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Summary

The molecular structure of the methylene-bridged titanocene dichloride,
CH,(CsH,).TiCl,, and that of the novel, ethylene-bridged derivative, (CH,)»-
(CsH,),TiCl, have been determined by X-ray diffraction methods. In these
molecules the cyclopentadienyl ligands are highly restricted in their torsional
mobility. An angle of 65° between the two ring planes, a C—C—C angle of
97.5° at the methylene carbon atom, and other geometrical data, indicate a
high degree of strain in the methylene-bridged derivative, whereas the ligand
geometry of the ethylene-bridged derivative does not deviate significantly from
that of unbridged titanocene dichloride.

'H NMR spectra for ansa-titanocene derivatives of general type (CH,),-
(CsH,),TiX, (n = 1—3, X = Cl, CH;, CO) are reported; the varying degrees of
splitting between the high-field and the low-field portions of an A,B, resonance
pattern due to the cyclopentadienyl hydrogen atoms are interpreted in terms of
bonding geometries.

Introduction

ansa-Titanocene derivatives, which contain a covalent (CH,), link between
their cyclopentadienyl ligands **, are useful as stereorigid model compounds for

* To whom correspondence should be addressed.
** The prefix ansa- (Jatin = bent handle, attached at both ends), originally proposed by Liittringhaus

[2] for bridged aromatic compounds, is used here to denote the presence of an inter-annular
bridge in these titanocene derivatives, This notation has been traditionally applied to heteroatom
derivatives, whereas the related suffix ‘“-phane’’, as proposed by Cram (see ref. 3 and literature
cited there) primarily applies to hydrocarbon compounds in which more than two atoms of an
aromatic ring are incorporated into a larger carbocyclic ring system.
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a study of titanocene-based catalysis reactions (see e.g. ref. 1).

In order to provide a reliable structural basis for further investigations of the
role of the dicyclopentadienyl ligand framework in catalytic reactions mediated
by compounds of this type, we wish to report the crystal and molecular struc-
ture of the methylene-bridged 1-ansa-titanocene dichloride, CH,(CsH,),TiCl.
(Ia), prepared according to Katz and Acton [1], as well as that of the novel
2-ansa-titanocene dichloride, (CH,),(CsH,),TiCl, (IIa). We also report the 'H
NMR spectra of a number of ansa-titanocene derivatives, (CH,),(CsH.).TiX,,

(n = 1—3 and X = Cl, CH3, CO), and their interpretation in terms of varying
bonding geometries in the titanocene framework.

Experimental

The compounds used were made by procedures reported in the literature [1,
4] with some modifications [5]. Crystals of compound Ia were obtained from
methylene chloride at —40°C; compound IIa was crystallized from toluene at
room temperature.

Cell parameters and X-ray diffraction intensitities for these crystals were
determined on a SYNTEX-P3 diffractometer at 173 K (Mo-K,, A 71.069 pm,
graphite monochromator, w-scan, 0.9 < ® < 29.3° min™!,2 < 20 < 60° for Ia
and 2 < 2 0 < 40° for 1la; independent intensities measured: 1315 for com-
pound Ia, 994 for compound Ila. The crystals of compound Ia are triclinic,
space group P1;a 807.6(10), b 809.2(10), ¢ 1011.8(10) pm, « 126.0(1)°, 8
97.9(1)°, v 95.2°; 2 molecules per unit cell; V 517.8 X 10 pm?; d.,,. 1.68
g/em?3; absorption coefficient 4 13 cm™'. The crystals of Ila are are monoclinic,
space group C2/c; a 1335.0(5), b 817.6(4), ¢ 1267.3(6) pm; « 90°, B
123.92(3)°, v 90°; 4 molecules per unit cell, V 1147.98 X 10° pm?; d_,,. 1.60
g/em?®; absorption coefficient 4 12 cm™! Empmcal absorption corrections were
applied to both data sets. The structures were solved by direct methods [6],
using SYNTEX-EXTL equipment. Partially anisotropic refinement resulted in
R values of 0.053 and 0.055 for Ia and IIa, respectively.

The 'H NMR spectra of the dichloro, dimethyl and dicarbony] derivatives
(the latter under exclusion of air) were obtained on a JEOL 100 continuous
wave spectrometer.

