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The reactions of TiGland Ti(OPr)Ck with 1—3 molar equiv of 2-propanol give the dimeric complexes [FIBO'-
Pr)u-CN]2 (1), [TiCl(O'Pr)(HOPr)(u-Cl)]2 (2), and [TiCL(O'Pr)(HOPI)u-OPr)]2 (3). The reactions are shown

to proceed stepwise with the consecutive addition of 2-propanol. Compleard 3 are dynamic in solution.
However, the proton VT NMR studies show that they are static and remain the dimeric features in solution at low
temperatures. Two inequivalent methyl environments are observed for the 2-propanol ligand of &)mabably

due to the intramolecular hydrogen bonding from the isopropanolic hydrogen to the chloride on the second titanium
metal center.2 crystallizes in the orthorhombic space grdRipcawith cell parameters o = 12.605(3) Ab =
12.841(4) Ac = 15.414(4) AZ = 4, Dcarca= 1.456 glcm, R= 0.049,R,, = 0.062, and G = 1.38. 3 crystallizes

in the monoclinic space group2;/c with cell parameters of = 9.457(2) A,b = 15.277(2) A,c = 11.354(4),

B =112.76(2), Z= 2, Dcaca= 1.305 g/cm, R= 0.032,R, = 0.048, and Gr = 1.29. Through the analysis of

the bonding features of the solid-state struct@asd3, the relative bonding sequence dPr > ClI- > HOPr

> u-~OPr > u-Cl™ is established. This bonding order is useful for the prediction of the geometries of six-
coordinate titanium complexes containing those ligands with the tbkestrong ligand prefers a position trans

to the weak ligand in the compleXesBesides, the reaction features demonstrated in this study may apply to the
reaction of TiC} or Ti(O'Pr)Ck with diols, especially for chiral diols used as ligands in titanium complexes for
various asymmetric syntheses of organic compounds.

Introduction (VT) NMR studies show that they are static and are likely to
o ) ) ) retain the dimeric features in solution at low temperature.
Titanium alkoxides have been extensively studied for several Through the analysis of the X-ray structuresfnd 3, the
decades by Bradley and othérsHowever, their chemistry is  ro|ative bonding abilitiesOPr > ClI- > HOPr > u-~OPr >
not well understood due to the limited structural data available. -CI- are suggested
o : A g9 .
For example, the titanium complex with the formula [Ti-
(OR)CI(HOR)] was prepared 60 years ago by the reaction of Experimental Section
TiCl, with excess alcohdl. Recently, Winter et al. reported ) -
the synthesis of the analogous complexes [Ti(QCH,X),- Reagents and General TeChn'g:e.s'T'(O Pr)Ck was prepared
Clo(HOCH,CH.X)]» (X = ClI, Br, 1) by a similar procedure. according to the literature procedufes.iCl, was distilled at reduced

. pressure and stored in a septum-sealed flask. 2-Propanol was refluxed
The crystal structure for the complex with % CI shows a over CaH, distilled, and then stored owet A molecular sieves.

dimeric species bridged throqgh two glkomd.es. . In our previous gqjvents were dried by refluxing at least 24 h oveDP(dichlo-
study of the structures of six-coordinate titanium complexes romethane) or sodium/benzophenone (toluene) and were freshly distilled
prepared from Ti(@r)Ch,* it was found that the alkoxide plays  prior to use. Deuterated solvents (Aldrich) were dried over molecular
an extremely important role in structures and in reactivities and sieves. All syntheses and manipulations were carried out under a dry
that a relative bonding sequence for various ligands can bedinitrogen atmosphere.
established. In continuation of this study, we here report the  Synthesis of Bisg-chloro)bis[trichloro(2-propanol)titanium(IV)]
stepwise reactions of Tigland Ti(OPr)Ck with 1—3 molar (). 2-Propanol (0.62 mL, 8.00 mmol) was added to a solution ofTiCl
equiv of 2-propanol to give the dimeric complexes [HEIO- (0.88 mL, 8.00 mmol) in 25 mL of CkCl; at room temperature, and
Pr-Cl, (1), ITICIL(OP(HOPN(-Cl. (2). and [TICKO- L T o 86,00y, mp S2@8.0-C. MW.
J i : : . , .0%); 0. . :
e ok tlesrcles 460,735 i (CoCt: 331 et 21015 (3, 121 o
e === i 13C{1H} NMR (CDCl): 6 96.1 (CH), 24.7 (CH) ppm. IR (Nujol):
being in the bridging ligands. Both structures possess intramo- g5g5 (w, br), 1261 (m), 1127 (m), 1095 (s), 1017 (s), 861 (w), 799 (S),
lecular hydrogen bonding from the hydroxy group to the chloride 719 (w), 547 (w), 473 (m) crt. Anal. Found: C, 15.65; H, 3.07.
on the second metal center. These two complexes are dynami@alcd for GH1s0,ClgTi»: C, 14.43: H, 3.23.

