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Molecular Structure of Dimethyldichlorotitanium(lV) by Gas-Phase Electron Diffraction, IR
and NMR Spectroscopies, and Density Functional Theory Calculations. Unexpected
Distortion from Tetrahedral Coordination Geometry
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The molecular structure of (Gh#TiCl, has been determined by gas-phase electron diffraction. The bond distances
are T—C = 205.8(4) pm and FHCl = 219.6(3) pm, and the valence angles areGHCl = 117.3(3}, Cl—

Ti—C = 108.9(2}, and C-Ti—C = 102.8(9y. The larger valence angles at Ti are thus those spanned by the
more electronegative substituents. This is opposite to the trend observed in the main group analogges (CH
ECl,, E = Si, Ge, or Sn. Density functional theory (DFT) calculations with a tripleasis yield an optimal
structure in good agreement with experiment. There is nothing in the gas-phase electron diffraction structure,
DFT calculations, gas-phase IR spectra, or the NMR spectra of§;HiCl, hinting at unusual methyl group
geometries or agostic FtH—C interactions.

Introduction Methyltrichlorotitanium(IV) has also occupied a central
The molecular structures of mixed methylhalogeno derivatives POSition in the study of so-called agostic interactidmtween
of the group 14 elements silicon, germanium, and tin transition-metal atoms and-@H bonds in coordinated organic
(CHg)MX4_n (M = Si, Ge, or Sn; X= F Cl. or Br'n _ 12 " units. In 1986, Bernet al. suggested that the methyl group in
or 3), have been extensively studied, and the deviations from & monomeric, base-free GHCls is significantly flattened as
ideal tetrahedral valence angles at the central atom M are well @ "eSult ofa-agostic M--H—C interactions, but the evidence
documented: the larger valence angles are spanned by the mor&itéd in supggrlt&?z this suggestion has since been refuted or
electropositive substituents? In contrast, the structural in-  '€interpreted: While it now appears to be generally
formation on monomeric and base-free mixed methylhalogeno accepted that the methyl group geometry in the monomeric,
derivatives of the group 4 metals titanium, zirconium, and 0ase-free molecule is unexceptional, X-ray and neutron diffrac-
hafnium is largely limited to one member of the familyiz. tion investigations of the complex with dmpe (CH;):PCH-

CHsTiCls. The structure of this compound has been determined CH2P(Ch)2 indicate that the Ckt-Ti group is here canted in
experimentally by gas-phase electron diffraction (GED¥nd a manner suggesting strolllg interaction between the_ metal atom
computationally by structure optimization at high levels, first 2nd one of the €H bonds™* An X-ray crystallographic study
by Williamson and Half later by other group:10 CHsTiCls of CHsTiCl3 show_s_that the compound forms dimers in the solid
has also been studied by ¥Rand NMRO.12 spectroscopies. phase. Th_e positions of t_he hydrogen atoms were, however,
not determined with sufficient accuracy to allow firm conclu-
® Abstract published irAdvance ACS Abstractsiuly 1, 1996. sions to be drawn with regard to the methyl group geom€try.
@) -(a)|’xasf-ryutl-(ov’ Vf- 8 B?Dfﬁ” a”glS”t'CO“[g?fff)mF’tﬁ)undss'féegihefp' | Two additional members of the (GHMX 4—, family (M =
ICal Applications of Gas-Phase electron Difiraction. Part b. structural . . . .
Information for Selected Classes of Compouhtirgittai, 1., Hargittai, Ti, Z_r' or Hf), viz. (CH3)2T!C|2 and (CH3)3T'C|’_ have bee_n
M., Eds.; VCH: Weinheim, 1988; p 1. (b) Haaland, A. Organometallic  Studied by'H, 13C, and*”4°Ti NMR spectroscopie$and their
Compounds of Main Group Elements, ref. 1laid. p 325.
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Khim. 1989 30, 34. Soc.1995 117, 3820.
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1994 98, 11337. Struct.1986 141, 457. McKean, D. C.; McQuillan, G. P.; Torto, |;

(4) Berry, A.; Dawoodi, Z.; Derome, A. E.; Dickinson, J. M.; Downs, A. Bednall, N. C.; Downs, A. J.; Dickinson, J. M. Mol. Struct.1991,
J.; Green, J. C.; Green, M. L. H.; Hare, P. M.; Payne, M. P.; Rankin, 247, 73.
D. W. H.; Robertson, H. EJ. Chem. So¢.Chem. Communl986 (12) Green, M. L. H.; Hughes, A. KI. Chem. SocChem. Commuri991,
520. 1231.