Results and discussion

Molecular structures *

Structural data as well as bond lengths and bond angles pertaining to the
coordination geometries of compounds Ia and Ila are listed in Table 1 and 2.
The molecular structures obtained for these compounds are represented in
Fig. 1, together with that of the trimethylene-bridged dichloro derivative
(CH,)3(CsH.).TiCl, (Illa), as reported by Bernal et al. [ 7,8]. Inspection of the
individual structures reveals the following features.

* The following notations will be used: the ring carbon atoms to which the (CH;), bridge is con-
nected will be called the “bridgehead’ atom: the two ring positions, which are immediately adja-
cent to this bridgehead atom, will be called “proximai’’ positions; the two positions which are
farther remote from the bridgehead will be called ‘distal” positions.
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TABLE 1
STRUCTURAL PARAMETERS FOR CH2(C5Hg),TiCl,

Interatomic distances in pm, bond angles in degrees, hydrogen atoms in calculated positions 100 pm
from corresponding C atom, Cpl = centroid of ring 1, plane 1 = mean plane of ring 1.

Atom x/a y/b z/c B

Ti(1) 0.0000(00) 0.0000(00) 0.0000(00)

Ti(2) —0.3995(04) 0.1009(04) —0.4997(04)

Cl(1) 0.0092(10) —0.1527(12) 0.1366(09)

CI(2) —0.2926(09) —0.1257(12) —0.1310(09) .
CI(3) —0.4045(09) 0.2543(11) —0.6300(09)

Cl(4) —0.1094(10) 0.2285(12) —0.3634Q10)

C) 0.214(3) 0.053(4) —0.117(3) 2.3(5)
C(2) 0.050(3) —0.073(4) —0.253(3) 3.1(5)
C(3) 0.035(3) —0.275(4) —0.281(3) 1.9(4)
C4) 0.142(3) —0.289(4) —0.182(3) 2.0(5)
C(5) 0.271(3) —0.086(3) —0.053(3) 2.6(4)
C(6) 0.167¢(3) 0.332(3) 0.124(3) 2.2(4)
C(7) —0.031(¢3) 0.332(4) 0.065(3) 2.6(4)
C(8) —0.096(3) 0.316(4) 0.182(3) 2.8(5)
[o1¢: 3 0.008(3) 0.315(3) 0.276(3) 2.2(5)
C(10) 0.183(3) 0.300(5) 0.245(3) 4.5(8)
c(1) 0.263(3) 0.282(3) —0.009(2) 2.6(4)
C(21) —0.621(3) 0.070(3) —0.391(3) 2.4(5)
C(22) —0.654(3) 0.191(3) —0.421(3) 2.0(4)
C(23) —0.544(3) 0.370(4) —0.336(3) 3.4(5)
C(24) —0.403(3) 0.379(4) —0.209(3) 3.4(6)
C(25) —0.475(3) 0.173(3) —0.262(2) 1.7(4)
C(26) —0.541(3) —0.232(3) —0.604(2) 2.0(4)
c(27) —0.567(2) —0.214(3) —0.744(2) 1.1(3)
C(28) —0.413(3) —0.197(3) —0.792(3) 2.5(4)
C(29) —0.281(4) —0.218(4) —0.669(3) 2.5(5)
C(30) —0.391(3) —0.230(4) —0.571(3) 2.3(5)
Cc@31) —0.692(3) —0.179(4) —0.513(3) 2.6(5)
Atom By B2z Bas Bya B3 B33
Ti(1) 2.0(0) 2.0(2) 1.6(2) 0.4(2) 0.9(2) 1.1(2)
Ti(2) 1.6(1) 1.3(2) 1.4(2) —0.1(1) 0.6(1) 0.7(2)
CI(1) 2.8(3) 3.3(3) 3.3(3) 0.6(2) 1.2(2) 2.3(3)
CI(2) 2.2(3) 2.6(3) 2.9(3) —0.3(2) 0.3(2) 1.6(2)
Cl(3) 2.6(3) 3.3(3) 2.7(3) 0.5(2) 0.8(2) 2.4(2)
Ci(a) 1.9(3) 3.1(3) 3.03) 0.2(3) 0.2(3) 1.8(3)
Interatomic distances

Ti(1)—Cl(1) 233(1) Ti(2)—Cl(3) 235(1)

Ti(1)—Cl(2) 234(1) Ti(2)—Ci(4) 234(1)

Ti(1)—Cp(1) 205(2) Ti(2)—Cp(3) 203(2)

