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Abstract: The complete series of Me, TiCls-, compounds has been prepared and the NMR spectra were recorded.
The measured values are compared with the data of the main group equivalents Me,XCly, with X = C, Si, Sn, and
Pb. The 'H, 13C, °Si, and *"°Ti chemical shifts of the compounds Me,XCls., (X = C, Si, Ti) were calculated using
the IGLO approach, based on optimized geometries at the HF and MP2 levels of theory. Theory and experiment
agree that the central carbon atom of Me,CCls., shows a deshielding trend from n = 4 to 0. The central titanium
atom in Me4TiCl,., exhibits the opposite behavior, it becomes more shielded from n = 4 to 0. The calculated and
experimental results show that the *C and “7#°Ti chemical shifts of MeTiCl; are not anomalous, the data fit into the
pattern observed and calculated for the whole series of Me, TiCls-, compounds. The silicon series Me,SiCls., exhibits
a U-shaped curve. The analysis of the bond orbital contributions to the calculated shifts shows that the X—C and
X~Cl localized bonds clearly dominate the theoretically predicted chemical shift of the atom X. The partitioning
of the bond contributions into the diamagnetic and paramagnetic parts clearly demonstrates, that the paramagnetic
contributions determine the trend of the chemical shifts of the three series of compounds. The diamagnetic parts are
nearly constant. The paramagnetic contributions are particularly large for the Ti compounds, because Ti has low-
lying empty d orbitals, which can interact with the bond orbitals by the action of the off-center angular momentum
operator of Ti. The paramagnetic contributions are much lower for the Si and C compounds, because there are no
low-lying empty orbitals available. The analysis of the chemical bonds using the NBO partitioning scheme shows
that the polarization and sp” hybridization of the C—CH;, C—Cl, Si—CHj, and Si—Cl bonds show the expected

trends. The Ti—CH; and Ti—Cl bonds are essentially sd® hybridized with negligible p contribution at Ti.

Introduction

The structural data of methyititaniumtrichloride MeTiCl; (1d),
an important organometallic reagent,!? have been controversially
debated over the last two decades. An early report® on IR and
'H NMR data commented on the rather high frequency proton
signal, with 6 = 2.78 compared to 6 = 2.70 of the carbon
equivalent MeCCls (2d), although titanium is less electronega-
tive than carbon. In addition, these authors observed a 'Jicp
spin coupling constant of 134 Hz, which again required a “strong
electronegative substituent”. By comparing the proton data of
1d and a series of MeTiY; (Y = halogen) compounds,
subsequent work suggested a p,—d, interaction between tita-
nium and chlorine in MeTiCl;.# In preliminary work we have
shown that the 47%°Ti NMR signal of 1d is also strongly
deshielded compared with other titanium compounds.* We
could confirm the 3C result of other authors who found an
astonishing '3C chemical shift value of 6 = 118.2 for the methyl
group of MeTiCl3.6 These authors also reported, on the basis
of electron diffraction data, a considerable flattening of the

® Abstract published in Advance ACS Abstracts, March 15, 1995,

(1) Reetz, M. T.; Hullmann, M.; Seitz, T. Angew. Chem. 1987, 99, 478;
Angew. Chem., Int. Ed. Engl. 1987, 26, 477.

(2) Reetz, M. T.; Kesseler, K.; Schmidtberger, S.; Wenderoth, B.;
Steinbach, R. Angew. Chem. 1983, 95, 1007; Angew. Chem., Int. Ed. Engl.
1983, 22, 989.

(3) Hanlan, J. F,; McCowan, J. D. Can. J. Chem. 1972, 50, 747.

(4) Blandy, C.; Guerreiro, R.; Gervais, D. C. R. Acad. Sci. Ser. C 1974,
278, 1323,

(5) Berger, S.; Bock, W.; Marth, C. F.; Raguse, B.; Reetz, M. T. Magn.
Reson. Chem. 1990, 28, 559.

(6) Berry, A.; Dawoodi, Z.; Derome, A. E.; Dickinson, J. M.; Downs,
A.].; Green, J. C.; Green, M. L. H.; Hare, P. M.; Payne, M. P.; Rankin, D.
W. H.; Robertson, H. E. J. Chem. Soc., Chem. Commun. 1986, 520.

0002-7863/95/1517-3820$09.00/0

methyl group, supported by a very low frequency rocking mode
in the IR spectrum. They concluded that an agostic hydrogen
atom would be present, which they related to a positive geminal
H.H spin coupling constant of the methyl group. This sign was
measured on a deuterated isotopomer and was the only example
of a positive 2Ji 5, in a methyl group. However, besides the
very unusual '3C chemical shift, all other data from this paper®
seem to be wrong.

Although theoretical work using extended Hiickel calculations
reproduced the positive sign of the spin coupling constant, and
related this effect to a small Ti—C—H angle,” a more recent
experimental redetermination of this sign showed that it is indeed
negative, like all other similar geminal spin coupling constants.?
By measuring the temperature dependence of the 'H NMR
spectra of deuterated species of methyl- and ethyititanium
trichloride, the agostic nature of the hydrogen atoms was not
confirmed® and no isotopic perturbation of a conformational
equilibrium was found.!® New gas electron diffraction data also
could not be interpreted in terms of an unusual methyl group
geometry but showed a normal Ti—C—H angle of ca. 109°.11
This is in accordance with high level quantum chemical
calculations, which also obtain a normal methyl group geom-
etry.!? The large difference in the low frequency rocking mode
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of 1d compared with MeGeCl; was ascribed by these authors
to the fact that the d orbitals of Ge have very high energy,
whereas for the titanium compound a rehybridization of the
carbon metal bond should be feasible due to the low lying d
orbitals of titanium.'?* A close geometrical resemblance to the
new gas electron diffraction data was also obtained using
pseudopotential calculations not only for 1d but also for the
series of Me,TiCly—,'3 and Me,XCls-, compounds with X =
C, Si, Ge, Sn, and Pb.!* In summary, the current theoretical
and structural data maintain that the methyl group in 1d has a
normal geometry, while the carbon chemical shift is completely
out of range. A survey of '*C data banks such as SPECINFO'S
reveals that there is a huge gap between the measured value of
0 = 118 and the highest frequency value reported for non-
titanium-bonded methyl groups at 6 = 75.

In order to understand the very unusual NMR data of this
compound, we have initiated a project to experimentally
determine the carbon chemical shifts in the complete series of
Me,TiCly-, (1) compounds. We wanted to find out whether
the outstanding 3C chemical shift is restricted to the trichloride.
Furthermore, we decided to compare the results with the series
of main group element compounds Me,XCly—, with X = C,
Si, Sn, and Pb (2—5), looking not only at carbon chemical shifts
but also at the chemical shift of the central atoms.

In the course of this study, we found that the 13C and 474°Ti
chemical shifts of 1d are not anomalous, the data fit into the
pattern observed and calculated for the whole series of
Me, TiCls—, compounds. The order of the 47*Ti chemical shift
in the series Me,TiCls—, is unusual, however, compared with
the carbon and silicon analogues.

