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Abstract: The EPR and electronic spectra ofltent metallocene compounds of the type €pX, where X is
halide, alkoxide, amide, alkyl, or hydride and Cg*MesCs, have been studied. Several of these compounds are
new, and those with X= N(Me)H and F were characterized by X-ray crystallography. The crystal structure of
Cp*;TiN(Me)H showed that the N(Me)H ligand lies on the plane defined by Cp*(centrdit) Cp*(centroid).

This is the sterically most unfavorable conformation but allows maximuaNTir-bonding. The anisotropic frozen
solution EPR spectra were analyzed by the method used by Petersen and Dahl fomitaltbcenes, G¥X o,
which givesgy, gy, andg,. Although the values ofly andg, are relatively constant throughout the series, the value
of gy varies with ther-donor ability of X. Thezn-donor series is N(Me)H: NH, ~ OMe > OPh~ F > N(Me)Ph

> Cl > Br > | > H. Among the known alkyls, the-donor ability was Et> Me > n-Pr~ CH,CMe; > CH,CgHs,
which is rationalized, in part, by @-agostic interaction in the case of Et. Thegostic interaction in CpTiEt and

in Cp*;TiN(Me)Ph was investigated by variable-temperature EPR spectroscopy giving an enthalpy and entropy for
the agostic interaction. For CpFiEt the parameters for the agostic interaction Ar¢° = —1.93(3) kcal/mol and

AS = —6.3(2) eu, and for CpTiN(Me)Ph, AH® = —1.5(1) kcal/mol andAS’ = —7.9(5) eu.

Introduction § y
Cp*,TiX complexes (X is a monodentate, one-electron ligand Ay \ I ‘

such as a halide, amide, alkoxide, or alkyl group and Cp* is g i .

MesCs) appear to be ideal for the study of ligand-to-metal /,L 777777 -

m-bonding. They are monomeric, unlike [&pX] 2 in which /—-\zd Ly —=2a, 2

T AExy Dahl-Petersen

the electrons are coupled. They have a single electron in the —
p y g /' \b] ’ T Coordinate System

& orbital making electronic spectroscopy simple, unlike-Cp
VX in which the a and b orbitals are singly occupiet2 The

XZ | auher-Hoffmann
Coordinate System

I
trivalent decamethyltitanocenes have an emptgrbital avail- § { x4
able forz-bonding, unlike CpMX 5 in which the b orbital is \ ‘ i
used foro-bonding. | i .
The best known bonding model for bent metallocenes is due ) y //* ““““ -
to Lauher-Hoffmann; Figure 1 shows the metallocene orbitals \‘]J AE.. *

with two different coordinate systems? The coordinate
system used here, due to Petersen and Dabhl, is more convenient
because this coordinate system minimizes the mixing the d
and de—y2 orbitals’®1! This metallocene bonding model is
supported by the work of Petersen and Dahl in which single- d,»
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m-donor ability of X. By comparing the energy of this transition
to that of a complex with a-only ligand, Cp%TiH, the amount
of destabilization of pdue tos-bonding can be quantified. A

combination of optical and EPR spectra of these complexes can

be used to rank ligands according to the strength of their
sr-interaction with the CpjTi fragment.

Theory

For a Cp*%TiX complex, three e-d absorptions are expected: ;1a
— by, 1a — by, and 1a— 2a in order of increasing energy (see Figure
1). The la— & transition should be similar in energy to the, ta
b, and 1a — 2a absorptions, but the 1a— & transition is electric

Lukens et al.
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The parametera, b', andk? no longer have a direct physical meaning,
but allow the transition energies to be determined if the covalency is
anisotropic. If the covalency actually is isotroplg?(= k2), thena'
andb' are the same asandb. From the relative energies of the b
and b orbitals, it is likely thatk? = k* = k2, sob will be slightly
larger thanb'. If gy, AE, g, andk? are known, eq 3 can be used to

dipole forbidden and should be weak or unobserved. Of the three optain AE,,

absorptions, two should be to higher energy, +a2a and 1a — by,
and one should be much lower in energy, tab,. Of the two higher
energy transitions, the &> 2g transition will have greater intensity
because this orbital is-antibonding toward X and the 1a— 2a
transition should have some charge transfer charé&t€he 1a — b;

