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Despite the fact that titanium alkoxides have been known for
over 50 years, relatively little is known about their molecular
geometries due to a paucity of structural data.! The limited
solid-state studies that are available point to an impressive array
of possible molecular compositions, including polymers,'2 hex-
amers,2® tetramers,* dimers,** and monomers.!* The general
picture is further clouded by the existence of complex equilibria
that can occur in solution.® As part of our program relating to
the development of new routes to early-transition-metal materials,
we have been exploring the synthesis of new titanium complexes
that contain oxygen ligands. We now report the preparation and
properties of titanium chloride alkoxides of the general formula
[TiCl,(OCH,CH,X),,HOCH,CH,X], (X = Cl, Br, I), which
exist as dimers in the solid state. The dimeric structure appears
to be strongly favored by intramolecular O-H--Cl hydrogen
bonding, which constitutes a general structural feature of these
complexes.
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Figure 2. Bond lengths and angles about the Ti,O, core of 1.

Table I. Crystallographic Data for 1

chem formula C,;,H;Cl,o04Ti, fw 716.67

a, A 8.9659 (7) space group Pl

b A 9.2748 (8) T, °C 15

¢ A 10.515 (1) A A 1.54178

a, deg 98.186 (7) Peslcds & CM™ 1,667

8, deg 111.001 (7) &, ol 139.0

v, deg 112.435 (6) transm coeff 0.493-0.160
v, A 714.0 (1) R(F,) 0.061

z 1 R.(F) 0.070

Table II. Bond Lengths and Angles for 1

Ti(1)-C(1) 2326 (2)  C(1)-C(2) 1.499 (8)
Ti(1)~CI(2) 2284 (2) C(2)-CI(3)  1.754 (6)
Ti(1)-0(1) 2087 (5)  O(2)-C(3) 1.455 (9)
Ti(1)-0(2) 2102 (4)  C(3)-C(4) 1.48 (1)
Ti(1)-03 1746 (5)  C(4)-Cl(4)  1.78 (1)
Ti(1)-0(1)’ 1956 (4)  O(3)-C(5) 1.41 (1)
o(1)-C(1) 1440 ()  C(5)-C(6) 1.40 (2)
Ti(1)~Ti(1y 3268 (3)  C(6)-CI(5)  1.73 (1)
0Q2)~CI(1)  3.071 (6)
Ti()-0(1)-C(1) 1273 (4) O()-Ti(1)-0(2)  86.0 (2)
Ti(1)-O(1)-Ti(1y 107.9 (1) O(1)-Ti(1)-O(3) 170.3 (2)
Ti(1)-0(2)-C(3) 1309 (5) O(1)-Ti(1)-O(1y  72.1 (2)
Ti(1)-0(3)-C(5)  154.2 (4) O(1)-C(1)-C(2)  108.7 (4)

CI(1)-Ti(1)-Cl(2)  95.50 (7) C(1)-O()-Ti(1ly 1243 (5)

CI(D-Ti(1)-O(1)  88.5(1) C(1)-C(2)-CI(3) 110.7 (4)
CI(1)-Ti(1)-0(2) 1740 (2) O()-Ti(1)-0(3)  93.4 (2)
CI(1)-Ti(1)-0(3)  91.6 (1) O(2)-Ti(1)-0(1)  81.8 (2)
CI(1)-Ti(1)-O(1) 943 (1) O(2)-C(3)-C(4)  111.0 (6)
CI(2)-Ti(1)-0(1)  91.7(1) C(3)-C(4)-Cl4) 1117 ()
CI(2)-Ti(1)-0(2) 87.0 (1) OE)-Ti(1)-0(1)  98.2 (2)
CI(2)-Ti(1)-0(3)  98.0(2) O(3)-C(5)-C(6) 114.9 (7)
CI(2)-Ti(1)-O(1Y 160.8 (1)  C(5)-C(6)-CI(5) 116.5 (7)
0(2)-H(0(2))~CI(1)’ 151.1 (4)
CI(1)-Ti(1)-Ti(1)’ 91.61 (8)
O(2)-Ti(1)=Ti(1y 82.5 (2)

Results and Discussion

In the course of our studies pertaining to the deposition of
titanium dioxide thin films, we required titanium complexes that
contained both chloride and alkoxide ligands. Our attention was
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Table III. Atomic Positional Parameters for 1
atom x y z