The Ti atom shows a trend toward more shielding from n =
4 to 0. The central carbon atom in Me,CCl;-, exhibits the
opposite behavior, it becomes more deshielded from » = 4 to
0. The silicon series Me,SiCls-, shows a U-shaped curve. This
study attempts to give an explanation for the different trends
of the three series of related compounds.

The experimental study was complemented by quantum
mechanical ab initio calculations of the geometries and the
chemical shifts of the Me,XCls-, compounds for X = C, Si,
Ti. The chemical shifts are predicted using the IGLO method.'®
The performance of the IGLO method for calculating the
chemical shifts of elements of the first, second, and third rows
of the periodic system has been documented previously.!¢
However, the accuracy of theoretically predicted ***Ti chemical
shifts using IGLO has not been studied before. Thus, the present
work gives important information about the performance of
IGLO for calculating *"*°Ti chemical shifts. We want to point
out that the calculated data refer to isolated molecules, while
the experimentally observed chemical shifts are measured in
solution. This may lead to errors, which are not due to the
theoretical model. Previous studies have shown, however, that
a meaningful comparison between calculated relative shifts of
isolated molecules with solution experiments can be made.!6
It seems that the solvent effect upon the difference in chemical
shifts cancels to a good extent. The results presented here show
that this seems to hold also for Ti compounds. In this paper
we report the results of the experimental and theoretical
investigations.

(12) (a) Williamson, R. L.; Hall, M. B. J. Am. Chem. Soc. 1988, 110,
4428. (b) Kromer, R.; Thiel, W. Chem. Phys. Lett. 1992, 189, 105.

(13) Jonas, V.; Frenking, G.; Reetz, M. T. J. Comp. Chem. 1992, 13,
919.

(14) Jonas, V.; Frenking, G.; Reetz, M. T. J. Comp. Chem. 1992, 13,
93s5.

(15) Specinfo, NMR Data Bank; Chemical Concepts: Weinheim.

(16) (a) Kutzelnigg, W. Isr. J. Chem. 1980, 19, 193. (b) Kutzelnigg,
W.; Fleischer, U.; Schindler, M. NMR: Basic Princ. Prog. 1990, 23, 165.

J. Am. Chem. Soc., Vol. 117, No. 13, 1995 3821

-—
ethanol
liguid nitrogen

R o

stirrer

Ar \vacuu m

reaction

vessel \

frit —— | (@

N receiver

/

-40°C

Figure 1. Apparatus used for the preparation of the methyltitanium
chlorides.

Experimental and Theoretical Methods

Methyltitanium chlorides are unstable to air and moisture and
decompose below 0 °C, except for methyltitanium trichloride. All
preparations, manipulations, and reactions were carried out under an
inert atmosphere of argon. We had to find a way to filter the solutions
without allowing them to warm above —40 °C. The apparatus used is
shown in Figure 1. It allows the filtration of the reaction mixture by
connecting the receiver to the vacuum line, while cooling the reaction
mixture and the receiver.

The methyltitanium compounds were prepared by methods similiar
to those used by Claus and Beermann!” as well as Schlegel and Thiele.'®
Thus, they can be prepared by mixing methylmagnesium iodide and
titanium tetrachloride in the right stoichiometric ratio, or by mixing
the corresponding amounts of titanium tetrachloride and tetramethylti-
tanium. Special care has to be taken in the preparation of tetrameth-
yltitanium and particularly trimethyltitanium chloride, because they
decompose at —30 °C and —40 °C, respectively. A solution of
trimethyltitanium chloride concentrated enough to detect an **Ti-NMR
signal could only be made by direct reaction of titanium tetrachloride
with methylmagnesium iodide, without any steps of purification or yield
optimization. The preparation of dimethyltitanium dichloride is much
less difficult; it is stable up to —10 °C. Trimethyltitanium chloride
melts at 29 °C and does not decompose until 40 °C.

General Procedure for the Reaction of Methylmagnesium lodide
with Titanium Tetrachloride. The reaction vessel was charged with
100 cm? of diethyl ether at —40 °C. Titanium tetrachloride was added
slowly, dropwise from a syringe. To this yellow suspension, an etheral
solution of methylmagnesium iodide, which has been precooled to —20
°C in the addition funnel, was added over several hours. After complete
addition, the mixture was stirred for 2 h. A brown solid is formed
from which the solution of tetramethyltitanium is separated by
connecting the receiver to the vacuum line. The yield can be improved
by washing the solid with further precooled diethyl ether until the filtrate
is no longer orange. We usually avoided this step because we were
interested in obtaining concentrated solutions. The solution of the
methyltitanjum compound is concentrated under vacuum. This takes
several days, and one has to ensure that the temperature never rises
above the temperature of decomposition. The solutions can be stored
at —78 °C for several weeks. For NMR measurements, they are
transferred into NMR tubes, which are sealed in vacuo.

General Procedure for the Preparation of Methyltitanium
Chlorides from Tetramethyltitanium and Titanium Tetrachloride.
For this reaction, the concentration of the solution of tetramethyltitanium
in diethyl ether has to be known. Therefore, 5 cm?® of the solution
were transferred into a 50 cm? round-bottom Schlenk flask and 1.00 g
(7.88 mmol) of iodine was added. After the reaction MesTi + 41, —
Tils + 4Mel is quenched with 20 cm? of water, an aqueous solution of
starch is added. The excess iodine is then titrated with a solution of
sodium thiosulfate, until the mixture remains colorless. A direct titration
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of the solution of tetramethyltitanium with a solution of iodine is
impossible because of the orange color of tetramethyltitanium.

A round-bottom Schlenk flask is charged with a solution of
tetramethyltitanium of known concentration and titanium tetrachloride
diluted with pentane is added at —78 °C in the right stoichiometric
ratio. The solution is then concentrated under vacuum. This takes
several days and one has to ensure that the temperature never rises
above the temperature of decomposition. For NMR measurements,
the solutions are concentrated as much as possible and are transferred
into 5 mm NMR tubes, which are sealed in vacuo.

The measurement was performed on a Bruker AMX-500 spectrom-
eter with internal reference versus the residual solvent peak for 'H and
13C and external reference for X = 47#Ti versus TiCl; and for 2Pb
versus MeyPb.