Equation 3 helps assign the EPR spectra of the,O*complexes.
SinceAE,; (1a — by) is much smaller tha\E,, or AE,y and since a
will be much greater thab (in (MeCpyVCl,, a%b? = 20), g, will be
the g component with the smallest value. In addition, SintEy,
changes depending upon thedonor ability of X, gy, will also change

transition should be less intense but somewhat similar in energy. The greatly among the complexes. Sirzés much smaller thaa, g, will

b, orbital is Ti—Cp* antibonding and FX z-antibonding if the X
ligand has a filled orbital of bsymmetry capable of acting asradonor
(e.g. the nitrogen lone pair of CpTiN(Me)Ph). The 1a— b transition
will be much lower in energy.

The EPR spectra are closely related to the electronic spectra. As

shown by McGarvey, the deviation of tlgevalues fromgo is due to

have the largest value and be closeggo The middle component of
the EPR spectra will bgy.

Results

The syntheses of the titanium complexes were straightfor-

coupling of excited states into the ground state as shown in eq 1 whereWard. Teuben has shown that GpiCl is a useful synthon for

(0| L, |nh|L,|00
4=G—2) ————— E €
n n

i is Xy, orz & is the spir-orbit coupling constants, — Ey is the
difference in energy of the orbitals, and the sum is over all orbitals
containing d-characté®. For bent metallocenes, Petersen and Dahl have
shown that the relationship of tigevalues to the energies of the excited
states is as shown in eq 2, whéres the spin-orbit coupling constant

_ 26kHav3+b)?

25k (a3 — b)*
AE,, B ’

AE

XZ

gx = gO gy 0

82k, %’
%= —=— @
iz 0 AExy

for Ti(lll), 154 cm™, go is 2.002 (the value of g for a free electron),
AEy,, AE,, andAE,; are the energies of the excited states pf dy,
and d, character relative to 1athat is, the @ b, and b orbitals,
respectively, ané andb are the coefficients of gland dz_y2 in the
ground state' = a|dz+ b|de-2[] Thek? terms have been added to
the original equations to account for covaled®y: SinceAE,, is not
measured, only the last two relationships of eq 2 will be used. The
use of eqg 2 implicitly assumes that only spiorbit coupling to the
unoccupied d-orbitals is important. Since the d-orbitals are involved
in bonding, some low-lying orbitals will also have d-character and could
potentially affect the value of. However, since these orbitals are
much further in energy from 1and contain little d-orbital charactér,
they are not expected to changéo any great extent.

Because it is not possible to derive the valuesa,d?, andk; from
only the last two relationships of eq 2, the assumption iffat k2 =
k? is made implying that the covalency is isotropic. Since these orbitals
are involved in bonding to the Cp* versus X ligands, this assumption
might not be trué# Substituting the parameteks a’, andb’ for k2,
k2, a, andb gives the following equation (eq 3) which is applicable
whether the covalency is anisotropig(= k) or isotropic k? = k).

(12) Lever, A. B. P.Inorganic Electronic Spectroscopy2nd ed.;
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the preparation of CpTiX complexes by chloride metathe-
sis1516 This synthetic route was used to prepare additional
examples of CpsTiX where X = F, N(Me)H, OMe, or OPh,

all potentialz-donor ligands. The brown-purple methoxide and
phenoxide and the lilac colored methylamide are soluble in
hexane from which they were crystallized. The-N stretching
frequency of the methylamide is a sharp, low-intensity feature
found at 3370 cm! in the solid state. The salt elimination
metathesis did not yield the simplest amide, gXH, cleanly;
however, this amide was prepared from gffMe and ammonia

in hexane from which it was crystallized. The infrared spectrum
shows a single, sharp-NH absorption at 3437 cnt in the solid
state.