in solution at room temperature. However, variable-temperature  Synthesis of Bisg-chloro)bis[dichloro(2-propanol)isopropoxoti-
tanium(lV)] (2). Method a. 2-Propanol (0.42 mL, 5.40 mmol) was
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NMR (CDCl): ¢ 94.8 (CH), 23.8 (CH) ppm. IR (Nujol): 3325 (m,
br), 1311 (m), 1279 (m), 1163 (m), 1129 (m), 1095 (vs), 1085 (vs),
1005 (vs), 929 (m), 905 (m), 865 (m), 797 (vs), 617 (m), 479 (m), 469
(m) cnm®. Anal. Found: C, 26.35; H, 5.55. Calcd fol£3004Cls-

Tiz: C, 26.36; H, 5.53.

Method b. 2-Propanol (0.46 mL, 6.00 mmol) was added to a
solution of Ti(OPr)Ck (1.28 g, 6.00 mmol) in 20 mL of C¥Cl, at
room temperature. The solution was stirred for 30 min and then was
concentrated to~10 mL. The resutling solution was cooled 25
°C to afford colorless crystals (0.73 g, 44.5% yield). The second crop
(0.36 g, 22.0%) was obtained by concentrating the filtrate further and
cooling to—25 °C.

Synthesis of Bisf-isopropoxo)bis[dichloro(2-propanol)isopro-
poxotitanium(1V)] (3). 2-Propanol (1.54 mL, 20.0 mmol) was added
to a solution of Ti(CPr)Ck (2.13 g, 10.0 mmol) in 30 mL of toluene
at room temperature. The solution was stirred for 30 min and then
was concentrated to about 10 mL. The resulting solution was cooled
to —25 °C to give colorless crystals (2.12 g, 71.4% yield); mp 86.7
87.8°C. H NMR (CDCL): 6 5.00 (br, 6H), 1.45 (d, 36H) ppm3C-

{*H} NMR (CDCl): 6 87.1 (CH), 24.4 (CH) ppm. IR (Nujol): 3185
(m, br), 1261 (w), 1165 (w), 1097 (s), 1011 (m), 995 (m), 925 (w),
903 (w), 799 (s), 551 (w), 463 (w) crh Anal. Found: C, 36.30; H,
7.20. Calcd for GeH44OGC|4Ti2: C, 3639, H, 7.46.

Physical Measurements 'H NMR spectra were obtained with a
Varian Gemini-200 (200 MHz) or a Varian VXR-300 (300 MHz)
spectrometer, and tHel VT and3C NMR spectra were recorded with
the Varian VXR-300 spectrometer. The temperatures for the VT NMR
studies are calibrated with the methanol peaks. THeand °C
chemical shifts were measured relative to tetramethylsilane as the
internal reference. Infrared spectra were recorded on a Hitachi 270-
30 spectrometer in the region of 460800 cnt?; the peak positions
were calibrated with the 1601.4 cpeak of polystyrene. Melting
points were measured with a & 535 instrument, and the temperatures
were not calibrated. Elemental analyses of complexes were performed
using a Heraeus CHN-O-RAPID instrument. The molecular weight
was determined by the method of freezing point depression in benzene.