The quantum chemical calculations of the chemical shifts ¢ for
Me, XCls—, (X = C, Si, Ti) have been carried out with the IGLO
method.!$ Two types of basis sets were used. Basis set I is a standard
6-31G(d) basis set'? at H, C, Si, and Cl in combination with an effective
core potential (ECP) for Ti.® The valence basis set at Ti has (441/
2111/41) quality. Basis set IT is a [11s7p2d]/(7s6p2d) basis set for Si
and Cl, [9s5p1d]/(5sdpld) for C, and [5s1p)/(3slp) for H.!*2! For Ti,
an all electron [14s9p5d]/(8s5p3d) basis set from Wachters?® was
chosen, augmented by additional 4p functions, as recommended by
Wachters, and a set of diffuse d functions.??® This gives a [14s11p6d]/
(8s7p4d) basis set for Ti. The geometries have been optimized at the
Hartree—Fock (HF) and MP2 (Mgller—Plesset second-order perturba-
tion theory?®) levels of theory using the Gaussian92%* and Turbomole?
program systems. The electronic structure of the molecules has been
investigated with the natural bond orbital (NBQO) partitioning scheme
developed by Weinhold and co-workers.?® The chemical shifts are
predicted at the HF/II level of theory using geometries optimized at
HF/II and MP2/II with the direct IGLO program.?® The localized
orbitals necessary for the IGLO calculations were calculated using the
method suggested by Foster and Boys.?™

Experimental Results

All members of the Me, TiCls—, 1la—e series were prepared
from methylmagnesium iodide and TiCls by comproportionation
reaction between 1a and le. The compounds were transferred
into NMR tubes under carefully controlled conditions, and the
corresponding 'H, 3C, and *7*°Ti NMR spectra were recorded.
The results for la—e are given in Table 1, the 4’*°Ti NMR
spectra are shown in Figure 2, and the dependence of both the
4749Ti and '3C NMR data on the number of methyl groups n is
illustrated in Figure 3.
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Table 1. Experimental Chemical Shifts of Methyltitanium
Chlorides Me, TiCly—, (n = 0—4)

TiCls MeTiCl® Me,TiCl! MesTiCle  Me,Ti
Sy 2.88 2.11 1.86 1.41
Sisc 1137 87.8 79.8 69.3
SrssTi 0 613 907 1188 1325
e (Hz) 134 128 122 119
Avip(Hz) 3 40 1200 2700 770

¢ In CDCl3, 253 K. ¢ In ELO/CH,Cl,, 233 K. ¢ In E,O/CH,Cl,, 223
K. ¢In EO, 233 K.

As can be immediately seen from Figures 2 and 3, 14 is not
a special exception, but its NMR data fit in homogeneously in
the whole series. We observe a strong deshielding of the Ti
chemical shift, as one replaces the chlorine atoms in TiCl, (1e)
by methyl groups one by one. The first increment is, with about
600 ppm, rather large, the next two replacements cause a further
deshielding by 300 ppm each, and the final step is only 150
ppm. As can be seen from Figure 2, for symmetry reasons, the
quadrupolar *7#°Ti signals at both ends of the series have the
lowest half width. The 474°Ti NMR spectra of 1d can only be
obtained if the compound is prepared in the absence of ether
and THF, although the 'H and '3C NMR spectra do not differ
significantly in ether or CH,Cl, solutions. The 'H and '*C
chemical shifts move in the opposite direction; these signals
are shielded on replacement of a chiorine by a methyl group.
The first increment going from 1d to 1c for '>C and 'H is rather
large, with —25 and —0.8 ppm, respectively, then the effects
become smaller with roughly 10 ppm for carbon and 0.4 ppm
for proton. The 'Jicy spin coupling constants similarily
decrease on replacement of chlorine by methyl groups, thus
nicely indicating the change in electronegativity.

For comparison, the data of the main group equivalents
Me, XCly-, with X = C (2a—e), Si (3a—e), Sn (4a—e), and Pb
(5a—e) were collected. The data of 2a—e,28 3a—e,2° and 4a—
€3 could be taken from the literature, but they were redeter-
mined by us in order to obtain a homogeneous data set in the
same solvent. The lead organic compounds 5a—e have been
prepared by literature procedures. The data are given in Table
2 and are graphically shown for the the central atoms X in Figure
4 and for the methyl groups in Figure 5.

Chemical Shifts of the Central Atoms. The data in Figure
4 are normalized to the chemical shift difference dxmax) — Ox(min)
of the different nuclei X, in order to show a common illustration
of the chemical shift data, which cover a large range of absolute
numbers. As can be seen from Figure 4, the signals of the
central carbon atoms behave oppositely to those of the titanium
compounds. Replacing chlorine by methyl groups yields a
shielding effect. For the silicon, tin, and lead compounds the
behavior is more complicated. Here one observes a typical
U-shaped curve’! with the minimum shielding seen for the
Me;XCl; compound. This point was discussed controversially
in the literature. One model interprets the U curves as the
maximum p-electron imbalance giving a maximum of para-
magnetic contribution.®® The U curves can be calculated by
assuming different bond polarity parameters for the X—CI and
X—Me bonds. A different argument maintains that the relative
contribution of electronegativity and p,—d, back donation is
best balanced for the Me,XCl; compounds.3? Experimentally,
however, carbon and titanium form the two ends of this
characteristic behavior, and neither display a U-shaped chemical
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Figure 3. '3C and ““°Ti chemical shifts of methyltitanium chlorides
MesTiCls—, (n = 0—4).

shift curve. Within the second model, this might be explained
by assuming that for carbon solely electronegativity and for
titanium only p,—d; back donation dominates through the whole
series leading to the opposite sign of their chemical shift
correlation.3?

Chemical Shifts of the Methyl Groups. The !3C NMR data
for the methyl groups in compounds 1—5 are shown in Figure
5. Qualitatively, they all show a nearly parallel behavior—there
are no sign differences between the main group elements and
titanium. This is not unexpected, since the point of substituent
change is two bonds away from the methyl groups. The

(32) McFarlkane, W.; Maire, J. C.; Delmas, M. J. Chem. Soc., Dalton
Trans. 1972, 1862. van den Berghe, E. V.; van der Kelen, G. P. J.
Organomet. Chem. 1973, 59, 175.
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Table 2. Experimental Chemical Shifts of Methyl Chlorides
Me, XCls—, (n = 0—4; X = C, Si, Sn, Pb)

X 0 1 2 3 4
C Oy 2.74 2.17 1.60 0.98
03¢ Methyl 46.3 39.2 343 31.4
053¢ Comral 96.7 96.2 85.9 66.9 27.4
Si o 1.08 0.74 0.36 0
duc 7.32 4.19 0.76 0
dss; -214 98 29.7 28.6 0
Sn  Ow 1.66 1.19 0.59 0.05
duc 10.8 7.5 -0.8 -93
619, -150.7 17.8 133.2 167.8 0
Pb Oy 1.56 1.58 0.88
Onic 20.8 19.0 —4.1
S207p, —790.0 3855  413.2 0

chemical shift changes follow the decrease in electronegativity—
changes in p,—d, back donation would not reach the methyl
groups.

Interesting, however, is the large vertical gap in Figure 5
between the main group element compounds and the titanium
series. Thus, in order to explain the very unusual *C chemical
shift of MeTiCls (1d), which was the original intent of this work,
it is sufficient to explain the chemical shift value of ¢ = 69 for
Me,Ti, compared with —9.3 to 31.4 ppm for all other Me,X
compounds, without taking the additional chemical shift effects
of chlorine into account. Although titanium is less electroneg-
ative than carbon, the methyl groups in Me,Ti are deshielded
by some 40 ppm compared with MesC. A most important
experimental fact, which should elucidate the problem further,
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Figure 5. ’C chemical shifts of methyl groups in methyl chlorides
MesXCly—, (n = 0—4; X = C, Si, Sn, Pb, Ti).

is the 13C chemical shift of Me,Zr. Here we measure a quite
normal chemical shift of 6 = 33.2 and a C,H spin coupling
constant of 111.7 Hz. Thus, the titanium values remain
outstanding, compared with both the main group equivalents
and the closest second row transition metal analogue. Since
experimentally the problem could not be further clarified, we
turned to extensive theoretical calculations.