(5) Briant, P.; Green, J.; Haaland, A.; Mgllendal, H.; Rypdal, K.; Tremmel. (13) Brookhart, M.; Green, M. L. H.; Wong, L.-LProg. Inorg. Chem.
J.J. Am. Chem. S0d.989 111, 3434. 1988 36, 1.
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Figure 1. Molecular model of (CH).TiCl,, symmetryC,,.

molecular structures have been optimized at the HartFeek
and MP2 levels by effective core potential and all-electron
calculation£:1° In this article, we report the molecular structure
of the dichloride as determined experimentally by GED, NMR
studies of the deuterated species (D} TiCl,, and IR studies

of different isotopomers of the molecule.

Computational Methods

Density Functional Theory (DFT) Calculations. The molecular
structure of (CH).TiCl, was optimized and the molecular force field

McGrady et al.

Table 1. Bond Distances and Valence Angles, rms Vibrational
Amplitudes (), and Vibrational Correction Term®j] in
(CHs),TiCl, Determined by Density Functional Theory (DFT)
Calculations and Interatomic Distances, Valence Angles, and
Vibrational Amplitudes Determined by Gas-Phase Electron
Diffraction (GED}

r(DFT) |(DFT) D(DFT) r4{GED) I(GED)
Bond Distances
C—H 110.3 78 —235 111.1(4) 7.2(6)
Ti—C 205.9 5.8 —0.8 205.8(4) 9.0(5)
Ti—Cl 221.6 5.0 -0.6 219.6(3) 5.4(2)
Nonbonded Distances
Ti-=-H 153  —-10.0 256.7(12) 16.0(10)
C---C 14.4 —0.2  320.6(22) 13.0(5)
Cl---C 14.2 0.0 345.1(5) 13.0(5)
Cl---Cl 14.3 0.2 373.8(7) 11.8(7)
Valence Angles
Ti—C—H 109.9 108.1(10)
C-Ti—-C 106.1 102.8(9)
CI-Ti—C 108.4 108.9(2)
CI-Ti-Cl  116.7 117.3(3)
Rfactorg 0.021 (50 cm) 0.057 (25 cm) 0.032 (total)

a Distances, vibrational amplitudes, and correction terms in pm and
angles in deg. Estimated standard deviations of GED parameters in
parentheses in units of the last digit. As refinements were carried out
with diagonal weight matrices, the esd’s have been doubled to reflect
the added uncertainty due to data correlation and further expanded to

determined by DFT calculations using the program system Gaussianjnclude an estimated scale uncertainty of 0.2%verage values.

9416 The calculations were carried out with the aid of the BPW91
density functional program with the gradient correction of Bétkar
exchange and of PerdewVang?® for correlation. The force field was
calculated using analytical derivative methégls.

The calculations made use of standard 6-311G(d) bases for H and

C? and the chlorine basis set of McLean and Char#ig3s,10p,1d

contracted to 6s,5p,1d; the exponent of the polarization function was
0.75). The primitive Gaussian basis set for titanium suggested by

Wachter# has been slightly modified by adding two diffuse p orbitals
with exponents 0.156 and 0.0611 and one diffuse d orbital with

Individual C—H bond distances were 110.2 (two) and 110.3 pm (four).
Individual Ti—C—H valence angles were 109.€four) and 110.3
(two). ¢ These amplitudes were assumed eqUBI= [ 3 W(lobs — lcai)?

S Wlopd] V2.

Experimental Section

Synthesis, Characterization, and SpectroscopyDimethyldichlo-
rotitanium(1VV) was prepared by the reaction of titanium tetrachloride
with an excess of dimethylzinc in pentane and purified by fractional

exponent 0.0743. The resulting 14s,11p,6d basis set was contractectondensatioin vacuoin an all-glass apparatus. In a typical preparation,

to 10s,8p,3d.
The optimization proceeded under the assumptio@pMmolecular

1.0 g (5.3 mmol) of TiCJ) was dissolved in pentaned, 10 mL), and
(CHg)2Zn (1.5 g; 15.8 mmol) was cocondensed with the solution at 77

symmetry, as in Figure 1. The resulting bond distances and valenceK. The mixture was warmed to 250 K and stirred for several minutes.

angles are listed in Table 1.