Ti(1) 0.7852 (2) -0.1003 (2) 09576 (2)
Ci(1) 0.7617 (3) 0.1422 (3) 0.9844 (3)
CI(2) 0.6689 (3) —0.1847 (3) 1.1104 (3)
o(1) 1.0469 (7) 0.0320 (6) 1.1263 (6)
C(1) 1.099 (1) 0.086 (1) 1.2779 (9)
C(2) 1.140 (1) —0.036 (1) 1.342 (1)
C1(3) 1.2333 (4) 0.0369 (4) 1.5303 (3)
0(2) 0.8359 (8) —0.3039 (7) 0.9438 (7)
C(3) 0.720 (1) -0.477 (1) 0.917 (1)
C4) 0.661 (1) —0.578 (1) 0.769 (1)
Ci(4) 0.8486 (4) ~0.5687 (4) 0.7414 (4)
0(3) 0.5839 (8) -0.2022 (7) 0.7978 (6)
C(5) 0422 (2) -0.218 (2) 0.693 (2)
C(6) 0.263 (2) ~0.340 (2) 0.684 (2)
CI(S5) 0.2316 (5) —0.5399 (4) 0.6405 (5)

turned toward complexes of the stoichiometry Cl,Ti(OR),,ROH
that have been prepared by treatment of titanium tetrachloride
with excess alcohol.”® Accordingly, we have examined the re-
action of 2-haloethanols (chosen to promote crystallinity) with
titanium tetrachloride in dichloromethane. Addition of titanium
tetrachloride to a solution of excess 2-chloroethanol (3-4 equiv)
in dichloromethane at =78 °C, followed by warming to ambient
temperature and removal of the volatile organic materials, provided
a white crystalline solid (eq 1). Crystallization of this solid from
dichloromethane/hexane afforded [Cl,Ti(OCH,CH,Cl),HOC-
H,CH,Cl]; (1, 74%) as large, well-formed colorless crystals. In
a similar manner, treatment of titanium tetrachloride with 2-
bromoethanol and 2-iodoethanol afforded [CL,Ti(OCH,CH,-
Br),HOCH,CH,Br], (2, 54%) and [Cl,Ti(OCH,CH,]),-HOC-
H,CH,l], (3, 46%) respectively, as pale yellow crystalline solids
(eq 1). The complexes have been characterized by 'H and *C
NMR and infrared spectroscopy, elemental analysis, and a crystal
structure determination of 1.

CH,Cl,
-78 °C to RT
05h
-2 HClI

TiCl, + 2 3 HOCH,CH X

0.5 [CloTI(OCH;CHaX):*HOCH,CHoX] (1)

X=Cl 1 74%
X=Br 2 54%
X=1 3 46%

In order to obtain a thorough understanding of the bonding and
structural characteristics of this class of complexes, the X-ray
crystal structure of 1 was determined. Figure 1 shows a perspective
view of 1, while Figure 2 describes details of the bond lengths and
angles about the Ti,O, core. Table I provides the details of the
data collection, Table II lists bond distances and angles, and Table
III gives the atomic positional parameters. Molecule 1 lies on
a crystallographic inversion center, which makes the halves of the
molecule identical. The chlorines on each titanium adopt a cis-
orientation, with CI(1) being trans to the coordinated alcohol and
CI(2) being trans to the bridging alkoxide. The short terminal
titanium-alkoxide bond (Ti(1)-O(3)) is trans to the long bridging
titanium alkoxide (Ti(1)~O(1)). A central feature of the structure
is the planar Ti,O, core, with unsymmetrical Ti(1)-O(1) and
Ti(1)’~O(1) distances of 1.956 and 2.087 A, respectively. The
titanium-alkoxide Ti(1)-O(3) distance is 1.746 A, while the
coordinated alcohol Ti(1)-O(2) distance is 2.102 A. A titani-
um-oxygen single-bond length of 2.08 A is predicted on the basis
of the covalent radii of oxygen and titanium.* Hence, the shorter
titanium—oxygen bond distances, coupled with the wide Ti(1)-

(7) For representative preparations of complexes of the formula Cl,Ti-
(OR)"HOR, see: Jennings, J. S.; Wardlaw, W.; Way, W. J. R. J.
Chem. Soc. 1936, 6317.

(8) Brown, R.; Winter, G. J. Chem. Soc. 1963, 734. Martin, R. L.; Winter,
G. J. Chem. Soc. 1961, 2947.