The fluoride, Cp%TiF, was synthesized in two steps. First,
the difluoride, Cp3TiF,, was prepared by the method used by
Lappert to make CiF,, the reaction of CpfTiMe, with BF3-
OEt in diethyl etherr” Curiously, the difluoride is almost
identical in color and solubility to CpTiMe,; consequently,
the reaction proceeded with little color change. Reduction of
the difluoride with potassiumgraphité® gave Cp3TiF as green
crystals from hexane. Recently, GptF has also been prepared
by the reaction of CpTiCl with Me3SnF2°

The solid-state structure of C§FiN(Me)H is shown in Figure
2, and is almost identical to that of the amide €FNH.2°
Useful bonding parameters are listed in Table 1. The most
interesting aspect of the crystal structure is the orientation of
the methylamide ligand which adopts the least sterically
favorable conformation. In CpTiNH», the amide group adopts
a similar conformation. The methylamide group lies just slightly
out of the plane formed by the titanium atom and the two ligand
centroids with a CptTi—N—C21 torsion angle of 13’5 The

(15) Luinstra, G. A.; ten Cate, L. C.; Heeres, H. J.; Pattiasina, J. W.;
Meetsma, A.; Teuben, J. HOrganometallics1991, 10, 32273237.
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Srivastava, R. CJ. Chem Soc A 1969 2106-2110.

(18) Schwindt, M. A.; Lejon, T.; Hegedus, L. Brganometallics1990Q
9, 2814-2819.
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Figure 2. ORTEP drawing of (MeCs),TiN(Me)H with 50% prob-
ability thermal ellipsoids.

Table 1. Selected Distances and Angles in GhiN(Me)H

distances, A angles, deg
Ti—N 1.955(5) CptTi—Cp2 141.7
Ti—Cpl 2.084 CptTi—-N—C21 135
Ti—Cp2 2.094 N-Ti—Cpl 110.4
Ti—[Ciing] 2.41(2) N-Ti—Cp2 107.9
N—H1 0.77(7) C2+N—-H1 105 (5)
N—C21 1.446(8) T+N—H1 110 (5)
Ti—N—-C21 144.9 (5)

steric interaction of the amide methyl group with the Cp* ligand
bends the amide group “down” opening the-N—Me angle
to 145 rather than the 120expected for an gghybridized
nitrogen atom. In CpfTiNH,, the Ti=-N—H angle is only 126
Stabilization of the nitrogen lone pair by interaction with the
empty b orbital is presumably the reason the methylamide
ligand adopts this conformation. A similar explanation was
given for the orientation of the methylamide ligand in the solid-
state structure of CpHf(H)N(Me)H.21

In contrast to the orientation of the amide group in &Jpi-
(Me)H, the crystal structure of CpFiN(Me)PH2 shows that
the N-methylanilide ligand is perpendicular to the Gpf
fragment with a Cp(centroiehTi—N—Me torsion angle ota.
90° preventing the nitrogen lone pair from acting as-donor
to the empty b orbital. In Cp*%»TiNH, and Cp%TiN(Me)H,
the conformation of the amide group relative to gh*implies
maximum TN z-bonding while in Cp3TiN(Me)Ph, the
conformation of the amide group implies minimalbonding.
The Ti—N bond distances are consistent with this hypothesis.
In Cp*,TiNH; and Cp%TiN(Me)H, the Ti—=N bond distances
are 1.944(2) and 1.955(2) A, respectively, while the Mibond
distances of CpfTiN(Me)Ph is 2.054(2) A. Other than the
orientation of the amide ligand and the shor+N bond length,

the crystal structure is unremarkable. The other structural
features are similar to related crystallographically characterized i

Cp*,TiX compounds:>16.20.22

The crystal structure analysis of GFiF revealed two
crystallographically independent but virtually identical molecules
in the asymmetric unit, one of which is shown in Figure 3. The

important bond parameters for both independent molecules are

listed in Table 2. The FF bond lengths are short at 1.845(4)

(21) Hillhouse, G. L.; Bulls, A. R.; Santarsiero, B. D.; Bercaw, J. E.
Organometallics1988 7, 1309-1312.

(22) Feldman, J.; Calabrese, J.XChem So¢ Chem Commun1991
1042-1044.
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Figure 3. ORTEP drawing of (MeCs).TiF with 50% probability
thermal ellipsoids.