Repeated fractional condensation of the volatile materials afforded

The DFT force field was used to calculate the root-mean-square (rms) (CHs),TiCl, in a trap held at 210 K. The purity was assessed by

vibrational amplitudes and vibrational correction terBis= r, — ra
by means of the program ASYMZ9. The vibrational amplitudes and
correction terms thus obtained are listed in Table 1.

Hartree-Fock calculations, FosteBoys localizatior?* and Mulliken
population analysis were effected with the program system GAMESS-
UK.? Calculations employed singe{Sz) (STO4Gj>?¢and doublez
(DZ)?5?7 basis sets.

(16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petersson, G. A,;
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,
W., Wong, M. W.; Andres, J. L.; Repogle, E. S.; Gomperts, R.; Martin,
R. L.; Fox, J. D.; Binkley, J. S.; Defrees, D. J.; Baker, J. P.; Stewart,
J. P.; Head-Gordon, M.; Gonzales, C.; Pople, J. A. Gaussian 94;
Gaussian, Inc.: Pittsburgh, PA, 1995.

(17) Becke, A. D.Phys. Re. 1988 A38 3098.

(18) Perdew, J. P.; Wang, Yhys. Re. 1992 B45, 13244,

(19) Johnson, B. G.; Frisch, M. £hem. Phys. Lett1993 216, 133.
Johnson, B. G.; Frisch, M. J. Chem. Physl1994 100, 7429.

(20) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJAChem. Phys.
198Q 72, 650.

(21) McLean, A. D.; Chandler, G. S. Chem. Phys198Q 72, 5639.

(22) Wachters, A. J. HJ. Chem. Phys197Q 52, 1033.

(23) Hedberg, L.; Mills, I. M.J. Mol. Spectrosc1993 160, 117.

(24) Foster, J. M.; Boys, S. Rev. Mod. Phys196Q 32, 300.

(25) Guest, M. F.; Fantucci, P.; Harrison, R. J.; Kendrick, J.; van Lenthe,
J. H.; Schoeffel, K.; Sherwood, RComputing for Science Lid
Daresbury: U.K., 1993.

reference to théH NMR1%28and IR spectra of the sample and by
chemical analysi& The high reactivity, thermal frailty, and photo-
sensitivity of the compound necessitated the performance of control
experiments to confirm the integrity of the sample under the conditions
of the electron-diffraction experiment.

Dimethylzinc was prepared by reduction of @Mith a zinc/copper
couple®? Isotopically labeled samples of (GHTICl, were obtained
by the gas-phase reaction between T&2id the appropriate isotopomer
of (CHs)2Zn *3%synthesized from the corresponding iodomethane which

(26) Hehre, W. J.; Stewart, R. F.; Pople, J. A.Chem. Phys1969 51,
2657. Hehre, W. J.; Ditchfield, R.; Stewart, R. F.; Pople, J.AChem.
Phys 197Q 52, 2769. Tatewaki, H.; Huzinaga, $.Chem. Phys198Q
72, 399.

(27) Dunning, T. H., JrJ. Chem. Phys197Q 53, 2823.

(28) Hanlan, J. F.; McCowan, J. @an. J. Chem1972 50, 747.

(29) Gray, A. P.Can. J. Chem1963 41, 1511.

(30) McGrady, G. S.; Downs, A. J.; Bednall, N. C.; McKean, D. C.;
Frenking, G.; Jonas, V.; Thiel, W. To be published.

(31) Conventional elemental analysis of samples of {gHCIl, was
precluded by the reactivity and instability of the compound. In order
to check the integrity of samples and the absence of other members
of the series (Cg)nTiCls—n (n = 0—4), the cleanliness of the reaction
with HCI at 178 K was exploited. Subsequent estimation of the
resulting TiC} (gravimetric) and Chi(tensimetric) confirmed a value
of n in the range 1.952.05 for each sample. The small scale of
operation rendered higher accuracy unattainable.