(9) Pauling, L. The Nature of the Chemical Bond, 3rd ed.; Cornell Univ-
ersity Press: Ithaca, NY, 1960; p 514,
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O(3)—C(5) angle of 154.2°, are indicative of multiple titanium—
oxygen bond character. The longer titanium—oxygen distances
are consistent with single bonds. The Ti(1)—CI(1) and Ti(1)-Cl(2)
distances are 2.326 and 2.284 A, while the titanium-titanium
distance is 3.268 A.

The angles about the titanium centers indicate an approximate
octahedral geometry. With the exception of the O(1)-Ti(1)-O(1)’
angle (72.1°), which is constrained to be less than 90° by the Ti,0,
ring, the cis-ligand angles range from 87 to 98°. The trans-ligand
angles span 161-174°. Closer inspection of the bond angles about
the titanium center reveals an interesting finding. The CI(1)-
Ti(1)-Ti(1)’ angle is 91.6°, as expected for octahedral geometry.
However, the O(2)-Ti(1)-Ti(1)’ angle is 82.5°, which indicates
that the oxygen atom of the coordinated alcohol (Q(2)) is bent
toward the chlorine atom CI(1)’. Such bond angle deformation
is further revealed in the O(2)~CI(1)’ distance of 3.071 A, which
is considerably shorter than the Ti(1)~Ti(1)’ distance of 3.268
A. In view of the spatial arrangement of the 2-chloroethyl group
of the coordinated alcohol, leaning of the oxygen atom O(2) toward
CI(1)’ was highly suggestive of O(2)~H(O(2))--Cl(1)’ hydrogen
bonding. Indeed, the final difference map revealed electron density
in the region between O(2) and CI(1)’, which is consistent with
a hydrogen atom bonded to O(2), with an O(2)-H(O(2)) bond
length of 0.94 A, an H(O(2))-~CI(1)’ bond length of 2.21 A, and
a O(2)-H(O(2))-CI(1)’ angle of 151°, While H(O(2)) was
assigned a position and not refined and therefore possesses an
ill-defined estimated standard deviation, its position is chemically
reasonable and fits in with the proposed hydrogen bonding.

The infrared spectra of 1-3 corroborated the presence of O—
H:«CI hydrogen bonding. A Nujol mull spectrum of 1 showed
a medium-intensity, broad hydroxyl absorption at 3215 cm™..
Complexes 2 (3214 cm™) and 3 (3205 cm™) showed similar
hydroxyl stretches. Free hydroxyl groups generally exhibit a weak,
sharp absorption between 3580 and 3650 cm™!, while hydrogen
bonded hydroxyl groups show broad, more intense bands in the
region from 3200 to 3550 cm™.!® Hence, intramolecular O—H-~Cl
hydrogen bonding is clearly established for 1-3.

We next sought to probe the structure of 1-3 in solution using
NMR methods to determine if the solid-state O—H«-Cl hydrogen
bonding was maintained in solution. At room temperature in
dichloromethane-d,, the 'H NMR spectrum of 1 showed broad
resonances at § 5.0 (4 OCH,), 4.4 (2 OCH,), and 3.9 (6 CH,CI).
However, when the sample was cooled to =80 °C, the coordinated
alcohol proton was clearly evident at § 7.24 (t, J = 5.7 Hz), while
multiplets were observed at § 5.09 (2 OCH,), 4.84 (2 OCH,), 4.39
(2 OCHy), and 3.82 (6 CH,Cl). The chemical shift of the hy-
drogen-bonded proton (6 7.24) was essentially independent of
temperature between —90 and ~25 °C, which is consistent with
a static hydrogen-bonded structure on the NMR time scale. At
-20 °C, the hydrogen-bonded proton resonance became extremely
broad and was not observed above this temperature. The large
downfield chemical shift of the alcohol proton observed when the
sample was cooled to <-20 °C is consistent with the maintenance
of a hydrogen-bonded structure in solution. Unfortunately, 2 and
3 were not soluble enough at low temperature to obtain NMR
data. However, analogous structures are proposed from the
similarity of their 'H NMR spectra and from the fact that the
infrared spectra of 2 and 3 are nearly identical with that of 1.

The C{!H} NMR spectrum of 1 at -80 °C revealed resonances
due to oxygenated carbons at 85.67, 78.24, and 68.97 ppm, while
chloromethyl carbon resonances were observed at 44,19, 44.06,
and 43.14 ppm. The fact that three types of carbons are observed
is compatible with the retention of a dimeric structure in solution,
at least at low temperature.

