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Abstract

The early–late heterometallic complexes [TiCp*((OCH2)2Py)(l-O)M(COD)] (M=Rh, Ir) behave as four-electron donor ligands

yielding the polynuclear cationic complexes [TiCp*(OCH2)2 Py(l-O){M(COD)}2]OTf (M=Rh (1), Ir (2)). The molecular structure

of complex 1 has been established through an X-ray diffraction study.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The chemistry of early–late heteropolynuclear com-
plexes has been extensively investigated in recent years

on account of their relevance to bioinorganic systems

and their potentials in homogeneous catalysis [1].

Among them, those with oxygen acting as a bridging li-

gand between an early transition metal and a late one

are of relevance in part because such compounds can

be considered as model compounds of late transition

metals based catalysts supported on early metal oxides,
such as titania, and therefore can provide an insight into

the into the chemistry taking place in the active site, at

the interface between a metal and its oxide support

[2,3]. On the other hand, it is very important to establish
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a relation between the stability of the catalyst and its

structure to avoid the leaching which can also alter its

performance [4]. Besides, immobilization of organome-
tallic compounds on solid surfaces such as oxides, zeo-

lites, or metals is a field of growing interest in

organometallic chemistry [5]. This subject is attracting

the attention of chemists on account of the highly active

surface species involved in the heterogeneous catalysis.

However, as in the case of the classical heterogeneous

catalysts, the nature of the bonding, and the mechanism

by which the metallic precursor behaves is not always
fully understood. Therefore, obtaining three-dimension-

al molecular model compounds is desirable in order to

identify more exactly the species present on a supported

surface and understand the bonding between the metal

and oxide surfaces and how these properties are related

to the catalytic activity [6].

We have recently reported the synthesis of heterome-

tallic complexes such as [TiCp*((OCH2)2Py)(l-O)M-
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(COD)] (M=Rh, Ir) [7] which can be considered as

models of a single M atom bound to TiO2 and we pres-

ent here their reactivity as bidentate four-electron do-

nors ligands to yield trinuclear complexes in which

two M atoms are closed together bound to the oxide.
Fig. 1. (a) Molecular structure of 1 showing thermal ellipsoids and the

labeling scheme. (b)Main frame of themolecular structure of complex 1.
2. Results and discussion

The heterometallic complexes [TiCp*((OCH2)2Py)-

(l-O)M(COD)] (M=Rh, Ir) react with the cationic deriv-

atives [M(COD)(THF)2]OTf (generated ‘‘in situ’’ by

reaction of [M(l-Cl)(COD)]2 with AgOTf in THF) at

room temperature in an 1:1 ratio to yield complexes 1
(Rh) and 2 (Ir) (see Scheme 1). Complex 1 is stable in

the solid state or in solutionwhile compound 2decompos-

es in a fewhours, at room temperature, inCDCl3 solution.

Complexes 1 and 2 have been characterized by the

usual spectroscopic techniques. The NMR data of both

complexes indicate that in solution the rhodium (1) or

iridium (2) metal centers are in the same chemical envi-

ronment and in agreement with that the methylene
groups in the alkoxide ligand are also equivalent. As

an example, the 1H NMR of 2 shows four multiplet sig-

nals at 1.46, 2.21, 3.87 and 4.08 ppm corresponding to

the methylene and to the olefinic protons of the COD

moiety. The methylene protons of the dialkoxide ligand

give rise to two doublet signals centered at 5.19 and 5.90

ppm. On the other hand, aromatic protons are located

at 7.53 and 8.09 ppm appearing as multiplet signals.
The 13C NMR spectrum is also consistent with the

proposal of an equivalent coordination environment

for both iridium atoms and shows two singlet signals

at 13.3 and 143.7 ppm corresponding to the Cp* ligand.

The absorption due to the methylene groups of the COD

appear at 31.9 and 32.1 while the olefinic carbon atoms

give rise to two signals at 60.3 and 62.4 ppm. On the

other hand, the alkoxide moiety can be seen through a
singlet at 78.6 ppm corresponding to the methylene car-

bon atoms and three other signals at 120.1, 127.9 and

163.1 assigned to the aromatic carbon atoms. According

to the proposed geometry the COD ligand should give

rise to four signals corresponding to the olefinic protons
Ti
O

N

O

OML

+ [ML]OTf

L = COD

Scheme 1
while only two are observed. These data point out to a

fluxional process.