(32) Noller, C. R.Organic SynthesedViley: New York, 1943; Collect.
Vol. Il, p 184.
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was prepared by literature methcd$? NMR spectra were recorded
using a Bilker AM 500 MHz spectrometer. Gas-phase infrared spectra

were measured using a Mattson “Galaxy” FTIR spectrometer at a
resolution of 1 cm?. /\ /\ /\ f
Electron Diffraction. Gas-electron-diffraction data were recorded /j \/ \/ v/
on the Balzers KDG2 unit at Osfowith the sample reservoir at 273
K, the vapor being injected in the darfa an all-glass inlet system at \ /\ /\ /\
room temperature. Exposures were made at nozzle-to-plate distances /\ /\ AN I Ay
of ca 50 cm (3 plates) and 25 cm (4 plates) with an electron \/ \/ \/ \/ \/ VoA W

wavelength of 5.867 pm. The plates were traced with a modified
Joyce-Loebl microdensitometer, and the data were processed with a
program written by T. G. Strand. Atomic scattering factors were taken
from ref 36. Backgrounds were drawn as least-squares-adjusted
polynominals to the difference between the total experimental and the
calculated molecular scattering intensities. Structure refinements were
carried out with the program KCED26, written by G. Gundersen, S.
Samdal, H. M. Seip and T. G. Strand. T[T T [T T T[T T T[T [ TT T 7T

Structure Refinements. Structure refinements of (Gh#TiCl, were
based on a molecular model 6%, symmetry (see Figure 1). The DFT  ° 50 100 150 200 250 300
calculations indicate that individual-H bond distances differ by less s, nm !
than 0.1 pm and FC—H angles by less tharf Isee footnote to Table  Figyre 2. Top: modified intensity curves for (GR$TiCl,, experimental
1). Ti—CHs fragments were therefore modeled on the assumption of (dots) and calculated (full lines). The vertical scale is arbitrary.
Cs, local symmetry. The molecular structure is then determined by Bottom: difference curves.
six independent parametersz. the bond distances-€H, Ti—C, and
Ti—Cl and the valence angles¥C—H, C-Ti—C, and C+Ti—Cl.

Initial refinements were carried out without corrections for thermal
vibration. These refinements led to unremarkable values for the three
bond distances, but to abnormal values for the valence angtes Ti
C—H (102.6), C—Ti—C (104.%), and CFTi—Cl (116.8). Inclusion
of vibrational correction termdX = r, — r5) led to an improvement of
the fit and an increase of the FC—H valence angle by 5% while
the valence angles at Ti changed by abdut 1

Several refinements of the six structure parameters and eight rms
vibrational amplitudes were carried out with starting values of the angle ‘ ‘
C—Ti—C ranging from 100 to 120while starting values for CtTi— |
Cl ranged from 120 to 100 All these refinements converged to yield .
the best values listed in Table 1. The largest element in the correlation cH Trli‘éc lTiH ccC1%1c1
matrix wasp[r(Ti—Cl)/I(Ti—C)] = —0.74.

Experimental and calculated molecular intensity curves are compared
in Figure 2, while experimental and calculated radial distribution curves
are compared in Figure 3. The agreement between experimental and{T T TTTTT{TTTT T TTTTITTTTTTTTTT T TTETT T T T T

calculated curves is satisfactory. 0 100 200 300 400 500
¥, pm
Discussion Figure 3. Top: radial distribution curves for (G§3TiCl,, experimental

(dots) and calculated (full lines). The vertical scale is arbitrary.

Structure of the C,TiCl, Framework. The structure Bottom: difference curve. The artificial damping constart 25 pm.

parameters for (CkJ,TiCl, obtained by the DFT calculations

and by gas-phase electron diffraction are listed in Table 1. The sequence 210.7(5) 205.8(4)> 204.7(6) pm. This systematic
experimental dimensions are seen to be in.good agreement Wm‘bhortening of the bond distances with increasing number of
the calculated DFT values, as well as with the resultaf o0 onegative substituents is commonly observed in similar
initio calculations previously published by Frenking and co- arivatives of group 14 elemerits.

workers?10 In the following discussion, we shall refer to the The valence angles at the Ti atom are found to decrease in

experimental values since these are accompanied by errolye sequence ETi—Cl = 117.3(3)> CI-Ti—C = 108.9(2)

est|matgs. ) . ) > C-Ti—C = 102.8(9y. The larger valence angles are
The Ti—C and Ti-Cl bond distances are unremarkable: the herefore those spanned by the more electronegatibstitu-