Ti(1)—Cp(2) 206(2) Ti(2)—Cp(4) 205(3)

Ti(1)—CQ) 237(3) Ti(2)>-C(21) 230(3)

Ti(1)}—C(2) 238(3) Ti(2~C(22) 233(2)

Ti(1)—C(3) 245(3) Ti(2)—C(23) 237(3)

Ti(1)—C(4) 248(3) Ti(2)—C(24) 245(3) R
Ti(1)Y—C(5) 239(2) Ti(2)»—-C(25) 230(2)

Ti(1)—C(6) 235(3) Ti(2Y—C(26) 233(3)

Ti(1)—C(7) 241(3) Ti(2)Y—C(27) 234(2)

Ti(1)—C(8) 240(3) Ti(2)—C(28) 246(2)

Ti(1)—C(9) 242(2) Ti(2)—C(29) 250(3)

Ti(1)—C(10) 234(3) Ti(2)y—~C(30) 234(3)

cQ)y—cai1) 146¢4) C(21)—C(31) 161(4)

C(6)>—C(11) 151(3) C(26)—C(31) 157(3)

(Continued)
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TABLE 1 (continued)

Bond angles

ClA)»—Ti(1 y—ClI(2) 97.2(3) CiI(3)—Ti(2)—Cl4) 97.0(3)
C(1)—C(11)—C(6) 99(2) C(21)—C(31)—C(26) 96(2)
Cp(1)—Ti—Cpl2) 121(1) Cp(3)—Ti(2)—Cp(4) 122(1)
Angles relalive to ring planes

C(11)—C(1)-plane 1 14 C(31)—-C(21)—plane 3 18
C(11)—C(6)—plane 2 14 C(31)—C(26)—plane 4 16

plane 1—plane 2 68 plane 3—plane 4 63

The methylene-bridged compound Ia crystallizes with two structurally inde-
pendent molecules in its triclinic unit cell. These two molecules are quite simi-
lar in their essential structural features; in the following description, average
distances and bond angles for both halves of each molecule are indicated, with
mean deviations given in parentheses.

The two bonds connecting the bridgehead atoms C(1) and C(6) (C(21) and

TABLE 2
STRUCTURAL PARAMETERS FOR (CH3)2(C5H3), TiCl;
Details as in Table 1

Atom x/a y/b z/c

Ti 0.0000¢0) 0.2097(1) 0.2500(0)

cl 0.1396(1) 0.0147(1) 0.3937(1)

Cc(@) 0.0627(4) 0.4501(4) 0.1963(3)

C(2) —0.0226(4) 0.3691(5) 0.0836(3)

C(3) 0.0276(6) 0.2246(5) 0.0797(5)

C(a) 0.1374(6) 0.2072(6) 0.1873(7)

C(5) 0.1612(4) 0.3461(6) 0.2639(4)

C(11) 0.0462(6) 0.6115(4) 0.2388(6)

Atom Bj) Baa B33 Bia B3 Ba3
Ti 2.9(1) 1.9(0) 3.2(0) 0.0(0) 1.5(0) 0.0(0)
Cl 4.5(1) . 3.4(0) 5.0(0) 0.6(0) 0.7(0) 0.7¢0)
Cc) 5.5(2) 2.9(1) 5.3(2) —0.7(1) 4.4(2) —0.4(1)
C(2) 5.4(2) 4.8(2) 3.7(1) —0.8(2) 2.5(1) 0.6(1)
C(3) 11.9(5) 4.5(2) 7.1(2) —0.4(2) 7.4(3) —1.2(2)
C) 8.1(4) 4.9(2) 13.3(5) 2.3(2) 9.0(4) 1.7(3)
C(5) 2.9(2) 6.9(2) - 6.4(2) —0.9(2) 2.6(2) 1.3(2)
Cc(11) 12.9¢(5) 2.5(1) 12.8(4) —1.2(2) 10.9(4) —0.9(2)
Interatomic distances Bond angles

Ti—Cl 235(0) Cl—Ti—Cl’ 94.8(0)

Ti—Cp 205¢1) Cp—Ti—Cp’ 128(1)

Ti—C(1) 238(0) c)—+cai1y—e1’ 113Q1)

Ti—C(2) - 235(0) /

Ti—C(3) 239(1) )