An 1H VTNMR experiment carried out in CDCl3
confirms a fluxional behavior. At 243 K one of the

two signals observed at room temperature correspond-

ing to the COD ligand (4.00 ppm) reaches the coales-
cence. At 223 K the spectrum shows three broad

signals at 4.22 (2 H), 3.82 (4 H) and 3.78 (2 H) ppm cor-

responding to the olefinic protons of the cyclooctadiene
M = Rh (1), Ir (2)
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ligand. Unfortunately the low exchange limit could not

be reached under these conditions.

Complex 1 has also been characterized by an X-ray

diffraction study. An ORTEP drawing of one of the

two independent molecules found in the structural study

is shown in Fig. 1, and some selected bond distances and
angles are summarized in Table 1.

The structure is built up of trimetallic (TiRh2) cation-

ic units. The geometry around the titanium atom is that

of an pseudo-square pyramid while around the rhodium

atoms is roughly planar. The mid points of the two

C‚C (COD) bonds, the two oxygen atoms bound to

the Rh(1) and the Rh(2) centers are coplanar within

0.01 and 0.05 Å, respectively.
Distance from titanium to the plane containing the

cyclopentadienyl ring (2.077 Å) is normal for titanium

complexes [8]. Ti(1)–O(2) and Ti(1)–O(3) distances are

1.991 (6) and 1.988 (6) Å which are within the range

found in other titanium complexes with bridging alkox-

ide ligands [9]. On the other hand, Ti(1)–O(1) bond dis-

tance is shorter (1.794 (6) Å) [10] as it is expected for

bridging oxide ligands.
The intermetallic Rh(1)–Ti(1) and Rh(2)–Ti(1) dis-

tances are 2.971 (2) and 2.984 (2) Å, respectively. The

Ti–Rh separation is in the range of that found in some

previously reported heterometallic complexes for which

a metal–metal interaction has been proposed [11].
Table 1

Bond lengths (Å) and angles (�) for 1

Bond lengths Angles

Rh(1)–Ti(1) 2.972(2) C(17)–Rh(1)–C(16) 38.5(4)

Rh(1)–C(16) 2.12(1) C(21)–Rh(1)–C(20) 39.0(4)

Rh(1)–C(17) 2.08(1) O(1)–Rh(1)–O(2) 78.2(2)

Rh(1)–C(20) 2.10(1) C(9)–Rh(2)–C(8) 38.7(4)

Rh(1)–C(21) 2.099(9) C(13)–Rh(2)–C(12) 38.4(4)

Rh(1)–O(1) 2.109(5) O(3)–Rh(2)–O(1) 77.8(2)

Rh(1)–O(2) 2.119(6) O(1)–Ti(1)–O(3) 88.8(3)

Rh(2)–O(1) 2.126(5) O(1)–Ti(1)–O(2) 89.4(2)

Rh(2)–O(3) 2.092(6) O(3)–Ti(1)–O(2) 139.2(3)

Rh(2)–C(8) 2.09(1) O(1)–Ti(1)–N(1) 121.5(3)

Rh(2)–C(9) 2.09(1) O(3)–Ti(1)–N(1) 72.7(3)

Rh(2)–C(12) 2.101(9) O(2)–Ti(1)–N(1) 73.8(3)

Rh(2)–C(13) 2.095(9) Rh(1)–Ti(1)–Rh(2) 86.22(5)

Rh(2)–Ti(1) 2.984(2) Ti(1)–O(1)–Rh(1) 98.9(2)

Ti(1)–O(1) 1.794(6) Ti(1)–O(1)–Rh(2) 98.8(3)

Ti(1)–O(2) 1.991(6) Rh(1)–O(1)–Rh(2) 148.0(3)

Ti(1)–O(3) 1.988(6) Ti(1)–O(2)–Rh(1) 92.6(2)

Ti(1)–N(1) 2.137(8) Ti(1)–O(3)–Rh(2) 94.0(3)