Theoretical Results

Table 3 shows the optimized geometries at the MP2/1I level
of theory for Me,XCls., (X = C, Si, Ti) together with the
experimental data. The optimized geometries at HF/I, HF/I,
and (for the Ti compounds) MP2/1 are given as supplementary
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Table 3. Calculated and Experimental Geometries of Me,XCl;—,
(n = 0—4; X = Ti, C, Si) [Bond Lengths in A, Angles in deg]

C— c- Cl-
structure X no. method X-Cl X-C X-Cl X-C X-Cl
Me,Ti Ti 1la MP2/II 2.075 109.5

MesTiCl Ti 1b MP2/ITI 2223 2.062 113.0 1057
Me;TiCl, Ti 1le MP2/II 2.203 2.054 108.1 102.2 1208

MeTiCl; Ti 1d MP2/II  2.186 2.058 1044 114.1
exp® 2.182 2.048 105.8 112.9
TiCly Ti 1le MP2/II 2.182 109.5
expt 2.170 109.5
MesC 2a MP2/1I 1.520 109.5

C
exp.c 1.537 109.5
MesCCl C 2b MP2/II 1.824 1.512 1074 1114
expd 1.828 1.528 107.1 1117
Me.CCl, C 2¢ MP2/I 1.801 1504 108.7 1135 1084
C
C

exps 1.799 1.523 108.9 113.0 1083

MeCCl; 2d MP21II 1784 1.503 110.0 108.9
exp/ 1771 1.535 1105 108.4
CClL 2e MP2/II 1.773 109.5
expf 1.765 109.5
Me,Si Si 3a MP21I 1.875 109.5
exp.”! 1.875 109.5

Me;SiCl  Si 3b MP2II 2085 1.861 107.3 111.6
exp. 2022 1857 110.5

Me;SiCl, Si 3¢ MP2II 2064 1.849 108.4 1145 1085
exp/ 2.054 1.850 108.7 1142 107.5

MeSiCl; Si 3d MP2/II 2.045 1.838 110.3 108.7
expt 2.026 1.848 110.3 108.6
SiCly Si 3e MP2/II  2.028 109.5
exp.) 2.019 109.5

2 Reference 33. “Reference 34. < Reference 35. 7 Reference 36.
¢ Reference 37. fReference 38. ¢ Reference 39. * Reference 40. { Ref-
erence 41./ Reference 42. * Reference 43. ! Reference 44,

material. The theoretical geometries predicted at the different
levels of theory are very similar. The theoretical geometries
are in good agreement with the experimental data (Table 3).

Table 4 shows the calculated and experimental chemical shifts
of the three series of compounds. The theoretical data shown
in Table 4 are obtained at the HF/II level using the MP2/I1
optimized geometries. In order to study the influence of the
geometry upon the predicted chemical shifts we also calculated
the shifts at the HF/II level using the HF/II optimized geom-
etries. The two different sets of calculated chemical shifts are
very similar. The shifts calculated at HF/II//HF/II are given as
supplementary material. In the following, the chemical shifts
at HF/II calculated with the MP2/1I optimized geometries are
used for the discussion.

The theoretically predicted deshielding trend for the central
carbon atom from Me,sC (2a) 6(C.) = 24.2 to CCl, (2e) 6(C.)
= 118.2 is in qualitative agreement with the experimental
observation (Table 4).

However, the experimental values do not increase as much
as the theoretical data. In particular, the very small increase of
the experimental values from MeCCls (2d) 6(C.) = 96.2 to CCLy
(2e) 6(C,) = 96.7 is in disagreement with the calculated values,
which predict a much larger increase from 6(C.) = 106.8 (2d)
to 6(C.) = 118.2 (2e). At present, we do not have an
explanation for the difference between theory and experiment
concerning the (C.) values of 2d and 2e.* We want to point
out, however, that the general trend of increasing 6(C,) values
for 2a to 2e is correctly predicted by the theoretical calculations.

The comparison of the experimental and theoretical chemical
shifts for the Si series, Me,SiCl;—, (3a—3e), shows similar
results as for the carbon analogues 2a—e. The theoretically
predicted relative chemical shifts ¢ for the ligand atoms

(45) Calculation of the carbon chemical shift of CCls with the GIAO-
MP2 method*® and a TZP basis set results in a & value of 129.3 ppm relative
to CHy4 for C, which agrees even less well with the experimental value.
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Table 4. Calculated and Experimental Chemical Shifts (ppm) for X, 1*C, and 'H in Me,XCly—, (n = 0—4; X = Ti, C, Si)*

structure X no. method aX) o(X) a(C) 6(C) oH) 6(H)
Me,Ti Ti la HF/II/MP2/11 —1672.74 1251 130.14 68.3 30.48 1.38
exp. 1325 69.3 1.41
Me;TiCl Ti 1b HF/I//MP2/1L —1473.26 1052 120.41 78.0 30.11¢ 1.754
exp. 1188 79.8 1.86
Me,TiCl, Ti 1c HF/I//MP2/1L —1252.49 831 104.63 93.8 29.714 2.15¢
exp. 907 87.8 2.11
MeTiCl; Ti 1d HF/I//MP2/11 —964.63 543 81.81 116.6 29.14 272
exp. 613 113.7 2.88
TiCl, Ti le HF/II//MP2/11 —421.37 0
exp. 0
Me,C C 2a HF/II//MP2/11 174.22 242 166.09 323 30.90 0.96
exp. 274 314 0.98
Me;CCl C 2b HF/I//MP2/11 134.49 63.9 163.26 352 30.33¢ 1.534
exp 66.9 343 1.60
Me,CCl, C 2c HF/II/MP2/11 109.01 89.4 159.08 393 29.89° 1.97¢
exp. 85.9 39.2 2.17
MeCCl; C 2d HF/II/MP2/11 91.65 106.8 153.61 44.8 29.55 2.31
exp 96.2 46.3 2.74
CCL C 2e HF/II//MP2/11 80.21 118.2
exp 96.7
Me,Si Si 3a HF/I//MP2/11 379.43 0 198.42 0 31.86 0
exp. 0 0 0
Me;SiCl Si 3b HF/II//MP2/11 348.68 30.8 195.39 3.0 31.53¢ 0.332
exp. 28.6 0.8 0.36
Me,SiCl, Si 3c HF/II//MP2/TL 341.74 377 192.38 6.0 31.24¢ 0.62¢
exp. 29.7 4.2 0.74
MeSiCl; Si 3d HF/I//MP2/11 352.83 26.6 189.61 8.8 31.00 0.86
exp. 9.8 7.3 1.08
SiCly Si 3e HF/I//MP2/11 372.96 6.5
exp. —-21.4

@ Average values for all hydrogens. ¢ In the case of X = C, X = central carbon and C = ligand carbon.