Ti—C(4) 237(1) Angles relative to ring planes

Ti—C(5) 234(1) C(11)>—C(1)—plane 1 2

Cc(1)-c@1) 149Q1) plane 1—plane 1’ 53

c@1y—c@ail’) 141(1)
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Fig. 1. Molecular structures of CH2(Cs5H4),TiCl; (Ia) (top) and (CH2)2(C5Hg4)2TiCl, (IIa) (middle).
Each structure is represented by two mutually perpendicular projections onto the TiCl; plane (right) and
onto the plane bisecting the Cl—Ti—Cl angle (left). The large circular segments represent Vander Waals
contact distances for aromatic carbon atoms (165 pm) and for covalently bound chlorine atoms (180 pm)
to indicate non-bonding contacis in these molecules. For comparison, corresponding projections of the
structure of (CH2)3(Cs5H4)2TiCl; (bottom) as reported by Bernal et al. {7,8] are included in this figure.



180

C(26)) to the CH, bridging group, each with a bond length of 153(5) pm, form
an unusually acute angle of 97(2)° at the methylene carbon atom. Each of the
cyclopentadienyl rings is bent further toward the titanium atom so that its
mean plane deviates by 16(1)° from the respective methylene-bridgehead bond.
Accordingly, the two mean ring planes intersect at an angle of 65(3)°. This tilt
angle represents a deviation by 44° from that of two tetrahedrally connected
(CsH,)—CH,—(CsH.,) bonds, each coplanar with its adjacent cyclopentadienyl
ring. This substantial distortion of the CH,(CsH,), framework is not yet suffi-
cient to accommodate the coordination requirements of the titanium atom:
The two ring centroid-titanium connections form a Cp—Ti—Cp angle of
121(1)° at the titanium atom; each of these connections thus deviates by 3—
4° from the direction normal to the mean plane of its cyclopentadienyl ring. In
this manner, the mean ring centroid-titanium (Cp—Ti) distance acquires a value
of 205(1.5) pm, which is quite similar to Cp—Ti distances observed, e.g. in
(CsH,),TiCl, [9] and in (CH,)3(CsH,),TiCl, [7,8], while the individual ring car-
bon—titanium distances are no longer equal, ranging from 234(3) pm for car-
bon atoms in bridgehead positions to 244(5) pm for those in distal positions.
The small Cp—Ti—Cp angle of 121° is accompanied by a significantly enlarged
CI—Ti—Cl angle of 97.1(0.1)° compared to 94.4° in (CsHs),TiCl, [9]. An
apparent shortening of the mean Ti—CI bond length to 234(1) pm, compared
to 235 pm in (CsHs),TiCl, [9] and to 236.8 pm in (CH,)3(CsH,),TiCl, [7,8], is
only marginally significant.

Further distortions of the CH,(C;H,), framework are found for C—C dis-
tances within each ring, for which a range from 120 to 167 pm is obtained. Part
of this spread is undoubtedly an artifact, possibly due to the unfavourably thin
shape of the crystal plates obtained for this compound. The general pattern of
this distortion within each ring appears to be such, however, that a three-car-
bon allyl segment (C(1)—C(2)—C(3) and C(6)—C(7)—C(8)) within each ring is
separated from the remaining olefinic two-carbon segment by two single bonds.
Such a distortion might be related to the fact that in the CH,(C;H,),TiCl, struc-
ture the short methylene bridge brings the aromatic ring ligands in close contact
with each other, their bridgehead positions being separated by no more than
230 pm. By comparison, e.g. with an interlayer distance of about 330 pm in
graphite, or with ring-to-ring distances of about 270 pm in various cyclophanes
[ 3], one would expect that such a mutual encroachment would induce a severe
repulsive interaction between the two w-electron systems. The ring distortion
described above (i.e. toward an allylic and an olefinic segment) might serve to
remove the bridgehead carbon atoms from their eclipsed positions and thereby
reduce their repulsive interaction. However, all the cyclopentadienyl C atoms

remain within 5 pm from the mean plane of the cyclopentadieny! ring.
' Furthermore, the overall structure of the molecule is slightly distorted in
that the two ring-centroid titanium connections intersect with the TiCl, plane
at angles which differ by 2°, and by a displacement of the methylene carbon
atom by 15(4) pm away from the axis bisecting the two Ti—Cl bonds.