Ti(1)–C(24) 2.40(1)

Ti(1)–C(25) 2.35(1)

Ti(1)–C(26) 2.332(9)

Ti(1)–C(27) 2.44(1)

Ti(1)–C(28) 2.45(1)

O(2)–C(7) 1.42(1)

O(3)–C(6) 1.41(1)

N(1)–C(1) 1.36(1)

N(1)–C(5) 1.32(1)
The two independent molecules in the unit cell could

be account for considering the bonding modes proposed

in Scheme 2.
3. Conclusion

In conclusion, we report in this paper the ability of

the heterobimetallic complexes [TiCp*((OCH2)2Py)(l-
O){M(COD)}2]OTf (M=Rh, Ir) to behave as bidentate

ligands yielding early–late trinuclear complexes. An
study of the possible coordination of the new ligands

to different metals is under way.
4. Experimental

The preparation and handling of described com-

pounds was performed with rigorous exclusion of air
and moisture under nitrogen atmosphere using standard

vacuum line and Schlenk techniques. All solvents were

dried and distilled under a nitrogen atmosphere.

The following reagents were prepared by literature

procedures: [Rh(l-Cl)(COD)]2 [12] and [Ir(l-Cl)-
(COD)]2 [13] The commercially available compounds,

HOTf were used as received from Aldrich.
1H and 13C NMR spectra were recorded on 200 Mer-

cury Varian Fourier Transform spectrometer. Trace

amounts of protonated solvents were used as references,

and chemical shifts are reported in units of parts per mil-

lion relative to SiMe4.

IR spectra were recorded in the region 4000–400

cm�1 with a Nicolet Magna-IR 550 spectrophotometer.

4.1. Synthesis of [TiCp*((OCH2)2Py)(l-O){Rh(CO-

D)}2]OTf (1)

To a mixture of [RhCl(COD)]2 (40 mg, 0.081 mmol)

and AgOTf (42 mg, 0.163 mmol) was added THF (5

mL), at room temperature, and the mixture was stirred

during 30 min. After that, [TiCp*((OCH2)2Py)(l2-
O)Rh(COD)] was added (89 mg, 0.162 mmol) and the

suspension was stirred, at room temperature, for 1 h.
After filtration the solvent was removed under vacuum

and the residue washed with 5 mL of pentane to yield

88 mg (60%) of complex 1. IR (cm�1): 1609 (m), 1582

(w), 1476 (vs), 1452 (s), 1272 (vs), 1214 (vs), 1151 (vs),

1056 (m), 1036 (s), 783 (m), 636 (s), 515 (s). 1H NMR

(200 MHz, CDCl3, rt): d=1.72 (m, 8 H, COD), 2.16



Table 2

Crystal data and structure refinement for 1

Empirical formula C33H46NO3Rh2Ti ÆCF3SO3

Formula weight 907.50

Temperature 293(2) K

Wavelength 0.71073 Å

Crystal system, space group Monoclinic, P21/n

Unit cell dimensions

a 27.754(4) Å

b 13.769(2) Å,

b 97.94(3)�
c 18.754(4) Å

V 7098(2) Å3

Z, calculated density 8, 1.698 g/cm3

Absorption coefficient 12.58 cm�1

F(0 0 0) 3680

Crystal size 0.3·0.2·0.2 mm

Limiting indices �36�h�36, 0�k�18,

0� l�24

Reflections collected/unique 17,463/16,957 [Rint=0.1070]

Data/restraints/parameters 16,957/0/875

Goodness-of-fit on F2 0.929

Final R indices [I>2r(I)] R1=0.0669, wR2=0.0989

Largest difference peak and hole 0.652 and �0.860 eÅ�3
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(s, 15 H, Cp*), 2.46 (m, 8 H, COD), 3.87 (m, 4 H, COD),

4.00 (m, 4 H, COD), 4.98 (d, 2 H, 2JH–H=17.59 Hz,

OCH2), 5.58 (d, 2 H, 2JH–H=17.59 Hz, OCH2), 7.44

(m, 2 H, Ar), 8.00 (m, 1 H, Ar). 13C{1H} NMR:

13.0 (s, Cp*), 31.1 (s, COD), 31.2 (s, COD), 76.5 (d,
1JRh–C=14.86 Hz, COD), 77.2 (s, CH2), 79.0 (d,
1JRh–C=14.86 Hz, COD), 119.5 (s, Ar), 125.3 (s, Ar),

142.9 (s, Cp*), 163.4 (s, Aripso). Anal. Calc. for

C34H46F3NO6SRh2Ti: C, 45.0; H, 5.1; N, 1.5. Found:

C, 44.8; H, 5.0; N, 1.5%.