Ti—Cl distances in (CE)2TiClz, CHsTiCls,° and TiICL*" appear  opts The same trend is found in GFiCls, where CHTi—Cl
to decrease in the sequence 219.6¢3218.5(3)> 217.0(2) = 113.0(2)> C—Ti—Cl = 105.6(2}.5

pm. Similarly the Ti-CHz bond distances in (C3Ti(7°-Cs-

! . - This trend is exactly opposite to that established for mixed
Mes),38 (CH3),TiCl,, and CHTIClz appear to decrease in the

methylhalogeno derivatives of the group 14 elements Si, Ge,
or Sn: in these main group compounds, the larger valence angles

(33) Green, M. L. H.; Hughes, A. K.; Popham, N. A.; Stephens, A. H. H.;

Wong, L.-L.J. Chem. SogDalton Trans.1992 3077, at the central atom are invarigbly those Whiqh are spa}nned by
(34) Douglass, I. BInt. J. Sulfur Chem1973 8, 441. the more electropositive substituefits. Thus, in (CH),SiCl,
(35) Zeil, W.; Haase, J.; Wegmann, £. Instrumentenk1966 74, 84. the valence angles increase in the order 8i-Cl = 107.5(1)
Bastiansen, O.; Graber, R.; WegmannBhlzers High Vacuum Report - ~_gj—C| = 108 7(2)< C—Si—C = 114.2(2y 23and in CH-
1969 25, 1. : :

(36) Bonham, R. A.; ScHer, L. Complex Scattering Factors for the SICl the valence angles gre€$i—CI = 106.9(3)< C-Si—
Diffraction of Electrons by Gases. International Tables for X-Ray ~ Cl = 111.9(3).3° It remains to be seen whether the valence

S{!ﬁﬁgﬂ%ﬁpi{'2%'754-‘]\',&”2'6‘“"0”’W‘ C., Eds.; Kynoch Press:  angles at the central atom in other molecules of the type
(37) Morino, Y.; Uehara, H]. Chem. PhysL966 45, 4543. (CHz3)nMX 4y in the titanium family (M= Ti, Zr, or Hf) will
(38) Blom, R.; Rypdal, K.; Mena, M.; Royo, P.; Serrano JROrganomet.
Chem 199Q 391, 47. (39) lijima, T.; Shimoda, T.; Hattori, HJ. Mol. Struct.1995 350, 57.
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Scheme 1 rule”, the atomic s character tends to concentrate in hybrid
CHa o orbitals that are directed toward the more electropositive
} 105.6(2)° 1075@p° _groups‘.“‘ increasing the s character of two of fouram_brlds
I : B V0 157.0(8) pm increases the angle between them. At the same time, the s
C'ch F><_>\F - _‘ ' character of the remaining hybrids must be reduced if the hybrids
Ci F o V-F =172.9(2) pm are to remain orthogonal, and the angle between them will close.
113.0(2)° 111.4(2) L . . ! . .
Similarly, increasing the s character of one hybrid of four will
102.8(9)° 107.8(4)° lead to a decrease of the angle between the remaining three.
HsC CHs ©O 0 Frenking and co-worket3have explored a similar model for
\(TP/ \<c>/ Cr=0 = 157.5(2) pm the superficially analogous situation involving'$gbridization.
\>\ Cr-F = 172.0(2) pm While the angle between two equivalent Sybrids is uniquely
Cls“' o F % determined by their s character, this is not true for the angle
11733 111.96)° between two equivalent 8tlybrids, which also depends on the

nature of the d orbitals involved: thus2dd/brids formed from

the d,and 4, orbitals are trigongbyramidal while st hybrids
formed from the ¢_y2 and dy, orbitals are trigonaplanar.
Similarly, while the angle between two equivalent sgbrids
increases monotonically with increasing s character, the angle
between two equivalent 8dybrids may increase or decrease
depending on the nature of the d orbitals involved. The
implications of Bent's rule for sthybridization must therefore

the Ti derivatives can hardly be explained &tgricrepulsions ~ P€ worked out specifically for each coordination geometry.
between the ligands since the cone angles cited for methyl and 1etrahedral stihybrids may be formed from the dy, d,

chlorine ligands in transition-metal complexes at 90 and’102 &nd g—yatomic orbitals. Increasing the s character of two of
respectively, are considerably smaller than tetrahédraihe four hybrids decreases the angle between tffeand increasing