Altogether, it seems that the structure of CH,(CsH,),TiCl,, which could be
described as containing a four-membered chelate ring, Ti—C(1)—CH,—C(6), is
appreciably strained in order to accomodate the bonding requirements at the
methylene bridge as well as those at the titanium centre.
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In contrast to the rather strained structure of compound Ia, no significant
distortion from the geometry of an unbridged titanocene derivative are notice-
able in the structure of the 1,2-ethylene-bridged compound 1la, (CH,),(CsH,)»-
TiCl,. The monoclinic unit cell of this compound contains four symmetry-
related molecules; in addition each molecule is situated on a crystallographic
C, axis which bisects the CI—Ti—Cl bond angle.

The H,C—C(1) and H,C—C(1') bonds connecting the cyclopentadieny! rings
with the ethylene bridge (bond length, 149 pm) form an angle of 113° with the
central H,C—CH, bond. A similar positive deviation from a tetrahedral angle
has previously been found in the trimethylene bridge of (CH,)s(CsH,),TiCl,
[7,8]. The B values indicate a substantial degree of rotational motion,
especially for the CH, carbon atoms, which may affect the physical significance
of the observed bond lengths to some extent. The H,C—C(1) bonds are
coplanar to within less than 2° with the adjacent cyclopentadieny! ring. Due to
a slight inclination of the central H,C—CH, bond (18.5° from the Cl1—Ti—Cl
bisector plane), the two cyclopentadienyl rings are no longer as closely eclipsed
as in the structure of Ia; instead, they are twisted by a torsional angle of
12(0.5)° in relation to each other about their respective centroid Cp—Ti axes.
The C—C distances within each ring are within a narrow range of 137 to 141
‘pm, while individual ring carbon—titanium distances are within a similarly nar-
row range of 234 to 239 pm, without any systematic differences between
bridgehead, proximal and distal carbon atoms. The two centroid Cp—T1 con-
nections, with a Cp—Ti distance of 206 pm, intersect at an angle of 128.2° at
the titanium atom. These Cp—Ti connections coincide within less than 1° with
the directions normal to the mean plane of each ring. Accordingly, the two ring
planes are found to intersect at an angle of 51.8°. This ring inclination is quite
similar to the corresponding tilt angle of 49.5° observed in unbridged (CsHs),-
TiCl, [9]. Likewise, closely similar CI—Ti—Cl angles of 94.8° and 94.4° are
found in (CH,),(CsH,),TiCl, and (CsHs),TiCl, [9], respectively. It is apparent
that in the structure of (CH,),(CsH,),TiCl,, which could be regarded as con-
taining a five-membered Ti—C(1)—CH,—CH,—C(1") chelate ring, the dimen-
sions of the 1,2-ethylene bridge match up well to the coordination require-
ments of the titanium centre for two ring ligands with a mutual inclination of
about 50° *.

Inspection of the structures in Fig. 1 indicates that the ligand framework of
the methylene- and ethylene-bridged derivatives has little freedom for torsional
ring motions. Some useful information about the remaining torsional mobility
can be obtained from 'H NMR spectra of these and some related ansa-titano-
cene derivatives.

Proton magnetic resonance spectra

As previously noted for the ansa-titanocene dichloro derivatives CH,(CsH,)»-
TiCl, [11, (CH,)3(CsHa),TiCla [4], (CHj3),5i(CsHa),TiCl, and (CH3),Ge(CsHy)o-
TiCl, [13] as well as for a number of bridged ferrocene derivatives [10,11}, the

* In contrast, the requirement of an iron centre for an axial disposition of two ¢yclopentadienyl
rings is severely distorted by the presence of a tetramethyl ethylene bridge in ((CH3),C)5-
(CsHy)pFe [10—12].
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most informative feature in the !H NMR spectra of these compounds is the
appearance of one symmetrical A,B, resonance pattern for the cyclopenta-
dienyl protons of both rings. The 'H NMR data summarized in Table 3 shows
that this observation holds for all ansa-titanocene derivatives of general type
(CH,),.(CsH,),TiX, (n = 1—3, X = Cl, CH,, CO). These data (see Table 3)
clearly indicate that the ligand framework structures of Ia, IIa and Illa, as
represented in Fig. 1, must interconvert with their mirror image counterparts
fast enough to bring about an equivalence among all proximal hydrogen atoms
and among all distal hydrogen atoms on the NMR time scale in solution at
room temperature. For such an iriterconversion only minimal motions along a
ring distorsion coordinate are required in the case of the 1l-ansa--titanocene
dichloride Ia, while for the 2-ansa derivative I1a a mutual torsion of both rings by
only 12° brings about such an interconversion. Both Ia and Ila deviate from
C,, symmetry only to a limited extent. The ring motions reauired for an inter-
conversion of structures Ia and Ila to their respective mirror image counterparts
are, therefore, restricted to such a degree that their distal ring positions always
remain in the central region of the molecule (i.e. in close vicinity to the plane
through the Ti centre which is perpendicular to both the TiX, plane and the
Cl—Ti—Cl bisector plane), while the proximal ring positions are retained in the
lateral regions of the molecule. In contrast to this, an interconversion of the