Table 5. Calculated and Experimental Chemical Shifts (ppm) for
X (X = B3¢C, ¥8i, 4°Ti) Relative to 6(MesX) = 0

structure method 8(X=C) O(X=S8i) O(X=Ti)
MesX HF/I//HF/II 0 0 0
HF/II//MP2/11 0 0 0
exp. 0 0 0
Me;XCl HF/II//HFI 40.8 31.6 —203
HF/II/MP2/1L 39.7 30.8 -199
exp. 39.5 28.6 -137
Me;XCl,  HF/II/HF/II 63.0 38.4 —412
HF/I/MP2/11 65.2 37.7 —420
exp. 58.5 29.7 —418
MeXCl; HF/II//HF/TI 78.4 26.9 —678
HF/I//MP2/11 82.6 26.6 —708
exp. 68.8 9.8 =712
XCl, HFII//HF/I 88.6 6.6 —1265
HF/I//MP2/11 94.0 6.5 —1251
exp. 69.3 -214 —1325

hydrogen and carbon are in good agreement with experiment.
The calculated J(Si) values show the same U-shaped trend
(Table 4) as the experimental values. The absolute numbers
are somewhat different, however. In order to demonstrate that
the difference between theoretical and experimental values for
the chemical shift of the central atom in the series Me,CCls—,
and Me,SiCly—, is very similar, we show in Table 5 the J values
of the central atoms using MesX (X = C, Si, Ti) as a standard
(0(X) = 0). It is obvious that the difference between theory
and experiment is nearly the same for the corresponding carbon
and silicon compounds.

The trends of the theoretical and experimental chemical shifts
of the central atom X in the series Me,XCly—, for X = C and
Si are shown in Figures 6 and 7. Note that the theoretical and
experimental 6(X) values for MesX have been arbitrarily set
equal to zero. It is obvious that the calculated o(X) values
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Figure 6. Trend of the theoretical and experimental chemical shift of
the central atom C in the series Me,CCly—,.

indicate stronger deshielding for CCls and SiCly than experi-
mentally observed.

The theoretical and experimental values for the chemical shifts
of the Ti compounds Me, TiCly-, (1a—e; Table 4) show a good
agreement between theory and experiment for the § values of
the hydrogen and carbon atoms. Theory and experiment agree
that there is a strong shielding trend for the central Ti atom
from MesTi (1a) to TiCly (1e). The differences between the
calculated and experimental &(Ti) absolute values are larger than
in the case of the C and Si compounds. This becomes obvious
when the theoretical and observed 6(Ti) values are compared
using Me,Ti as a standard (Table 5). However, the overall trend
toward higher shielding from Me,Ti to TiCly is very well
reproduced at the HF/II level of theory. Figure 8 shows good
agreement between the theoretical and experimental data. The
calculated o(Ti) value of TiCls indicates less shielding than
experimentally observed, but the difference between theory and
experiment is not very large.
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Table 6. Contributions of the Localized Valence Orbitals to gc(Central) in Me,CCly—, (n = 0—4)

Berger et al.

structure MesC Me;CCl Me,CCl, MeCCl;, CCly
C—Cl dia 6.53 x 1 7.39 x 2 822 x3 8.99 x 4
para —-9.28 x 1 —20.87 x 2 —30.13 x 3 —3725 x 4
z —2.74 x 1 —13.48 x 2 —2191 x 3 —28.26 x 4
C—-Cdia 11.95 x 10* 12.67 x 3 13.37 x 2 1401 x 1
para —18.76 x 10* —33.97 x 3 —44.77 x 2 —5225 x 1
> —6.81 x 10¢ —2130x 3 —31.40 x 2 —3825x 1
C-HXY <0.1 <0.3 <0.7 <0.7
LPCl Y <1.0 <1.0 <1.4 <0.7
A(G)c-ce-af —39.40 —23.12 —14.22 —9.06
>Cc—-Ccrc-C —27.24 —66.64 —89.76 —103.98 —113.04
>val —26.66 —66.45 -91.99 —109.33 —120.81
core C 200.88 200.92 200.95 200.99 201.02
dia X, 253.71 251.71 250.00 248.44 24691
para %, —79.49 —-117.24 —141.04 —156.78 —166.70
Cior 174.22 134.47 108.96 91.66 80.21

@ A(@)c-c.c-c1 gives the sum of the differences, which arise only from the g¢—c and oc-ci contributions between consecutive compounds Me,CCls—,
from n = 4 to 0 to o(C)c. Average values for chemically equivalent nuclei are given.
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Figure 7. Trend of the theoretical and experimental chemical shift of
the central atom Si in the series Me,SiCly—,.

Although there are some differences between the theoretical
and experimental values for the chemical shifts of the central
atoms, theory and experiment agree that the three series of
Me, XCly-, compounds exhibit different trends of the chemical
shift from » = 0 to 4. We analyzed the calculated chemical
shifts of the central atom in the series Me, XCls-, in order to
explain the different trends for X = C, Si, Ti. The calculated
absolute values of the chemical shieldings in the IGLO method
are the sum of the orbital contributions to g(X). The contribu-
tions of the localized valence orbitals to the chemical shifts of
the central atoms are shown in Tables 6—8. The contributions
of the core orbitals are nearly constant, and may be neglected
for a discussion of the trend of the o(X) values.

Table 6 shows that the dominant contributions to the chemical
shieldings o(C.) of the compounds Me,CCly—, come from the
C—C and C—Cl localized bond orbitals. The magnitude of the
deshielding contribution by the C—Cl and C—C bonds increases
from Me,C (2a) to CCl, (2¢). The C—C bonds contribute more
strongly to the g(C.) values than do the C—Cl bonds in a given
molecule, but the decreasing contribution when C—Me is
substituted by C—Cl from n = 4 to 0 is compensated for by the
increase in the single contributions. This yields a steady
deshielding trend from Me,sC to CCl;. The dominant influence
of the C—C and C—Cl contributions upon the trend of the 3C
chemical shift of the central carbon atom becomes obvious by
looking at the calculated A(0)c-c.c-ci values shown in Table
6. A(0)c-cc-c gives the sum of the differences, which arise
only from the ¢ —c and o¢c—c; contributions between consecutive
compounds Me,CCly—, from » = 4 to 0 to o(C)c. The
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Figure 8. Trend of the theoretical and experimental chemical shift of
the central atom Ti in the series Me,TiCls—,.

A(O)c-cc-c1 values are always negative, which indicates a
continuous deshielding (Table 6). Note that the absolute values
of A(0)c-c.c-c1 decrease from 2a to 2e.