Crystal Structure Determinations. Colorless crystals d of size
0.40 x 0.50 x 0.60 mm and3 of size 0.40x 0.50 x 0.70 mm in
sealed capillaries were used for X-ray diffraction studies. The
diffraction intensities were collected on a Siemens P4 diffractometer
equipped with graphite-monochromated Ma. Kadiation ¢ = 0.710 73
A). An absorption correction was performed on comgeonly. All
refinements and calculations were carried out with the Siemens
SHELXTL PLUS software package on a MicroVax 3100-80 computer.
The positions of heavy atoms for the structure were determined by
direct methods, and the remaining non-hydrogen atoms were located
from successive difference Fourier map calculations. The refinements
were carried out using full-matrix least-squares techniques. All non-
hydrogen atoms were refined as individual anisotropic atoms. The
hydrogen atoms, except for the hydroxy hydrogens, which were also
located from the successive Fourier difference map calculations, were
considered as the riding atom on the carbon atom with-&®ond
length of 0.96 A; hydrogen atom temperature factors were fixed at 0.08
A. The hydrogen atoms were included for refinements in the final
cycles. The crystallographic data for complex@sand 3 are sum-
marized in Table 1.

Results and Discussions

Synthesis of Complexes.The reactions of TiGland Ti(O-
Pr)Ck with 2-propanol are outlined in Scheme 1. One molar
equivalent of H@Pr added easily to TiGlko give the chloride-
bridged dimeric complex [TiGHOPr)-Cl)]2 (1). The dimer-
ic structure ofl is suggested from the molecular weight
deterrmination of 46& 50. With the addition of 2 molar equiv
of HOPr to the dimeric complek, another chloride-bridged
dimeric complex, [TiC}O'Pr)(HOPr)u-Cl)]» (2), is obtained
with the evolution of 2 molar equiv of HCI gas. The reaction
of Ti(O'Pr)Ck with 1 molar equivalent of H®r in dichlo-
romethane also leads to the formation2of With the addition
of 2 molar equiv of 2-propanol t8, the isopropoxide-bridged
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Table 1. Crystallographic Data foR and3

2 3
formula TizC|604C12H30 Ti2C|4OGC18H44
fw 546.9 594.1
cryst syst orthorhombic monoclinic
space group Pbca P,/c
a(d) 12.605(3) 9.457(2)

b (R) 12.841(4) 15.277(2)
c(A) 15.414(4) 11.354(4)
B (deg) 112.76(2)
V (A3 2494.9(12) 1512.5(5)
VA 4 2

Deaica (g €nT3) 1.456 1.305
A(Mo Ko (A) 0.71073 0.71073
abs coeff (mm?) 1.295 0.907
range (deg) 4.650.0 4.0-45.0
scan type 0126 0126

no. of rflns collected 2443 4259

no. of indep rflns
no. of obsd rflns

1626R = 3.70%)
11251(> 2.00(1))

1992 R = 1.30%)
1751 ( > 2.00(1))

no. of refined params 109 136
Re for sign rflns 0.049 0.032
R, for signif rfins 0.062 0.048
goodness of fft 1.38 1.29
AR = [3(Fo — F)/3Fd. ®Ru = [SW(Fo — F)¥IWFAY2 ¢ The
goodness of fit equalsSw(Fo — Fo)2/(Nrins — Nparam] 2
Scheme 1
i
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dimeric complex [TiCHO'Pr)(HOPr)u-O'Pr)], (3) is obtained.

3is a complex that was reported 60 years ago with the formula
[TiI(OR).Clx(HOR)] from the reaction of TiGl with excess
alcohol? 3 can also be obtained from the reaction of TiO
Pr)Ck with 2 molar equiv of H(Pr. Since 2-propanol is a better
ligand than the bridging chloride on the basis of the structual
data, the formation o3 is likely to proceed via the monomeric
intermediate4 followed by the reaction of 2 molecules df
with the evolution of two molecules of HCI. These complexes
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Table 2. Selected Bond Lengths (A) and Bond Angles (degpof