TABLE 3
IH NMR DATA OF ANSA-TITANOCENE DERIVATIVES (CH,),,(C5Hg)5TiX3

n = 1—3; X = Cl, CH3. CO: chemical shifts 6 in ppm relative to § (CHCI3) = 7.24 ppm: relative intensities
in parentheses

(CsHg); ¢ (CH3)p,
CH,(CsH,),TiCl, b 5.58 “) 4.07 )
6.95 @
b Aapd =1.37
(CH;)5(C5H,),TiCl, 6.09 @ 3.26 @
6.91 “@
b Acpg = 0.82
(CH3)3(C5H3)>TiCly 6.45 «) 2.2} c
(from ref. 4) 6.49 @) 2.5 (6)
Aodpg = 0.04
CH(C5H4)2 Ti(CH3), € 4.65 @) 2.55 )
6.80 @ 0.08 ®°
Agpg = 2.15
(CH3)(CsHg)aTi(CH3), ¢ 5.07 ) 1.95 )
6.82 @ 0.07 ®)°
Aapd =1.75
(CH3)3(CsH3) Ti(CH3); 4 5.31 “) 1.06 2
6.40 ) 1.76 4)
) d Aopg = 1.09 0.10 (6) ¢
(CH3)3(Cs5Hg)> Ti(CO), 4.68 1) 1.88 [C))
4.98 “@)
Acpg = 0.30
(CH32)3(C5Hg), Ti(CO)2 ¢ 4.41 @) 0.98 @)
4.67 ) 1.51 )
Aopg = 0.26

@ Pseudo-triplets due to A;B, resonance. ? In CDCIj3 at 30°C. € Broad, incompletely resolved. ¢ In CgDg
at 30°C. € Due to Ti(CH3); groups.
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3-ansa-titanocene structure IIla to its mirror image counterpart requires a mutual
torsion of both rings by 72°, together with an inversion of the folded six-mem-
bered Ti—C(1)—CH,—CH,—CH,—C(6) chelate ring into its opposite chair con-
formation. This process must, therefore, interchange the distal ring positions
between central and lateral regions of the molecule and the proximal ring posi-
tions between lateral and dorsal (i.e. backside) regions of the molecule.

This variation in ring mobility undoubtedly contributes to the variation in
chemical shift differences, Ao, 4, between proximal and distal ring hydrogen
atoms observed for these compounds [1,4]: While differences in chemical shifts
between the individual positions of structure IIIa will be partly averaged out by
the fairly large degree of torsional ring mobility compatible with the ¢slack” of
its trimethylene bridge, little if any such averaging could reduce Aog,4 values in
the rather rigid structures of Ia and Ila.

Concerning the physical origins of this, diagnostically rather useful, 'H NMR
splitting between proximal and distal hydrogen atoms, we can base the follow-
ing arguments on a correlation of Ag,y values in the n-ansa-titanocene deriva-
tives considered here with their respective structures.

(i) The (average) disposition of proximal and of distal ring positions relative
to the Ti centre shows only minimal differences between Ia and IIa. It appears
rather unlikely, therefore, that differences in shielding by the titanium centre
could explain the substantial difference between Ao,q = 1.36 ppm for Ia [1]
and Aogpy = 0.82 ppm for Ila.

(ii) Due to their mutual inclination, each of the ring ligands must produce an
anisotropic shielding for the hydrogen atoms of the other ring, the extent of
which will be greater for the distal than for the proximal ring positions, since
the distal hydrogen atoms are closer to the central axis of the opposite ring. It
1s apparent from Fig. 1, however, that the increased ring tilt angle in structure
Ia places the distal hydrogen atoms at an increased rather than at a decreased
distance from the central axis of the other ring. Changes in anisotropic shield-
ing effects with the inclination angle between the two ring planes can, there-
fore, not explain the increased splitting Ao,4 observed for Ia as compared to
that of Ila.