Table 2. Selected Distances (A) and Angles (deg) in &pFE

molecule 1 molecule 2
Til—F1 1.845(4) Ti2z-F2 1.838(4)
Til—[Cyingd 2.38(2) Ti2-[CiingD 2.38(2)
Til—Cpl 2.06 Ti2-Cp3 2.05
Til—Cp2 2.06 Ti2-Cp4 2.05
Cpl-Til—Cp2 1.44.1 Cp3Ti2—Cp4 145.6
Cpl-Til—F1 107.3 Cp3Ti2—F2 106.3
Cp2-Til—F1 108.5 cp&4Ti2—F2 108.0

and 1.838(4) A. However, as seen in Figure 3, the fluorine
atoms have large thermal parameters making the bond lengths
seem shorter. The bonds lengths corrected for the thermal
motion using the root-mean-square displacements are 1.860 and
1.855 A, respectivel§3 The corrected bond distances are 0.5

A shorter that the F+Cl distance of 2.363(1) A in CpTiCl6

in agreement with the size difference between chloride and
fluoride?* Like Cp*;TiN(Me)H, the rest of the structure of
Cp*,TiF is similar to the other known CpTiX struc-
tures}5,16,20,22

The EPR spectra of the new compounds and several known
Cp*,TiX compound$>1625were measured as methylcyclohex-
ane solutions at room temperature and as frozen glasses. The
EPR results are listed in Table 3. For GpiBr and Cp*Til,
the EPR parameters were obtained from the simulated spectra.
Like the spectra of CgTiBr and Cp%Til,?> the spectra of
Cp*,TiH and Cp*TiF display ligand hyperfine coupling at low
temperature. The EPR spectra and simulations for some of these
complexes are shown in Figure 4. The spectra were assigned
as outlined above.

The electronic spectra of several Gp¥X were measured at
room temperature as 1®M solutions in methylcyclohexane.
The spectrum of CpTiOMe is shown Figure 5. In addition,
the spectra of CgTiEt and Cp%TiN(Me)Ph at—78 °C are
shown in Figure 6 along with the least-squares fits used to obtain
the peak positions. The spectra were fit using a sum of Gaussian
peaks. The energies of the peaks determined in this way are
sted in Table 4. In the visible region, two peaks are present
for all complexes: a more intense peak at higher energy and a
less intense peak at lower energy. In the near-infrared, weak
transitions are observed for some of the compounds. The energy
of the near-IR absorption varies from 5630 Tnfior Cp*,TiF

(23) Dunitz, JX-Ray Analysis and the Structure of Organic Molecules
Cornell University Press: Ithaca, New York, 1979.

(24) Pauling. L.The Nature of the Chemical Bon@ornell University
Press: Ithaca, New York, 1960.

(25) Mach, K.; Raynor, BJ. Chem Soc, Dalton Trans 1992 683—
688.
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Table 3. EPR Data for Cp#TiX Compounds (Ligand Hyperfine
Coupling Constant in Parentheses in MHz)

compd Gavé (g g’ Ox Oy
Cp*,TiH d 1.916 1.997(39) 1.981 1.780
Cp*.Til 1.939 1.941 1.997 1.973(36) 1.852
Cp*,TiCH.Ph 1.948 1.948 1.996 1.978 1.870
Cp*Ti(n5-H,CC:Me;) 1.950 1.954 1.997 1.985 1.880
Cp*;TiCH,CMe; 1.951 1.952 1.998 1.984 1.881
Cp*.TiBr 1.953 1.953 1.996(12) 1.980(21) 1.883
Cp*,Ti(n-Pr) 1.953 1.955 1.998 1.984 1.884
Cp*,TiCl 1.956 1.957 1.999 1.984 1.889
Cp*2TiN(Me)Ph 1.958 1.972 1.999 1.981 1.937
Cp*,TiN(Et)Ph 1.955 1.958 1.998 1.980 1.895
Cp*;TiMe 1.958 1.959 1.998 1.981 1.898
Cp*;TiNMe; 1.962 1.967 1.998 1.979 1.924
Cp*.TiF 1.972 1.973 1.998(37) 1.982 1.938
Cp*.TiEt 1.972 1.985 2.000 1.982 1.974
Cp*,TiOPh 1.974 1.976 1.999 1.983 1.945
Cp*,TiOMe 1.977 1.979 1.999 1.981 1.956
Cp*,TiNH 1.979 1.980 1.998 1.981 1.962
Cp*;TiN(Me)H 1.980 1.981 1.998 1.980 1.965