This study represents the first structure determination of a
titanium chloride alkoxide of the empirical formula CI,Ti-
(OR)HOR. Since the results clearly indicate that the complexes
adopt a dimeric structure in the solid state (which is probably
retained in solution), they are better represented by the dimeric

(10) Silverstein, R. M,; Bassler, G. C.; Morrill, T. C. Spectrometric Iden-
tification of Organic Compounds, Wiley: New York, 1981; pp 112-115.
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formulation [CL,Ti(OR),;HOR],. A novel feature of these com-
plexes concerns the observed intramolecular O—H-Cl hydrogen
bonding, which until now has been an unrecognized feature of
titanium chloride alkoxides containing coordinated alcohols. This
hydrogen bonding was initially established by the structural
distortions observed in the structure of 1. It was further cor-
roborated by the voy infrared stretches of the coordinated alcohols
in 1-3 and from low-temperature NMR studies of 1. On the basis
of the hydrogen bond classification system of Novak,!! the hy-
drogen bonding in 1-3 should be classified as weak, since the
infrared vy occurs at >3200 cm™!. These interactions probably
involve O-H---Cl bond strengths of <5 kcal/mol.!!

Several examples of intramolecular E-H-~X hydrogen bonding
(X = C1,'212 OR,'* NR ') have been reported. In a particularly
relevant recent study, Caulton has described the intramolecular
O-H-+O hydrogen bonding that occurs in the complex [Zr-
(O'Pr),.HO'Pr],.'* Such hydrogen bonding is very similar to that
encountered in 1, except that an oxygen atom is acting as the
acceptor, rather than a chlorine atom.

In summary, the complexes [TiCl,(OCH,CH,X),
HOCH,CH,X],, which are prepared by treatment of titanium
tetrachloride with the appropriate 2-haloethanol in dichloro-
methane, are dimeric with intramolecular O—H--Cl hydrogen
bonding as a central feature of the structures. This study further
substantiates the idea that metal-chlorine bonds should be re-
garded as reasonable hydrogen-bond acceptors in situations where
hydrogen bonding is feasible.

Experimental Section

General Considerations. The compounds reported in this work were
extremely moisture-sensitive. All manipulations were performed under
an atmosphere of argon or nitrogen by using a glovebox or Schlenk
techniques. Dichloromethane was distilled from calcium hydride.
Hexane was distilled from sodium. Dichloromethane-d, was purified by
vacuum transfer from activated 4-A molecular sieves. Titanium tetra-
chloride and the 2-haloalcohols were used as received from the Aldrich
Chemical Co.

'H NMR and '*C{'"H} NMR spectra were obtained on a General
Electric QE-300 or GN-300 spectrometer for samples in dichloro-
methane-d,. Infrared spectra were obtained on a Nicolet DX20 spec-
trophotometer using Nujol as the medium. Elemental analyses were
performed by Midwest Microlab, Indianapolis, IN. Melting points were
obtained on a Haake Buchler HBI digital melting point apparatus and
are uncorrected.

Preparation of [CL, Ti(OCH,CH,C1),HOCH,CH,Cl), (1). A 100-mL
Schlenk flask was charged with 2-chloroethanol (3.0 mL, 45 mmol),
dichloromethane (20 mL), and a stir bar and was fitted with a rubber
septum. The solution was cooled to -78 °C, and then titanium tetra-
chloride (1.23 mL, 11.2 mmol) was added by syringe. The mixture was
allowed to warm to ambient temperature over 0.5 h. The reaction so-
lution was filtered through a 1-cm pad of Celite on a medium glass frit
to afford a clear, yellow solution. Hexane (80 mL) was carefully layered
on the dichloromethane layer. The system was allowed to equilibrate for

(11) Novak, A. Struct. Bonding (Berlin) 1974, 18, 177.

(12) Cotton, F. A; Diebold, M. P.; Roth, W. J. Inorg. Chem. 1987, 26, 3323;
1985, 24, 3509.

(13) Kang, H,; Liu, S.; Shaikh, S. N.; Nicholson, T.; Zubieta, J. Inorg.
Chem. 1989, 28, 920. Lincoln, S.; Koch, S. A. Inorg. Chem. 1986, 25,
1594,

(14) Vaarstra, B. A.; Huffman, J. C.; Gradeff, P. S.; Hubert-Pfalzgraf, L.
G.; Daran, J.-C,; Parraud, S.; Yunlu, K.; Caulton, K. C. Inorg. Chem.
1990, 29, 3126.