(iii) The repulsive approach of the two aromatic rings at their bridgehead
positions must induce a shift of m-electron density away from the bridgehead
toward the distal ring positions; the extent of this shift in 7-electron density
must be greater for the 1-ansa-derivative Ia, with a C(1)—C(6) distance of only
230 pm, than for its 2-ansa homologue Ila, in which C(1) and C(1') are sepa-
rated by about 270 pm. The ensuing excess of m-electron density. at the respec-
tive distal ring positions would thus provide a plausible explanation for the ob-
served increase in 'H NMR splitting, Aopg, of Ia over that of Ila.

This model for the origin of the *H NMR splitting in bridged titanocenes is
supported by '3C NMR spectra obtained for compounds Ia, IIa and IIIa in
CD,Cl, solution (see Table 4; compound Ia proved too insoluble for exact inte-
gration). While some splitting over a range of about 7 ppm is observed for the
ring carbon atoms of the trimethylene-bridged derivative I11a, this splitting is
increased to about 25 ppm in IIa and to about 33 ppm in Ia. The low-field shift
of the bridgehead carbon atom is clearly recognizable in this spectrum, indi-
cating a particularly low m-electron density at this position. Interestingly, the
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TABLE 4
13¢ NMR DATA OF CHa(CsHy)oTiCla. (CH,)a(CsHg); TiCla AND (CH,)3(C5Hg)2TiCl,

Spectra taken on Bruker WP 80 FT with proton broad band decoupling, in CD,Cl; solution at —40°Cs
chemical shifts § in ppm relative to § (CD>Cl3) = 53.60 ppm: relative intensities in parentheses

Resonance Assignment
CH>(C5Hy4),TiCl, 145.4(—) C(2)
131.3(—) C(prox)
112.8(—) C(dist)
(CH3)2(CsHg) TiCly 139.7 (50) C(1)
129.4 (190) C(prox)
114.1 (200) C(dist)
304 (116) CH,
(CH2)3(C5H4)2TiCl» 127.6 (69) C(1)
122.7 (196) C(prox)
120.4 (227) C(dist)
26.6 (53) CH-+

258 (128) = CHy

average shift of all five ring positions remains virtually unchanged in the '*C
NMR, spectra of 111a and 11a; this observation is in accord with the notion that the
observed splittings arise from a re-distribution of a constant total n-electron
population within each ring ligand.

Effects of different ligands in the TiX, plane are also reflected in the 'q
NMR splitting patterns of these compounds. In the dimethyl! derivatives Ib, IIb
and IIlb, substantially larger Ao,4 values are observed than in the correspond-
ing dichloro derivatives. Conceivably, the electron density of the CH; ligand
groups does not overlap as extensively with the central region of the aromatic
m-electron system and is, therefore, less effective than the rather bulky Cl
ligands in counteracting w-electron shifts toward this region of the molecule.

In the dicarbonyl derivatives IIc and IIic, on the other hand, reduced Aogygq
values around 0.3 ppm are observed, with hardly any dependence on the
bridge-length parameter n. The w-electron system of the CO ligands apparently
counteracts the effects of cyclopentadienyl w-electron shifts, be it by repulsive
overlap with distal ring positions or by anisotropic shielding effects, which
might be more sizeable for CO than for Cl or for CHj; ligands.

At any rate, we can safely assume that a change of ligand X in (CH,), (CsH,)--
TiX, would primarily affect the chemical environment of the centrally located
distal hydrogen atoms. The observation, documented in Table 3, that the high-
Tield portion of each cyclopentadlenyl-Aﬁg resonance is more strongly depen-
dent on the nature of X than the respective low-field part then allows us to
assign the high-field portion of this A.B, resonance to the distal pair of hydro-
gen atoms *. This experimental assignment is in accord with the prediction of
the m-electron polarization model proposed above.

Effects of decreased ring mobility in ansa-titanocene derivatives on some of
their basic chemical reaction modes will be discussed in subsequent communi-
cations.

* A similar conclusion has previously been reached concerning the 1H NMR spectra of (CH3),Si-
(C5H4)2Tiand (CH3)2Ge(Cs5H4)2Ti derivatives {13].
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