aThe averagedj-values in solution at room temperatubég]=
Ys(gk + gy + ). ¢ The anisotropiag-values from frozen solutions.
dUnobserved.
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Figure 4. EPR spectra (solid lines) and simulations (dotted lines) of
(MesCs),TiH (a), (MesCs).TiF (b), (MesCs),TiBr (c), and (MeCs),Til

(d) in a methylcyclohexane glass e 70 K.
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Figure 5. Electronic spectrum of CpTiOMe in methylcyclohexane
at 298 K.

to 8220 cnt? for Cp*;TiN(Me)H. No near-infrared absorption
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Figure 6. Electronic spectra (dotted lines) and least-squares fits (solid
lines) of Cp*%TiEt (a) and Cp3TiN(Me)Ph (b) at 77 K.
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Table 4. Electronic Transitions of CpTiX Complexes in cm?
(The Extinction Coefficient, L cm' mol™, Is in Parentheses)

lay— lg —
T(@nK) laa—2a by(AEy) bi(AEy)

Cp*;TiH 295  20976(131) 18272(69)
Cp*,Til 295  16065(135) 14610(51)
Cp*;TiCH-Ph 295  20203(173) 16017(42)
Cp*Ti(7>-MesCsCH,) 295  23000(180) 17816(180)
Cp*;TiCH.CMe; 295  20340(182) 15190(29)
Cp*;Ti(n-Pr) 295  21702(189) 17342(63)
Cp*;TiBr 295  17260(131) 15023(40)
Cp*;TiCl 295 18118(110) 15426(59)
Cp*.TiN(Me)Ph 295  19465(247) 15893(121)
Cp*;TiN(Me)Ph 77 19850 17595
Cp*.TiMe 295 21781(170) 16665(50)
Cp*;TiEt 295 20826(122) 15895(21)
Cp*;TiEt 77 19828 8643 16550
Cp*;TiF 295 23231(167) 57722(23) 17124(29)
Cp*;TiOPh 205 19596(134) 6544(29) 15980(51)
Cp*;TiOMe 295 19607(128) 7800(21) 16155(47)
Cp*,TiNH> 295 20369(90) 7942(6) 15422(34)
Cp*:TiN(Me)H 295 19593(114) 8180(8) 15159(40)
Discussion

As noted previously, the unpaired electron occupies the 1a
orbital which is largely ¢ with some ¢,z character. This
orbital is nonbonding and interacts only weakly with the X
ligand in Cp*%TiX and is, therefore, not expected to be sensitive
to theo-donor ability of X# The LUMO, hy, is mainly d, and
is close to 1lain energy in the absence afeffects. When X
is azr-donor, b acts as ar-acceptor and is destabilized as the
extent of ligandr-donation increases. By comparing the energy
of the 1a — by, transition for a series of complexes to the energy
of this transition of a complex with a-only ligand, Cp%TiH,

was observed for many of the compounds presumably becausehe relative strength of the-interaction in these complexes can
it was too low in energy. The spectra were assigned as outlinedbe determined. Since;lis -antibonding, the actual strength

above.