and3
Compound?
Ti—0(1) 1.700(5) T0O(2) 2.087(4)
............... 2 Ti—CI(1) 2.253(2) Ti-CI(2) 2.551(2)
N Ti—CI(3) 2.300(2) Ti-Cl(2a) 2.478(2)
C(3a) Ti--Tia 3.848 H2--Cl(3a) 2.268
O(1)-Ti—0(2) 94.1(2) O%Ti—CI(1) 98.6(2)
O(1)-Ti—Cl(2a) 93.3(1) O%Ti—CI(3) 96.5(2)
Clttal Ti—O(1)-C(1) 164.2(4)  T+O(2)-C(4)  128.0(3)
a CI(2)-Ti—Cl(2a) 80.2(1) T+Cl(2)-Tia 99.8(1)
0(2-H(2)-Cl(3a)  156.3
D Compound3
€1 S Ti—0O(1) 1.735(2) T+0O(3) 2.093(2)
Cli3a) Ti—0(2) 1.938(2) T-O(2a) 2.129(2)
Ti—CI(1) 2.340(1) Ti-CI(2) 2.368(1)
cs) 26 Ti--+Tia 3.245 H3--ClI(2a) 2.174
O(1)-Ti—0(2) 102.4(1)  O(L}Ti—O(3) 91.3(1)
(a) O(1)-Ti—CI(1) 90.9(1)  O(1)Ti—CI(2) 96.6(1)
Ti—0(1)-C(1) 153.4(2)  T+O(3)-C(7) 133.8(2)
Ti—0(2)-C(4) 127.9(1)
0(2)-Ti—0(2a) 742(1)  T+O(2)-Tia 105.8(1)

O(3-H—-Cl(2a) 1585

the titanium metal to the trans-bridged chloride at 2.551(2) A.
This distance is comparable or even longer than theCH
(bridged) distances in the anionic complexesCl4§]~ at 2.48-
2.55 A and [TjCli? at 2.48-2.51 A8 The Ti—Cl(bridged)
distances are inequivalent with the distance from the titanium
metal to the cigt-Cl shorter by~0.07 A at 2.478(2) A. The
phenomenon of a long FHCI distance for the:-Cl atom trans

to the isopropoxide relative to the distance for th€l atom
trans to the terminal chloride is consistent with the relative bond
dissociation energies of FO'Pr > Ti—Cl.® The Ti—O(1)—
C(1) angle opens up to 164.2{4)which is a common
characteristic associated with the strongonding of alkoxide
ligands to a metal® The Ti—O(2)-C(4) angle for the
coordinated 2-propanol is relatively small at 128.0(B)dicating
very little - bonding. 2-Propanol is trans to one chloride with

(b) a Ti—O(2) distance of 2.087(4) A. The phenomenon that all
Figure 1. Molecular structures of (a) [TigIO'Pr)(HOPr)u-Cl)]2 (2 cis _Iigands bend away from the isopropoxide with G(T)—
angd (b) [TiCb(oipr)(HO'pr)(u_OiPr)](z %95 AP JeChle (2 X(cis) angles ranging from 93.3(1) to 98.6{23 also an effect
of the strong trans influence of the isopropoxide group. The
are all quite soluble in toluene or in GEl,, and complexeg Ti-Cl distances for two terminal chlorides are also inequivalent
and3 crystallize easily in these solvents. with a distance of 2.253(2) A for the chloride trang#€! and
Molecular Structures of 2 and 3. Complexe and3were  a distance of 2.300(2) A for the chloride trans to 2-propanol.

subjected to X-ray structural analysis. The molecular structures The inequivalent FCl(terminal) distances reflect the relative
are shown in Figure 1, and the selected bond lengths and bondhonding abilities of the trans ligands with the stronger ligand
angles are listed in Table 22 is a chloride-bridged dimeric  being trans to the chloride of longer Ti-Cl distance. In this
species with the center of the molecule on the crystallographic case, the 2-propanol ligand bonds more strongly to the titanium
inversion center.2 shows intramolecular hydrogen bonding metal than does the bridging chloride. All the above features
from the hydroxy group to the chloride on the second titanium clearly suggest a relative bonding sequence®@®r > CI- >
metal center. The intramolecular hydrogen bonding seems toHO'Pr > u-Cl-.