Ti—C and Ti-Cl bonds in (CH),TiCl, are, moreover, signifi-  the S character of one hybrid of four will lead to an opening of
cantly longer than Si/GeC or Si/Ge-Cl bonds in the main the anglg between the remaining three. The observgd st.ructures
group counterparts. Steric repulsions between the ligands should®’ CHsTICls and (CH)TiCl> might therefore be rationalized
therefore be greater in the Si or Ge analog. We note, however,PY application of Bent's rule to Schybridization. _ _

that since Ti is significantly more electropositive than Si, Ge, [N order to obtain clues to the hybridization of atomic orbitals
or Sn, theCoulombicrepulsion between electronegative ligands 2t the Ti atom, Berger and co-workers have analyzed the wave

carrying substantial negative charge may be considerably largerfunction of (Ch).TiCl, obtained by structure optimization at
in the Ti derivatives. the MP2 level with an effective core potential at'fijsing the

(ii) Valence Shell Electron Pair Repulsion. The observed natur_al bond orbi_tal (NBO) partitioning §cheme for the elec.tron
trend in valence angles at the group 14 elements Si, Ge, anddgnsny‘.” Analy5|s of Fhe eIeptrop d?ﬂSlty assigned to localized
Sn has been rationalized in two ways. The first rationalization 11— C @nd Ti~Cl bondingorbitals indicates that the s character
evokes the VSEPR model: polarization of bonding electrons Of the hybrids directed toward the C atoms, h(C), is smaller
in the direction of electronegative ligands reduces their spatial than the s character of the hybrids pointing toward the Cl atoms,
requirements on the surface of the central atom, and the angled)(Cl)-1° This trend is opposite to that predicted by the simple
between such bonds are consequently reduced. Application ofhybridization argument outlined above. The trend would be
the VSEPR model to a group 4 analog would obviously lead

exhibit the same trend as the two Ti compounds studied to date
exhibit.

In the following account, we briefly explore possible ratio-
nalizations of the unexpected angles in terms of repulsion
between the ligands, valence shell electron pair repulsion
(VSEPR)# multiple metal-to-ligand bonding, and hybridization.

(i) Repulsion between the Ligands. The unusual angles in

(44) Bent, H. A.J. Chem. Ed196Q 37, 616;Chem. Re. 1961, 61, 275.

to the prediction of similar behavior.

(iii) Multiple Metal —Ligand Bonding. The structures of
CHgsTiCl3 and (CH).TiCl, would be in agreement with the
predictions of the VSEPR model if the-¥Cl bonds are assumed
to possess significant multiple bond character. In Scheme 1,
however, we compare valence angles in the two titanium
compounds with those of the molecule$/P and RCr0,.4243
The bond distances indicate that the-Kd bonds have more
multiple bond character than the-MF bonds; nevertheless, the

larger angles are those spanned by the more electronegative F

atoms. It seems that the VSEPR tenet that the spatial require-
ment of a multiple bond is greater than the spatial requirement
of a single bond is invalid for tetrahedraf transition-metal
compounds, although the high electronegativities baith
substituents in these two molecules may complicate the issue.
(iv) Hybridization. The second simple approach that has
been used to rationalize the coordination geometries of the group
14 compounds is a hybridization model. According to “Bent’s

(40) Gillespie, R. J.; Hargittai, The VSEPR Model of Molecular Geometry
Allyn and Bacon: Boston, MA, 1991.

(41) Tolman, C. AChem. Re. 1977, 77, 313.

(42) Almenningen, A.; Samdal, S.; Christen, ID.Mol. Struct 1978 48,
69

(43) Frénch, R. J.; Hedberg, L.; Hedberg, K.; Gard, G. L.; Johnson, B. M.
Inorg. Chem.1983 22, 892.

(45) Jonas, V.; Boehme, C.; Frenking, Borg. Chem.1996 35, 2097.

(46) We first assume the valence angles to be exactly tetrahedral and define
a Cartesian coordinate system with Ti at the origin, thaxis
coinciding with the 2-fold symmetry axis, the C atoms in dzglane
at positivez, and the Cl atoms in thgz plane at negative. The four
equivalent s# hybrids pointing toward the four ligands are then
uniquely determined as

h(C)=s/2+ d Jv/2 + d,,_./2

x2—y?