of the sr-interactions is somewhat less than the energy deter-
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Table 5. Calculated Values of!, b', andk? from the Electronic Table 6. Calculated Values for CpTiX Complexes
and EPR Spectra AE,
b’ a k2 relative to
g ’ * H
Cp*TiE 0.29 0.96 064 b a AE{calc) AE(obs) Cp*;TiH
Cp*;TiOPh 0.25 0.97 0.60 Cp*;TiH 0.57 0.82 447 0
Cp*,TiOMe 0.26 0.97 0.58 Cp*,Til 0.36 0.93 1537 1090
Cp*;TiNH: 0.30 0.95 0.56 Cp*,TiCHCsHs 0.40 0.92 1601 1154
Cp*;TiN(Me)H 0.30 0.95 0.54 Cp*Ti(5-Me,CsCH,) 0.39 0.92 1794 1348
Cp*;TiCH.CMe; 0.32 095 2157 1710
. . . . ‘ Cp*2Ti(n-Pr) 0.34 0.94 2096 1649
E Cp*.TiBr 0.38 0.92 1923 1476
a Cp*;TiCl 0.27 0.96 2852 2405
0.641 1 Cp*;TiN(Me)Ph 0.28 0.96 4870 4423
Cp*;TiMe 0.33 0.94 2410 1963
0.62- 1 Cp*.TiF 029 0.96 5622 5738 5175
Cp*,TiOPh 0.25 0.97 6445 6563 5998
Cp*;TiOMe 0.26 0.97 7995 7700 7549
« 0.60- Cp*;TiNH> 0.30 0.95 7479 7633 7032
4 Cp*;TiN(Me)H 0.30 0.95 8217 8180 7770
0.58¢ 1 Cp*;TiEt 0.33 0.94 8695 8460 8248
2 Not used in determining thk? relationship.
0561 1 in Cp*>TiH. A potential problem exists, however, in that Lauher
and Hoffmann have predicted that the hydride ligand does not
0.54r (Mo 7 lie on thex-axis# This distortion increases the value A&y,
for Cp*,TiH from a trues-only value since the-orbital of the
30 32 3a 3% 38 20 hydride ligand will interact with the porbital. However, more
Ligand Electronegativity recent calculations suggest that the hydride ligand does lie along

the x-axis?® It should be noted that the GBMe; ligand of
Cp*;TiCH,CMez; does not lie on the-axisy® and the destabi-
lization of the b orbital in this complex is 550 cmi greater
than the destabilization oklin Cp*,TiCH,CsHs. Presumably,
the less sterically demanding benzyl ligand does lie orx-thes.
The relatively high value ob' for this complex is disturbing
since this observation implies that the bonding in Cp*TiH is
different from that in the other metallocenes.

A geometric distortiong.g. bending of the hydride ligand,
could be responsible for the difference in bonding suggested
by the high value ob' for Cp*,TiH. Its structure shows that
the hydride ligand does indeed lie on theaxis of the molecule.
However, the metallocene anglélCp*—Ti—Cp*), 152, is
much greater than that in other decamethyltitanocéhekhe
larger metallocene angle in CgiH is the geometric distortion
responsible for the higher value bfin this complex. As the
metallocene angle increases, theahd dz-2 orbitals become
closer in energy and will interact more strongly, giving fireore
de-2 character relative to the other complefe&he larger
metallocene angle in CpTiH makesAEy, somewhat smaller
than it would be if the metallocene angle were the same as in
a normal Cp*TiX complex. Consequently, usindEy, of
Cp*;TiH as the anchor for the-bonding ability of X will, again,

. . tend to overestimate the-bond strength.
’ ' 2
Unlike the values off andb', the value ofk? changes with Among the halides, the trend inbond strengths is & Cl

the ligand. The greater the ligand electronegati%ityne higher > Br > I. This trend has been observed previously in other

" e : Jativine
the value ok®. As seen in Figure 7, this relationship is roughly - 5,5 uses of bonding in bent metallocenes and has been attributed
!lnear. The Igss electrone'ganve ligands have amore covalenty, strong overlap between the p-orbitals of the halide and the
interaction with the fitanium center, decreasikg for the d-orbitals of the bent metallocene fragméht! Furthermore,
un_lgﬁured electron. . culated usi | fluoride is a fairly goodsz-donor, only slightly weaker than

e transition energiE,; was calculated using trgvalues phenoxide. The trend in-bond strengths agrees with the trend
from the EPR spectra, the observed valuaB,, andk? values seen in octahedral Cr(lll) complexés
estimated using the linear relationship shown in Figure 7. The 'y otential problem exists in the analysis of the halides since

results, along with the values ef andb, are listed in Table 6.‘ the observed spinorbit coupling could increase due to ligand
The values oAAEy; calculated from the EPR spectra agree fairly -
(28) Bierwagen, E. P.; Bercaw, J. E.; Goddard, W. A.JIIAm Chem

well with those obtained from the near-infrared spectra. Soc 1094 116 1481-1489.