be a general feature for complexes containing both alcohol and  Complex3is an isopropoxide-bridged dimeric species which
alkoxides or chloride3® The isopropoxide is trans to the s different from2 only in the bridging ligands, and the center
bridged chloride and the FO(isopropoxide) bond length (Fi

0O(1)) is extremely short at 1.700(5) A, which is one of the (8) Kistenmacher, T. J.; Stucky, G. Inorg. Chem 1971, 10, 122.
shortest T-OR distances observéd. Due to the strong Ti- (9) éappert, 2A§7E.;§3§§ti|, D. S.; Pedley, J. B. Chem. Soc., Chem.
O(isopropoxide) bonding, the isopropoxide group shows a strong ommun :

trans influence with the observation of the long distance from (10) (@) Schubert, U.; Neugebauer, D.; Scharf, Worganomet. Chem

1981 205 159. (b) Erker, G.; Engel, K.; Atwood, J. L.; Hunter, W.
E. Angew. Chem., Int. Ed. Endl983 22, 494. (c) Tikkanen, W. R;

(6) Vaartstra, B. V.; Huffman, J. C.; Gradeff, P. S.; Hubert-Pfalzgraf, L. Petersen, J. LOrganometallics1984 3, 1651. (d) Gambarotta, S.;
G.; Daran, J.-C.; Parraud, S.; Yunlu, K.; Caulton, K.I@rg. Chem Strologo, S.; Floriani, C.; Chiesi-Villa, A.; Guastini, Giorg. Chem
199Q 29, 3126. 1985 24, 654. (e) Latesky, S. L.; Keddington, J.; McMullen, A. K;

(7) (a) Wright, D. A.; Williams, D. A Acta Crystallogr.1968 B24, 1107. Rothwell, I. P.; Huffman, J. Anorg. Chem1985 24, 995. (f) Durfee,
(b) Siedle, A. R.; Huffman, J. Anorg. Chem 199Q 29, 3131. (c) L. D.; Latesky, S. L.; Rothwell, I. P.; Huffman, J. C.; Folting, K.
Bachand, B.; Blanger-Garipy, F.; Wuest, J. DOrganometallics199Q Inorg. Chem 1985 24, 4569. (g) Lubben, T. V.; Wolczanski, P. TJ.
9, 2860. (d) Boyle, T. J.; Schwartz, R. W.; Doedens, R. J.; Ziller, J. Am. Chem. Socl987, 109, 424. (h) Eilerts, N. W.; Heppert, J. A;;

W. Inorg. Chem 1995 34, 1110. Kennedy, M. L.; Takusagawa, forg. Chem 1994 33, 4813.
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of the molecule also is located on the crystallographic inversion

center. The bonding parameters around the titanium metal core

are similar to those in [Ti(OCKHCH,Cl),Clo,(HOCH,CH,CI)] 2.2

Due to the strong trans influence of the trans isopropoxide, the

Ti—O(2a) distance of a bridging alkoxide at 2.129(2) A is

substantially longer than another-TO distance (T+0O(2) at

1.938 A) by almost 0.2 A. Excluding the bridging ligands, all 0eC

the corresponding FiX distances in3 are longer than the

distances ir2. For example, the FOPr distance is 1.735(2)

A in comparison with 1.700(5) A i2 and the T-O(HOPT)

distance at 2.093(2) A is slightly longer than the distanc in

at 2.087(4) A. The FiCl distances also reveal similar longer

distances ir8 than in2. Clearly, the lengthening of all bonds 20 °C

around the titanium metal core i arises from the better

bonding of the bridging alkoxide in comparison to the bridging

chloride. Therefore, the overall bonding sequence based on the ]

structural features a and3 is concluded to be OPr > CI~

> HOPr > u-~OPr > u-Cl-. -60 °C
The leaning of the isopropanolic oxygen toward the chloride

on the second titanium metal is the effect of the strong trans

influence of the isopropoxide and is not due to hydrogen

bonding. Since, in view of théPrO-Ti—X(cis) angles in2,

the O(1)-Ti—0(2) angle at 94.1(2)and the O(1)}Ti—CI(3)

angle at 96.5(2)are not larger than the other two cis angles at

93.3(1) and 98.6(2) Similar observations are found &with

the O(1)-Ti—O(3) angle at 91.3(2)and the O(1)Ti—CI(2)