Table 7 shows the orbital contributions to a(Si) in Me,,SiCly—,..
As for the carbon analogues, the only significant contributions
to the change in o(Si) come from the localized orbitals of the
Si—C and Si—Cl bonds. It should be noted, however, that the
contributions by the core orbitals to the 2°Si chemical shift are
not transferable as they are in the case of the carbon compounds
(Table 6), where they are practically constant. The sum of the
two contributions a(Si)s;i—c and o(Si)si—ci shows the same U
trend as the total values for o(Si) (Table 7). The o(Si)s;—c and
o(Si)si-¢; contributions are deshielding; the absolute values
become stronger in the series Me,,SiCly—, from n = 4 to 0. The
Si—C bonds deshield more than the Si—Cl bonds in a given
molecule. What then is the reason that the Si compounds have
a U trend while the carbon atoms exhibit a continuously
deshielding trend from » = 4 to 0? A first hint is given by the
relative magnitudes of the X—C and X—Cl bonds to ¢(X). In
the case of Si, the decrease in the deshielding effect when one
Si—C bond is substituted by Si—Cl is compensated for by the
increase of o(Si)si-c of the remaining Si—C bonds only for Mes-
Si (3a) and Me;SiCl (3b) but not for Me,SiCl; (3c). This is
shown by the calculated A(d)si-c si-c1 values given in Table 7.
The consecutive values for the sum of the differences, which
arise only from the osi—c and dsi—¢; contributions to o(Si), show
the same U-shaped trend as the experimental and theoretical
o(Si) values. It is the relative magnitude of the contributions
by the X—C and X—Cl bonds to the chemical shift 5(X) of the
compounds Me,CCl;—,, and Me,SiCls—, which determines the
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Table 7. Contributions of the Localized Valence Orbitals to ds; in Me,SiCly—, (n = 0—4)

structure Me,Si MesSiCl Me:SiCl, MeSiCl; SiCly
Si—Cl dia 1.69 x 1 1.88 x 2 2.10 x 3 2.34 x 4
para —58.82 x 1 —74.83 x 2 —86.65 x 3 —94.68 x 4
-57.13 x 1 —7295 x 2 —84.55 x 3 —92.34 x 4
Si—C dia 371 x 4 399 x 3 430 x 2 4,65 x 1
para —88.67 x 4 —109.12 x 3 —123.80 x 2 —129.18 x 1
—84.96 x 4 —105.13 x 3 —119.50 x 2 —124,53 x 1
C-HX <0.3 <0.3 <0.6 <0.5
LPCI Y <0.7 <0.8 <0.8 <0.6
A(F)si-csi-ct” —32.68 —-12.38 +6.72 +8.82
> Si—ClISi—C —339.84 —372.52 —384.90 —378.18 —369.36
Sval —343.17 —374.31 —385.19 —-376.75 —363.73
core Si 722.56 722.99 726.99 729.45 736.60
diaX 767.08 766.92 766.76 766.53 766.14
para 3, —387.69 —418.24 —424,96 —413.83 —393.28
Ot 379.39 348.68 341.80 352.70 372.87

@ A(O)si—c si-c1 gives the sum of the differences, which arise only from the osi—¢ and gs;—¢; contributions between consecutive compounds Me, SiCls—,
from n = 4 to 0 to o(Si). Average values for chemically equivalent nuclei are given.

Table 8. Contributions of the Localized Valence Orbitals to or; in Me, TiCly—, (n = 0—4)

structure Me,Ti Me;TiCl Me, TiCl, MeTiCl; TiCly
Ti—Cl dia 423 x 1 470 x 2 532x3 6.14 x 4
para —386.20 x 1 —399.59 x 2 —426.64 x 3 —487.09 x 4
2z —381.97 x 1 —394.89 x 2 —421.32 x 3 —480.95 x 4
Ti—C dia 9.04 x 4 10.15 x 3 11.65 x 2 13.61 x 1
para —882.90 x 4 —980.58 x 3 —113534 x 2 —1392.00 x 1
—873.86 x 4 —-970.42 x 3 —1123.69 x 2 —1378.39 x 1
C-HX —-7.87 x 12 —-10.42 x 9 —14.00 x 6 —-19.24 x 3
LPClY 1012 —12.82 x 3 —-17.45 x 6 —24.58 x 9 —-3577 x 12
A(@)ni-c1i-c +202.21 +256.07 +394.81 +718.55
>Ti—CITi—C —3495.44 —3293.23 —3037.16 —2642.35 —1923.80
Sval —3589.81 —3425.49 —3225.81 —2921.26 —2352.95
core Ti 1917.07 1953.11 1973.29 1956.35 1931.85
dia X, 1422.79 1424.10 1424.77 1425.18 1424.33
para %, —3095.53 —2896.49 —2677.29 —2390.09 —1845.43
Ciot —1672.74 —1472.38 —1252.52 —964.91 —421.10

2 A(O)ri-ci—c1 gives the sum of the differences, which arise only from the or,—¢ and or—c contributions between consecutive compounds Me, TiCls—,
from n = 4 to 0 to o(Ti). Average values for chemically equivalent nuclei are given.

trend from n = 4 to 0. The contributions by the C—H bonds
and Cl lone pairs (;7-bond contributions) are negligible.

Now we turn to the Ti compounds la—e. Table 8 shows
the calculated contributions of the valence localized orbitals to
the chemical shift 6(*°Ti). The dominant contributions come
from the Ti—C and Ti—Cl bonds, while the contributions of
the C—H bonds and the Cl lone-pair electrons (;z-bond contribu-
tions) are much smaller, and may be neglected for a discussion
of the trend of the o(Ti) values. The Ti—C and Ti—ClI bonds
have large negative o values, which indicate deshielding
contributions. Note that the absolute values of the deshielding
contributions by the Ti—C and Ti—Cl bonds are much higher
than the carbon and silicon analogues (Tables 6 and 7). The
magnitude of the deshielding contributions increases steadily
from Me,Ti to TiCl, (Table 8). However, the overall trend of
o(Ti) is toward more shielding, which is dictated by the relative
magnitude of the o(Ti)ri-c and o(Ti)ri-cs contributions. The
latter are significantly lower than the former, which means that
the substitution of a methyl group by chlorine in the series
Me, TiCls—, has a shielding effect. This becomes obvious when
the A(0)1i-cmi-c1 values are calculated, which are also shown
in Table 8. The consecutive values for the sum of the
differences, which arise only from the ori—¢ and o1i—¢; contribu-
tions to o(Ti), show a clear trend toward higher shielding from
MesTi to TiCls.

The contributions by the core orbitals are not constant, but
the differences are negligible relative to the changes calculated

for the Ti—C and Ti—Cl bonds. The large differences between
the contributions by the Ti—C and Ti—Cl bonds to the chemical
shifts explain the somewhat paradoxical result that Ti becomes
more shielded from MesTi to TiCl, although the Ti—C and
Ti—Cl bonds become more deshielding.

The 3C chemical shifts of the compounds Me,TiCl;, are
also determined by the contributions of the LMOs of the
respective bond orbitals, i.e. the Ti—C and C—H bonds. Table
9 shows that the most important contributions arise from the
Ti—C bond orbitals, which are strongly negative.