4.2. Synthesis of [TiCp*((OCH2)2Py)(l-O){Ir(CO-

D)}2]OTf (2)

To a mixture of [IrCl(COD)]2 (129 mg, 0.192 mmol)

and AgOTf (99 mg, 0.385 mmol) was added THF (7

mL) at room temperature, and the mixture was stirred

during 15 min. After that, [TiCp*((OCH2)2Py)(l2-O)Ir-

(COD)] (245 mg, 0.384 mmol) was added and the sus-

pension was stirred, at room temperature for 1 h. After

filtration the solvent was removed under vacuum and

the residue washed with 8 mL of pentane to yield 251
mg (60%) of complex 2. IR (cm�1): 1603 (m), 1582

(w), 1476 (vs), 1452 (s), 1272 (vs), 1214 (vs), 1146 (vs),

1040 (s), 1025 (s), 794 (m), 725 (s), 678 (s), 636 (s), 541

(s). 1H NMR (200 MHz, CDCl3, rt): d=1.46 (m, 8 H,

COD), 2.11 (s, 15 H, Cp*), 2.21 (m, 8 H, COD), 3.87

(m, 4 H, COD), 4.08 (m, 4 H, COD), 5.19 (d, 2 H,
2JH–H=17.23 Hz, OCH2), 5.90 (d, 2 H, 2JH–H=17.23

Hz, OCH2), 7.53 (m, 2 H, Ar), 8.09 (m, 1 H, Ar).
13C{1H} NMR: 13.3 (s, Cp*), 31.9 (s, COD), 32.1 (s,

COD), 60.3 (s, COD), 62.4 (s, COD), 78.6 (s, CH2),

120.1 (s, Ar), 127.9 (s, Ar), 143.7 (s, Cp*), 163.1 (s,

Aripso). Anal. Calc. for C34H46F3NO6SIr2Ti: C, 37.7;

H, 4.3; N, 1.3. Found: C, 37.7; H, 4.1; N, 1.2%.

4.3. X-ray structure analysis of 1

A yellow crystal of approximate dimensions of

0.3·0.2·0.2 mm was mounted in a glass capillary.

Crystallographic data are listed in Table 2.

Intensity data were collected on a NONIUS-MACH3

diffractometer equipped with a graphite monochromat-

ed Mo Ka radiation (k=0.71073 Å) using an x/2h scan

technique to a maximum value of 56�. Crystal are mono-

clinic of space group P21/n with two molecules per
asymmetric unit. Data were corrected in the usual fash-

ion for Lorentz and polarization effects and empirical

absorption correction was not necessary. The structure

was solved using directs methods [14]. Refinement on

F2 was carried out by full-matrix least-squares tech-

niques [15]. All non-hydrogen atoms were refined with

anisotropic thermal parameters. The hydrogen atoms

were include in calculated position and were refined
isotropically. Refinement (16,957 reflections, 875 para-

meters) converged to give the following values:
R1=0.0669, wR2=0.0989, GOF=0.929 for 6243 reflec-

tions with I >2rI. Maximum and minimum residual

electron densities, 0.652 and �0.860 eÅ�3.
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Appendix A. Supplementary material

Crystallographic data for the structural analysis of 1

have been deposited with the Cambridge Crystallo-

graphic Data Centre, CCDC-214312. Copies of this in-

formation may be obtained free of charge from The

Director, CCDC, 12 Union Road, Cambridge CB2

1EZ, UK (Fax: +44-1223-336033; E-mail: depos-

it@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk). Sup-

plementary data associated with this article can be
found, in the online version at doi:10.1016/j.jorgan-

chem.2004.05.025.
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