Figure 7. Observed covalency versus ligand electronegativity for some
Cp*,TiX complexes. X is given next to the corresponding data point.

mined in this way. Thus, this method overemphasizes the
mt-bonding capability of X.

In the compounds for whicly,, g, AEy, and AE,, are
observed, the values af, b, andk? can be calculated directly.
The results are given in Table 5. The valuesiodndb’ vary
only slightly among these complexes, and the values’ &f
b' 2 are slightly smaller than those seen by Petersen and Dahl
for CpVX, complexed? ! but are similar to those calculated
for Cp,TiSs.” The fact thal' andb’ have the same sign shows
that 1a resides mainly in theyz plane (the ¢ orbital is
compressed along theaxis, see the gdlorbital in Figure 1). In
contrast, Petersen and Dahl found that in the\G complexes,
a and b had opposite signs, so that;lis mainly in thexz
plane!®1l However, for the related GECO, the ratioa?/b? is
about the same as in @fX,, but the signs of andb are the
same as they are for CgFiX complexes?® This apparent
contradiction was explained by noting that in g0, as in
the trivalent decamethyltitanocenes, the change in sigh of
reflects a decrease in electron density alongxtexis which
minimizes a destabilizing interaction with tbebonding orbital
of the ligand.

The amount of destabilization of ltaused by ther-donor (29) Lukens, W. W.; Matsunaga, P. T.; Andersen, R. A. To be
ligand is determined by comparimyE,; to the value ofAE; resubmitted.
(30) Hunter, J. A,; Lindsell, W. E.; McCullough, K. J.; Parr, R. A.;
(26) Razuvaev, G. A.; Abakumov, G. A.; Cherkasov, V.RUss Chem Scholes, M. LJ. Chem Soc, Dalton Trans 199Q 2145-2153.
Rev. 1985 54, 1235-1259. (31) Asaro, M. A.; Cooper, S. R.; Cooper, NJJAm Chem Soc 1986

(27) Inamoto, N.; Masuda, £hem Lett 1982 1003-1006. 108 51875193.
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Figure 8. Destabilization of “b” by a -agostic ethyl ligand. Note
that the actual symmetry of the complex@s or C;; however, the
symmetry labels foC,, are given for consistency.

\
vy 4
N

\ ay
X\

character in the metallocene d-orbitals. This effect would
decreasey by increasing rather than by decreasing imaking
the heavier halides seem like pooredonors than they actually
are. For Cp3Til with & = 5069 cn1,32 this effect would be
greatest, but sincegd.e — gy (that is,gx + g;) is approximately
the same for all of these compoundsijoes not differ greatly
from that of the other complexes. In addition, based upon the
small values observed for the ligand hyperfine coupling, only
a small amount of ligand character is present in theothital 33
This observation is in agreement with PES studies on\0p
in which the amount of ligand character in thedsbitals was
found to be tiny:

A more interesting observation is the high valueggffor
Cp*;TiEt. The magnitude ofy, implies that the ethyl ligand is
a strongerr-donor than N(Me)H. The ethyl group in CgFEt
is thought to bg3-agostic based upon the observation of low-
frequency G-H stretching absorption in its infrared spectrifm.
As shown in Figure 8, g-agostic interaction will raise the
energy of b in much the same way as &interaction. In
addition to the high value ajy, at 77 K, the 1a— b, transition
can be observed directly at 8640 th While this energy would
seem to indicate that the electronic contribution to the agostic
interaction is about 8000 crh, this is not true. If thes-bond
of the ethyl group in CpfTiEt moves off of thex-axis, b will
be destabilized by thes-bond in addition to the agostic
interaction, and the electronic contribution to the agostic
interaction will be considerably less than 8000¢m

Curiously, thegave value determined from the room temper-
ature EPR spectrum of CgFiEt is quite different fromgC)
the average of thg components recorded in the frozen glass
spectrum. This observation, along with the inability to observe
the 1a — by transition at room temperature, led us to postulate
that an equilibrium between agostic and anagostic forms of
Cp*,TiEt is present, Figure 9.