So far we have shown that the trend in the chemical shifts is
dominated by the contributions of the respective o-type bond
orbitals. There is clearly a correlation between the bond orbital
contributions and the total chemical shifts. However, the
question why the contributions from the individual LMO’s yield
qualitatively different chemical shifts in particular for the Ti
compounds has not been answered yet. In order to give a better
understanding of the magnetic properties of the compounds, we
analyzed the diamagnetic and paramagnetic contributions to the
chemical shifts calculated by the IGLO method. Our interpreta-
tion of the chemical shifts in terms of the contributions given
by the IGLO results is similar to the analysis presented by
Kutzelnigg et al.'®® The calculated diamagnetic and paramag-
netic parts of the chemical shifts are shown in Tables 6—8.

For the three series of compounds Me,XClL,-, (X = C, Si,
Ti) it holds that the diamagnetic contributions are rather constant.
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Table 9. Contributions of the Localized Valence Orbitals to ¢ in
Me,,TiCl_i_” (” — 1_4)”

structure Me,Ti Me;TiCl Me,TiCl» MeTiCl;
Ti—C dia 14.96 14.12 12.93 11.28
para —62.53 —66.05 —70.82 —75.37
2z —47.57 —-51.93 —57.90 —64.09
C—H dia 12.82 12.94 13.08 13.23
para —19.91 —22.34 —26.30 —-32.40
» — 7.09 —09.40 —~13:22 =19.17
Ti—€ X —-1.08x3 —-076x2 —0.17 x 1
Ti—Cl 3, —065x1 —-054x2 —-030x3
YTi—C/C—H —68.84 —80.13 —07.56 —121.60
Sval —70.72 —80.46 —96.24 —119.03
core C 200.86 200.86 200.86 200.87
dia Y 254.75 254.45 253.87 252.81
para X, —124.61 —134.05 —149.25 —-170.97
Oor 130.14 120.40 104.62 81.84
“ Average values for chemically equivalent nuclei are given.

Ti<-A
(@)

Si<=-A

(d) (e) (f)

Figure 9. Explanation of the occurrence of a paramagnetic current in
Me, TiCl;-, and Me,SiCl;-,: (a) Ti—A bond orbital (mainly sp* at A
= C. CD); (b) action of the off-center angular momentum operator
through Ti upon the Ti—A bond orbital; (¢) empty d-orbital at Ti: (d)
Si—A bond orbital (mainly sp* at A = C, Cl); (e) action of the off-
center angular momentum operator through Si upon the Si—A bond
orbital; (f) empty Si—A” antibonding orbital (mainly sp* at Si).

It is the paramagnetic part of the chemical shift which
determines the trend. This holds for the total chemical shifts
as well as for the dominant contributions by the bond orbitals
(Tables 6—8). That is, the paramagnetic contribution to the
chemical shift of the central atom increases for the carbon
compounds from MeyC to CCly, it shows a U turn from Me,Si
to SiCly, while it strongly decreases from MeyTi to TiCly. The
paramagnetic contributions also determine the trend of the 'C
chemical shift in the series Me, TiCl,-, (Table 9).

The calculations support the suggestion by Radeglia and
Engelhardt® that the paramagnetic contribution to the >°Si
chemical shifts of Me,SiCls-, has a maximum for n = 2. The
paramagnetic part of the *7*Ti chemical shift is particularly
large, and it is larger than the diamagnetic contribution (Table
8). Paramagnetic contributions can only arise if there is a
significant deviation of the LMO’s from spherical symmetry.
This may be caused by the shape of the LMO and/or by action
of an off-center angular momentum operator upon the LMO.
The localized orbitals of the Me, TiCl;—, compounds have local
o symmetry. However, action of an off-center angular mo-
mentum operator in field direction may change a o to a z-type
MO.'"%" This is illustrated for the Ti—A (A = C, Cl) o-type
bond orbitals in Figures 9a and 9b. As shown below, the Ti—C
and Ti—ClI bonds are polarized toward carbon and chlorine,
respectively. The effect of the off-center angular momentum
operator of Ti through the Ti nucleus upon the Ti—A bond leads
to a s-orbital which has a large overlap with a low-lying
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unoccupied d-orbital at Ti (Figure 9¢). This interaction leads
to a strong paramagnetic current as demonstrated by the
dominantly paramagnetic contributions of the Ti—C and Ti—
Cl bonds to the chemical shifts (Table 8).

The presence of a low-lying empty orbital with the proper
symmetry, which can interact with the occupied Ti—C and Ti—
Cl bond orbitals through the off-center angular momentum
operator, explains the strong paramagnetic contributions to the
474971 chemical shifts.

The Ti—C bond is shorter than the Ti—Cl bond, which leads
to a larger overlap of the interacting orbitals (Figure 9). The
contributions are also larger for Me,Ti than for TiCly, because
the orbital describing the Ti—C bond is higher in energy than
the Ti—Cl bond orbital. It has been shown that the matrix
elements of the paramagnetic part of the orbital contribution
can be approximated by an expression which has the energy
difference between the occupied orbital a and the unoccupied
orbital b €, — €, as denominator.'®® Although localized orbitals
do not have an energy eigenvalue, it is possible to define an
energy value associated with an LMO which can be used in
the expression for the paramagnetic contribution.!® The trend
of the '*C chemical shifts toward more shielding in the series
Me,Tiy—, is also caused by the paramagnetic contributions
(Table 9). It follows that the unusual '*C and *"**Ti chemical
shifts are dominated by paramagnetic contributions. These
contributions arise from the action of an off-center angular
momentum operator upon the o-type LMO’s yielding a z-type
MO, which has a large overlap with a low-lying empty d(Ti1)
orbital. The paramagnetic contributions to the chemical shifts
of the carbon and silicon compounds are much lower than those
for the Ti compounds, because the main-group elements do not
have low-lying empty d orbitals. The smallest paramagnetic
contributions to the 29Si shifts are calculated for Me;Si and
SiCly, which have nearly the same size (Table 7). The largest
paramagnetic contributions are calculated for Me,SiCl,. Figures
9d—f show that action of the angular momentum operator of
Si upon the Si—A bond results in an orbital that can interact
with an unoccupied antibonding orbital of the Si—A” bond. The
Si—C bonding orbital is higher in energy than the Si—Cl
bonding MO, but the Si—Cl antibonding orbital is lower in
energy than the Si—C antibonding orbital. These two trends
apparently cancel for MesSi and SiCly. In case of Me,SiCl,
there are two relatively high lying Si—C bond orbitals and two
relatively low lying Si—Cl empty orbitals. This yields a
maximum for the paramagnetic contributions to the 2°Si
chemical shifts of the Me,SiCl;—, compounds. In the case of
carbon, the nearly unpolar C—C bonds have very high lying
unoccupied orbitals. Therefore, the shift of the paramagnetic
contributions is dominated by the number of unoccupied C—CI
antibonding orbitals, which has a maximum for CCl,.