and
h(Cl)=s/2+d/v2+d, 2

where h(C) denotes the two hybrid orbitals pointing toward the C and
h(Cl) denotes the hybrids pointing toward the Cl atoms. If the s
character of the h(C) hybrids is increased, the contribution frenyd
must be decreased in order to maintain normalization and the angle
between the two hybrid orbitals will be reduced, in the limitsdf,
hybridization to 90. If the s character of the h(C) hybrids is increased,
the s character of the h(Cl) hybrids must be reduced in order to
maintain orthogonality. This condition in turn implies that the
contribution to h(Cl) from ¢-y» must be increased and the angle
between the two hybrids will increase, in the limit ofa-
hybridization to 117. The reduction of the angle between the h(C)
hybrids will presumably provide a driving force for the closing up of
the C-Ti—C valence angle from 109.%nd the increase of the angles
between the h(Cl) hybrids for a corresponding opening out ef Cl
Ti—CI. Once the valence angles deviate from the ideal tetrahedral
value, the ¢ orbital is no longer excluded by symmetry and the
situation becomes intractable.

(47) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899.
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Table 2. Population Parameters Given by Mulliken Population electrons, there are two other major snags. First, there is the
Analysis of Ti=Cl and Ti~C Bond Orbitals Obtained by question of sample purity. Much care is needed to produce
Foster-Boys Localization of HF Wave Functions of (GHTICl? samples of compounds such as{TiCl; and (CH),TiCl, which
valence angles Ti—Cl Ti—C are free from contamination, particularly by decomposition or

(basisset)  Ti(e) s(%) p(%) d(%) Ti(e) s(%) p(%) d(%) reaction byproducts and by other members of the family
tetrahedral (SZ) 0.232 27 35 38 0396 30 29 42 (CHynTiClan(n=0-2). Inpractice, this calls for techniques

GED (S2) 0230 27 36 37 0403 29 27 44 Similar to the ones used for the preparation and manipulation
tetrahedral (DZ) 0.155 17 23 60 0352 13 15 72 of gallium hydride&® and for scrupulous spectroscopic monitor-
GED (D2) 0153 17 25 58 0379 14 14 72  ingofthe purity of the products. The second problem concerns

the unusually low frequencies and large amplitudeg(@H
aTi(e) is the total occupancy of Ti atomic orbitals (in electrons); Y d g b A(aHs)

i 11 _
S(%), p(%), and d(%) give the distribution of the total between Tis, p, rindamentals in compounds such asyCi€ls" and (CH),
and d orbitals. TiCl*%which are liable to lead to appreciable shrinkage effects.

Hence, the vibrationally averagegC—H and Ti—H distances
reversed, however, if the d(Ti) electron density assigned to the deduced directly from the electron-diffraction pattern of the
Ti—ClI bonding orbitals was increased by less than 0.07. We gaseous molecule are somewhat longer than the corresponding
have repeated the calculations of Berger and co-workers andr. distances. As a result, the valence angle @i-H is more
find that the NBO partitioning leads to the assignment of more narrow in ther, structure (102.9 than in the equilibrium
than 0.68 Ti d electron to formally vacaantibondingTi—C structure. Our best estimates of vibrational correction terms
and Ti—Cl orbitals. Under these circumstances we do not imply in fact that T=C—H does not depart significantly from
believe that much significance can be assigned to small the tetrahedral value in the equilibrium structure, a conclusion
differences obtained by analysis of the bonding orbitals by the consistent with the results of our own and eatfleDFT
NBO procedure. A rather more satisfactory approach is to calculations.
analyze the populations of localized molecular orbitals obtained = NMR studies of CHTiClz and other molecules have exploited
by the FosterBoys proceduré? since this leads to localization  the lower symmetry of CkD isotopomers in seeking evidence
without allocating electron density to formally vacant antibond- for agostic interactions by determining the magnitude and sign
ing orbitals. of the coupling constant)(H,D) and/or by determining the

Since the stihybridization model presented above rests on change in chemical shift on deuteration and the temperature
simple symmetry and orthonormality arguments, one might hope dependence of this “Shapley shitf335! The proton-detected
that the conclusions would be reflected in population analysis 1H—13C heteronuclear shift correlation spectrum of a sample
of wave functions obtained by Hartre€ock (HF) calculations containing (CHD),TiCl, in CD,Cl, solution at 253 K was
with relatively small bases. Following the receipt of results of measured, andJ(H,D) was found to be—1.54 Hz, giving
calculations performed at the HF level using a tripl€TZ) 2J(H,H) = —10.02 Hz. The compounds GBHTIiCl; and
base, in the course of a wider study of deviations from (CH,D),TiCl, are therefore very similar in both the magnitude
tetrahedral symmetrd?,we repeated these for (GHTICl with and sign of2J(H,H), implying H-C—H angles close to 108
single< (SZ) and double; (DZ) bases. These were carried out  As noted previously, however, the correlation witiH,H) is
with the valence angles at the Ti atom constrained to both not particularly reliable for estimating the methyl group
tetrahedral and the experimentally determined values; the resultsgeometry3® Variable temperature studies on the same sample
are summarized in Table 2. gave for (CHD),TiCl, at 293 K an isotope shift of 0.042 relative