(15) Bradley, D. C.; Errington, R. J.; Hursthouse, M. B.; Short, R. L. J.
Chem. Soc., Dalton Trans. 1986, 1305,

Notes

24 h. The solvent was decanted by cannula and the crystals were vacuum
dried to afford 1 as large colorless rhomboids (2.96 g, 74% based upon
titanium tetrachloride): mp 127-134 °C dec; IR (Nujol, cm™!) 3215 (m,
vor), 1300 (m), 1221 (m), 1191 (s), 1098 (vs), 1061 (s), 1041 (s), 1019
(s), 993 (s), 942 (s), 891 (s), 849 (m), 752 (m); '"H NMR (dichloro-
methane-d,, —80 °C, 6) 7.24 (t, J = 5.7 Hz, TiO(H)(CH,CH,Cl), 5.09
(m, 2 OCH,), 4.84 (m, 2 OCH,), 4.39 (m, 2 OCH,), 3.82 (m, 6 CH,Cl);
BC{'H} NMR (dichloromethane-d,, 80 °C, ppm) 85.67 (s, 2 TiO-
(CH,CH,CI)Ti), 78.24 (s, 2 TiO(H)(CH,CH,Cl), 68.97 (s, 2
TiOCH,CH,CI), 44.19 (s, 2 CH,Cl), 44.06 (s, 2 CH,CI), 43.14 (s, 2
CH,Cl).

Anal. Calcd for C),H,4Cl1gO6Tiy: C, 20.11; H, 3.66. Found: C,
20.11; H, 3.52.

Preparation of [Cl,Ti(OCH,CH,Br),HOCH,CH,Br], (2). In a
manner similar to the preparation of 1, treatment of 2-bromoethanol
(0.258 mL, 3.64 mmol) with titanium tetrachloride (0.100 mL, 0.910
mmol) afforded 2 as pale yellow square rods (0.24 g, 54% based upon
titanium tetrachloride): mp 134-137 °C dec; IR (Nujol, cm™) 3214 (m,
vou), 1277 (s), 1171 (s), 1097 (vs), 1056 (s), 1015 (s), 974 (s), 933 (s),
867 (m); 'H NMR (dichloromethane-d,, 22 °C, 8) 5.2 (broad, 2 OCH,),
4.2 (broad, 4 OCH,), 3.6 (6 CH,Br).

Anal. Calcd for Cleszl‘scl‘oGTizl C, 14.66; H. 2.67. Found: C,
14.86; H, 2.72.

Preparation of [C1,Ti(OCH,CH,I),;HOCH,CH,I], (3). In a manner
similar to the preparation of 1, treatment of 2-iodoethanol (0.10 mL, 1.28
mmol) with titanium tetrachloride (0.070 mL, 0.641 mmol) afforded 3
as pale yellow needles (0.120 g, 46% based upon 2-iodoethanol): mp
123-125 °C dec; IR (Nujol, cm™) 3205 (m, roy), 1261 (s), 1162 (s),
1089 (vs), 1039 (s), 990 (s), 957 (s), 925 (s), 835 (m); '"H NMR (di-
chloromethane-d,, 22 °C, §) 5.0 (broad, 4 OCH,), 4.2 (broad, 2 OCH,),
3.5 (6 CH,l).

Anal. Calcd for CqugCleOgTiz: C, 1139, H, 2.07. Found: C,
11.29; H, 2.04.

X-ray Crystal Structure of [C1,Ti(OCH,CH,C1),,HOCH,CH,Cl}, (1).
A suitable diamond-shaped plate was grown by slow diffusion of hexane
into a dichloromethane solution of 1 at ambient temperature. The crystal
was mounted in a thin-walled capillary under an argon atmosphere. The
capillary was flame-sealed to maintain the inert atmosphere. Details of
the data collection are given in Table I. Lattice constants were obtained
from 25 high angle (26 > 40°) reflections. Absorption corrections were
empirical, based upon a number of { scans.'®  Lp corrections were
applied, and neutral atom scattering factors and corrections for anoma-
lous dispersion were taken from ref 16b. One reflection (-1,2,0) was
omitted on the basis of secondary extinction.

The structure was solved by Patterson methods and refined in a
full-matrix with the programs of SHELX-76.!% All non-hydrogen atoms
were refined anisotropically; hydrogen atoms were placed in a combi-
nation of observed and calculated positions and were held invariant. All
atoms occupy general positions in the unit cell, but the center of the dimer
is coincident with an inversion center. Final positional parameters are
given in Table III. Further data are contained in the supplementary
material.
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