We want to point out that the interpretation of the trend in
the chemical shifts in terms of orbital contributions presented
here is based upon the IGLO method. One should be careful
when comparisons of results are made using different methods.
It is interesting to note, however, that in a recent work by
Tossell*” about the NMR spectra of SiH,Cl;-, using conven-
tional coupled Hartree—Fock calculations as well as the RPA
LORG™" method, the interpretation of the paramagnetic con-
tributions to the 2°Si chemical shifts is very similar as presented
here.*” This author found for SiH;Cl large contributions from
the predominant Cl 3p z-type HOMO with significant Si—H
o* contributions, which interacts with the Si—Cl % LUMO.*’
A difference is that the LORG calculations of SiH,Cl;-, gave

(46) (a) Gauss. J. Chem. Phys. Lett. 1992, 191, 614. (b) Gauss, J. /.
Chem. Phys. 1993, 99, 3629.

(47) Tossell, J. A. Chem. Phys. Lett. 1994, 219, 65.

(48) Hansen, A. E.: Bouman. T. D. J. Chem. Phys. 1985, 82. 5033.



NMR Data of Me,TiCly—,

Table 10. NBO Analysis of Me, XCly—, (X = C, Si, Ti; n = 0—4)
at HF/I//HF/T

X-CI* X—Me*

% % % % % % % %
X X)) pX) dX) X sX) pX) dM

Me,C 50.6 250 749 0.1
Me:CCl 419 155 842 04 518 282 716 0.1
Me,CCl, 455 187 809 04 530 314 685 0.1
MeCCl; 483 219 777 04 540 344 655 0.1
CCl 506 250 746 04

Me,Si 247 250 732 1.8
MesSiCl 213 189 780 3.1 254 270 711 1.9
Me:SiCl; 224 207 760 33 262 293 688 2.0
MeSiCl; 237 228 738 34 273 317 663 20
SiCly 250 250 715 3.5

Me,Ti 244 250 03 747
Me:TiCl 155 287 03 710 248 236 04 760
Me;TiCl; 166 27.1 03 726 295 227 0.1 772
MeTiCl; 181 260 03 737 312 219 0.1 78.0
TiCly 19.1 250 03 747

% X gives the polarization of the X—Cl and X—Me bond,
respectively. % s(X), % p(X), and % d(X) give the hybridization at X
for the respective bonds. ® For technical reasons, the NBO analysis of
the Ti compounds was carried out at MP2/I/MP2/1.

large variations of the diamagnetic contributions for the different
compounds.*’

The magnetic interactions of the empty orbitals (d(Ti)-orbital
in the case of the Ti compounds) with the orbitals resulting
from the action of the off-center angular momentum operator
upon the bond LMO’s should not be confused with the chemical
model of a partial p(zr)—d(s;1) double bond. The large para-
magnetic contributions to the 47°Ti chemical shifts of the
molecules Me, TiCls-,, do not necessarily indicate partial Ti—C
or Ti—Cl double bond character.

In order to investigate the nature of the chemical bonds, we
analyzed the X—C and X—Cl bonds of the three series
MesXCls -, using the NBO? partitioning scheme. The results
are shown in Table 10. The polarization and hybridization of
the C—Cl and C—Me bonds show the expected trends. The
C—Cl bonds are more polarized toward chlorine, while the
C—Me bonds are more polarized toward the central carbon
atoms. The C—Me bonds always have a higher percent s
character at the central carbon atom than the C—Cl bonds, which
is in agreement with Bent’s rule.* The trend of the silicon
compounds MesSiCls—, is similar to that of the carbon ana-
logues. The Si—C and Si—Cl bonds are more polarized toward
the ligand atoms than the C—Me and C—Cl bonds, because
silicon is less electronegative than carbon.

Significant differences are calculated for the Ti compounds.
The most important difference is that the Ti—C and Ti—Cl bonds
at Ti are sd hybridized rather than sp hybridized. The
contribution by the d orbitals is rather high and comparable in
magnitude to the p-orbital contributions at C and Si in the
C—Me, C—C], Si—C, and Si—Cl bonds (Table 10). This result
is not trivial. It has recently been suggested™ that the major
bonding contribution in high-valent (first row) transition metal
compounds arises from interactions between the ligands and
the metal 4s orbitals. The 3d orbitals should play only a minor
role because of their poor overlap possibilities, and the 4p
orbitals should have only a small role because of their poor
energy match with the ligand functions.5® The results in Table
10 do not support this view. The Ti—C and Ti—Cl bonds at Ti
show essentially sd3 hybridization. We want to point out that
the percent s character at Ti in the Ti—C bonds is always higher

(49) Bent, H. A. Chem. Rev. 1961, 61, 275.
(50) Gerloch, M. Coord. Chem. Rev. 1990, 99, 117.
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than that in the Ti—Cl bonds, and that the percent s(Ti) character
in both bonds decreases in MesTiCls-,, from n = 4 to 0, which
appears to be in conflict with Bent’s rule. Bent’s rule states
that the percent s character at atom A in a bond A—X decreases
with higher electronegativity of X.** This rule, however, was
formulated for sp-hybridized molecules. It has been shown that
Bent’s rule is valid also for sd hybridization if the relative
energies of the s and d orbitals are considered.”’

Conclusion

The analysis of the theoretically predicted chemical shifts for
the compounds Me,XCls-, can be summarized as follows. The
trend of the chemical shifts of the carbon, silicon, and titanium
analogues is dominated by the contributions of the X—C and
X~—Cl bonds to o(X). The o(X)x-c and o(X)x-c: contributions
are deshielding for all compounds, and the magnitude of the
deshielding increases for Me, XCl;—, from n = 4 to 0. The
contributions by o(X)x-c are always larger than those by
0(X)x-c1. However, the relative magnitude of o(X)x-c and
oX)x-c is different for X = C, Si, Ti. This yields a
continuously deshielding trend for the carbon molecules, a U
trend for the Si compounds, and a trend toward more shielding
for the Ti molecules from n = 4 to 0.

The partitioning of the chemical shift into the diamagnetic
and paramagnetic parts shows that the trends are always
dominated by the latter contributions. The paramagnetic
contributions are particularly large for the Ti compounds,
because Ti has low-lying empty d orbitals. Action of the off-
center angular momentum operator of Ti through the Ti nucleus
upon the o-type Ti bond orbitals leads to z-type orbitals, which
can strongly overlap with a low-lying unoccupied d orbital of
proper symmetry at Ti. The paramagnetic contributions are
much lower for the Si and C compounds, because there are no
low-lying empty orbitals available. The unusual '3C chemical
shifts of the methyl carbon atoms in Me,TiCl—, can be
explained in the same fashion. The low-lying empty d orbital
of Ti overlaps strongly with the r component of the Ti—C bond,
which gives a large paramagnetic contribution to the 3C
chemical shift.

The analysis of the chemical bonds using the NBO partition-
ing scheme shows that the polarization and sp” hybridization
of the C—CH;, C—Cl, Si—CHj;, and Si—Cl bonds show the
expected trends. The Ti—CHj3 and Ti—Cl bonds are essentially
sd3 hybridized with negligible p contribution at Ti.

The much higher absolute values for the deshielding contri-
butions of the Ti—C and Ti—Cl bonds are explained by the
nature of these bonds, which are sd hybridized at Ti, while the
Si—C, Si—Cl, C—C(Me), and C—Cl bonds are sp hybridized
at C and Si, respectively.
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