As is usually the case, the Mulliken population parameters to the nondeuterated species; at 243 K the isotope shift altered
are found to be very basis-set dependent. For what they areonly slightly to 0.044. The magnitudes of the shift and of its
worth, however, the parameters are inconsistent with the sd temperature dependence are too small to be ascribed to
hybridization model. First, the numbers indicate that the Ti p Tj---H—C interactions of any consequence, although the absence
orbital populations are as large as, or larger than, the Ti s orbital of a Shapley shift does not exclude the possibility of symmetrical
populations. Second, while the SZ calculations indicate that agostic interactions involving all three bonds in both methyl
the s character of the h(C) hybrids is essentially equal to the sgroups.
character of the h(Cl) hybrids, the DZ calculations indicate that  The IR spectra of gaseous samples and harmonic local mode
the s character of the h(Cl) hybrids is larger. (energy-factored force field) calculati®&®n the internal modes

_ An alt_ernativ_e approach would allow for the ipnic contribu-  f methyl groups in the species (GB3_m)2TiCl, (m = 0—-3),
tion, which is likely to be much larger for the FCI than for
the Ti—C bonds. This model C_an ad?quately account fpr the (49) If the Ti—C bonds are considered to be essentially covalent and the
Observe_d valence angles at T'_' but is also at odds W'th the Ti—Cl bonds largely ionic, the bonding can be thought of as deriving
population analyses presented in Tabf 2e do not believe from the interaction between [TiME+ and two chloride anions. The
it worthwhile to investigate further the dependence of the Ti—C bonds in the cation would be formed from two sd hybrid orbitals

. . . . on the Ti atom (bond angle 90 with the CI ions initially
MU”'ken. population parameters on basis sets or to look for basis diametrically opposed about this cation in order to minimize Cou-
sets which lead to population parameters in better agreement  lombic repulsion between the two negative charges and occupying
with the hybridization model, but prefer to let the matter rest pseudoaxial positions in a sawhorse arrangement. Introduction of a
here. No simple model seems able as yet to provide a consistent degree of covalent character into the-TI bonds will lead to greater

) : use of the valence orbitals at the Ti atom and the incorporation of
and rational explanation of the skeletal geometry assumed by further d character into all FiX bonds. Consequently, the €Ti—

d® molecules such as (GTICl.. Cl angle will close down and the-€Ti—C angle will open up from
Methyl Group Geometries. There is no shortage of reported 90° until the combined covalent and electrostatic interactions reach a
iahti f tic M-H—C interactions2 but it is far from minimum on the potential energy surface. Such a model makes
sightings or agos , ariro qualitative sense of the observed valence angles, but suffers from the

easy to pin down precisely the geometry of methyl substituents drawback that Ti s character is again concentrated in th€Toonds,

coordinated to metal atoms. Apart from the low cross sections 50) a CO”C'USAiOG atpocfﬁs Witgthé gOFJIU'atiO“C?]“a'VESSZVZlhal‘;elpeff(’fme‘j-
. . owns, A. J.; Pulham, C. v. Inorg. em y .

of the H atoms with respect to the scattering of X-rays or (51) Calvert, R. B.; Shapley, J. . Am. Chem. S0d978 100, 7726.

(52) McKean, D. C.Chem. Soc. Re 1978 7, 399; Croat. Chem. Acta

(48) Palmer, M. H. To be published. 1988 61, 447.
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along with the wavenumbers of the “isolatee{C—H) funda- Edinburgh, for stressing the advantages of the Fe®®eys
mentals of the isotopomer (CHRTICI,, lead to the prediction  procedure and for communicating the results of his calculations
of 109.8 pm for theo(C—H) bond distance and 109.1or the in advance of publication, and Dr. T. Claridge, Oxford, for
Ti—C—H valence angle. A full account of the IR spectroscopy assistance in measuring the NMR spectra of {CHTICl,. We
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