio of about 1:1 for
CO; and CpaZr(H)(u-N'Bu)(u-H)IrCp*. It remains un-
known whether CO, would react with the bridging H,
similar to our reaction, if an excess amount of CO, were
present.
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room temperature. Within 1 h the solution turned brown. The solution
was stirred at room temperature for 1 day and then heated to 90 °C
for 1 day, and the solution became dark purple. The resulting solution
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of hexane. The resulting mixture was set at ambient glovebox tem-
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7n*(O)CHO)]o(u-1%:15-C10Hg) (1). The product 1 was isolated, washed
with hexanes, and dried under vacuum (0.156 g, 78%). Anal. Calcd for
C2H2004Tiz: C, 59.48; H, 4.54. Found: C, 59.88; H, 4.84. IR (Nujol):
1664 s, 1305 w, 1205 s, 1055 m, 1012 m, 802 s, 727m, 694 w, 630 w
cm~L,
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Figure 1. ORTEP diagrams of 1a (left) and 1b (right). Selected bond distances (A) and angles (deg) for 1a: Ti(1)—0(101)
= 2.129(9), Ti(1)—0(104) = 2.130(7), Ti(2)—0O(101) = 2.135(7), Ti(2)—0O(104) = 2.142(8), O(101)—C(102) = 1.30(2), O(103)—
C(102) = 1.21(1), O(104)—C(105) = 1.30(2), O(106)—C(105) = 1.22(2); O(101)—Ti(1)—0O(104) = 74.6(3), O(101)—Ti(2)—
0O(104) = 74.2(3), Ti(1)—O(101)—Ti(2) = 102.7(4), Ti(1)—0O(104)—Ti(2) = 102.4(3), O(101)—C(102)—0O(103) = 125(1), O(104)—
C(105)—0(106) = 124(1). Selected bond distances (A) and angles (deg) for 1b: Ti(3)—0(201) = 2.128(7), Ti(3)—0(204) =
2.149(8), Ti(4)—0(201) = 2.134(7), Ti(4)—0O(204) = 2.142(7), O(201)—C(202) = 1.33(1), O(203)—C(202) = 1.23(1), O(204)—
C(205) = 1.30(2), O(206)—C(205) = 1.22(2); O(201)—Ti(3)—0(204) = 73.6(3), O(201)—Ti(4)—0O(204) = 73.6(3), Ti(3)—O(201)—
Ti(4) = 103.5(3), Ti(3)—0(204)—Ti(4) = 102.6(3), O(201)—C(202)—0(203) = 121(1), O(204)—C(205)—0(206) = 121(1).

The X-ray structural analysis of 1 indicates the
presence of two independent molecules (1a and 1b) in
one unit cell (Figure 1).1° These two molecules differ
in the relative orientation of the two formate ligands.
Despite the difference in their structures, 1a and 1b
have essentially the same Ti—O bond distances (2.128-
(7)—2.149(8) A), O—Ti—0 bond angles (73.6(3)—74.6(3)°),
and Ti—O—Ti bond angles (102.4(3)—103.5(3)°). The
two titanium atoms in 1a and 1b are separated by 3.33
and 3.35 A, respectively, indicative of no metal—metal
bond.’* The average Ti—O distance in 1la and 1b is
2.136(8) A, slightly longer than the mean distance 2.08-
(1) A observed for the analog [CpTi(u-OH)]2(C1oHs).°
The bridging hydroxy analog shows two quite different
Ti—O—Ti bond angles (98.8(5) and 102.7(6)°). The
smaller bond angle results from the effect of the forma-
tion of a hydrogen bond between the hydroxide and a
THF molecule. The Ti—O-—Ti bond angles in 1a and
1b (102.4(3)—103.5(3)°) are essentially the same as the
larger bond angle in the bridging hydroxy analog. The
O—Ti—0 bond angles in 1a and 1b (73.6(3)—74.6(3)°)
are also very similar to the ones in the bridging
hydroxide (74.8(5)—76.0(5)°).

Complex 1 contains monodentate bridging formate
ligands. Although carboxylates usually bridge metal
centers in a bidentate fashion, monodentate bridging
carboxylates have been observed.'? The only known
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example of a monodentate bridging formate complex is
[Fe(biphme)]a(u-177-02CH)2(u-1*-(0)CHO)(37*-(0)CHO) (bi-
phme = bis(1-methyl-2-imidazolyl)phenylmethoxy-
methane), reported by Lippard and co-workers.12°> The
formate C—O distances in 1 (1.30(2)—1.33(1) and 1.21-
(1)—1.23(1) A) are consistent with the expected single
bond and double bond, respectively. The monodentate
bridging formate of Lippard’'s complex has C—O bond
distances of 1.270(4) and 1.214(4) A. It appears that
the C—0 bond distances are very similar for the mono-
dentate bridging formate and the terminal formate. For
example, C—0 bond distances of 1.277(3) and 1.208(4)
A and of 1.276(8) and 1.208(8) A are reported for the
complexes (CsHs)Fe(CO)2(CO,H) and CpoZr(O,CH)(u-
NBu)(u-H)IrCp™.°f

Complex 1 has a very intriguing IR spectrum in the
CO, moiety region. The IR spectrum of 1 isolated as a
powder reveals strong bands at 1664 cm~! (v,) and 1205
cm~1 (vs). On the other hand, the IR spectrum of 1
isolated as crystals reveals two overlapped bands at
1672 and 1660 cm™?! (v55) and two overlapped bands at
1224 and 1205 cm~! (v5). The crystal structure analysis
illustrates the existence of two structures for 1 in the
crystal state. The discovery of 1a and 1b explains the
observation of overlapped bands in the IR spectrum of
crystalline 1. It also infers that 1, precipitated out
promptly as a powder, exists in one of the two struc-
tures, although we cannot identify which one.

The position of v,5(CO2) and the Av value between v,¢-
(COy) and v5(CO,) have been employed as indicators for
the coordination mode of a formate ligand. A mono-
dentate formate ligand has v,5(CO,) above 1600 cm™1
and Av ranging from 289 to 383 cm~1.2d14 For 1, the
va5(CO2) value we obtained is as expected when com-
pared with the literature value. However, Av for 1 is
455 cm™1, which is significantly larger than the litera-
ture results. To our knowledge, the Av value for 1 is
the largest ever observed for a monodentate formate
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ligand. The unusually large Av for 1 can be attributed
to the fact that the C—O single bond and C=O double
bond in 1 are relatively discrete, or in other words, the
delocalization within the CO, moiety is less extensive
in 1, compared to the monodentate formate ligand in
the compounds reported in the literature.

Complex 1 results from the reaction of the dinuclear
titanium complex [CpTi(u-H)]2(CioHsg) with CO, at 3
atm. Further investigation is directed toward the
characterization of reaction products of the dinuclear
titanium complex with CO, at low pressure.
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