angle at 96.1(%) which are not larger than the other two cis —

angles of 90.9(1) and 102.4(1) AL AR R LARRS LR AR LARAS RALAE RARR) ARARRARES L
VT NMR Studies of 2 and 3. Complexes2 and 3 are 6.0 5.0 4.0 3.0 2.0 ppm

dynamic in solution with the observation of one setldfNMR

signals for the isopropyl groups at ambient temperature. Inorder (b)

to probe the solution structures »and3, both complexes were

subjected to VT NMR studies in GBI, and selected spectra

are shown in Figure 2. F&at ambient temperature, the broad

peak at 4.88 ppm and the peak at1.47 ppm are signals for

the methine and methyl protons, respectively. At@ two

sets of'H NMR signals in the methine region are observed.

The downfield peak at 5.28 ppm is the methine proton of the

isopropoxide ligand, and the signal at 4.68 ppm is due to the

2-propanol ligand. Still, the methyl signals are not well-resolved

at this temperature. When the temperature was lowere®@®

°C, two sets of doublets at 1.52 and 1.41 ppm were seen for

methyl protons of the isopropoxide and the 2-propanol, respec-

tively. Interestingly, the upfield methyl signals of 2-propanol

split further into two doublets at 1.38 and 1.34 ppm-&0 °C.

The further splitting of the methyl signals is likely due to

hydrogen bonding, which fixes the molecular geometr at

low temperature to make two methyls magnetically inequivalent.

TheH signal of the hydroxy hydrogens appears &.46 ppm

as a broad peak at20 °C and shifts downfield at lower

temperatures. At temperatures belows0 °C, the proton

chemical shift of the hydroxy hydrogens appears as a doublet

and remains static at 5.89 ppm. For comple8, one set of -90 °C

IH chemical shifts ab 4.92 and 1.41 ppm is observed at ambient

temperature. At 0C, though the methyl signals are not well

resolved, two methine signals are clearly seen. 430 °C,

three methine signals are observed and the methyl signals split

into two sets in a ratio of 2:1. The upfield chemical shift with

aratio of 1 at) 1.33 ppm is the methyl signal for the 2-propanol

ligand, and the methyl signals of two isopropoxide groups Figure 2. Selected'H VT NMR spectra of (a) comple2 and (b)

overlap to form the resonances in the ratio 2. The proton COMPIex3in CDCl..

resonance of the hydroxy group remains intact at 7.12 ppm at

temperatures below-30 °C. The above VT NMR studies

suggest that both complexes remain dimeric species in solution, In summary, complexe&and3 are dimeric in the solid state

at least at low temperatures, as well as in the solid state. and possess intramolecular hydrogen bonding. Thdughd

(@) 490c

|

————

-80 °C
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S &
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-60 °C

L
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Conclusions
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3 are dynamic in solution, it seems that both complexes are or more strong terminal alkoxides. Second, the bridging
dimers at low temperatures. At80 °C, complex2 is rigid alkoxide bonds better to the titanium metal than does the
enough due to the hydrogen bonding to show inequivalent bridging chloride. Through the analysis of the structural features
methyl environments for the 2-propanol ligands. In general, of 2 and 3, the bonding sequenceO'Pr > CI~ > HOPr >

for titanium complexes containing not enough ligands for the u-~OPr> u-Cl- is established. The importance of this bonding
formation of six-coordinate monomeric complexes, dimerization sequence is that it includes the relative bonding abilities of the
or oligomerization occurs usually through the bridging of bridging ligands such as the bridging alkoxide and the bridging
alkoxides or chlorides if alkoxides or chlorides are present in chloride. Besides, the stepwise reaction features may apply to
the complexed! However, if chlorides and two or more reactions of TiC] and Ti(OPr)Ck with diols, especially for the
alkoxides are present, bridging through the alkoxides is prefer- chiral diols used in titanium complexes for various asymmetic
able to that through the chloride for two reasons. First, the syntheses of organic compounds. Usually, solid-state structures
bridging alkoxide is preferred to prevent the existence of two are not easily obtainable for Fchiral diol complexes.
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