In addition to Cp*TiEt, gave and [g0are quite different in
Cp*;TiN(Me)Ph. The N(Me)Ph ligand also seems to be agostic,

(32) Moore, C. E. Atomic Energy Levels As Derived From the Analyses
of Optical Spectra. National Bureau of Standards, 1958.

(33) Weltner, W., JrMagnetic Atoms and MoleculgSover Publications,
Inc.: New York, 1983.

Lukens et al.

&

E = CH, or NPh &\7

Ti"E H Ti—E._ H
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N N
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Figure 9. An equilibrium between agostic and anagostic conformers.

most likely by a f-agostic N-methyl group rather than a
y-agostic phenyl group since CiCH,Ph shows no evidence
of an agostic interaction. The presence gf-methyl agostic
interaction is supported by weak infrared absorptions at 2570
and 2620 cm! and by the published crystal structi#fe.In
Cp*;TiN(Me)Ph, the N(Me)Ph ligand is planar and lies in the
plane between the Cp* ligands. The—-TN—Cye angle is
110.8(2) while the Ti-N—Cipso angle is 131.6(%) this
geometry is consistent with&agostic interaction. On the other
hand, in then-butyl isocyanide adduct, the ¥N—Cye angle
is 121.2(4y and the TN—Cisso angle is 125.6(4)?2 The
geometry of the base adduct is not consistent wighagostic
interaction. The lack of an agostic interaction is expected since
the base adduct has no low-lying, empty orbitals available to
form an agostic interaction.

For the equilibrium shown in Figure & = [anagostic]/
[agostic]= exp(—AH°/RT + AS’/R) whereAH® andAS’ are
the enthalpy and entropy of the anagostic conformation relative
to the agostic conformation, respectively. Based on the as-
sumption that the observegl,. value represents the weighted
average of theyae values of the agostic and anagostic forms,
then the formula for the observeag,e value is given in eq 4
where gagostic IS the gave value for the agostic conformation,
OanagosticiS the gave Value for the anagostic conformation, and
AH° andAS’ are as defined earlier.

1
gobs= K+ 1(gagostic+ Kganagostil

K = @ (AH—TAS)RT

(4)

Fitting the gave values from the variable-temperature EPR
spectra of these complexes with eq 4, using the average of the
g components observed in the frozen glass spectrasfgkis
will give the values of the unknownéH°, AS’, andganagostic
Plots ofgiso versusT for Cp*,;TiEt and Cp%N(Me)Ph are shown
in Figure 10. For CpjTiEt, the variable-temperature EPR data
from —98 to 68°C yield AH® = 1.93(3) kcal/molAS’ = 6.3(2)
eu, anManagostic— 1.9570(7). For CpsTiN(Me)Ph from—58°
to 105°C, the values ardAH° = 1.5(1) kcal/molAS’ = 7.9(5)
eu, andganagostic= 1.9545(3). The data are for three separate
runs for each complex and assume an error &f 10~ in gaye
(based upor(gave for spectra acquired at the same tempera-
ture).

The entropy difference between the agostic and anagostic
molecules is the same in both cases. The entropy difference
can be estimated bR In(o) where ¢ is the product of the
symmetry numbers of the anagostic molecule versus the agostic
molecule3* Assuming all of the ligands are freely rotating, then
the anagostic molecule h&, symmetry ¢ = 2) while the
agostic molecule ha€s symmetry ¢ = 1). Additionally, in
the agostic molecule, a 3-fold methyl rotation and a 2-fole Ti
Et or Ti—N(Me)Ph rotation are being stopped. The symmetry
differenceg is 3 x 2 x 2 andRIn(o) is 4.9 in rough agreement
with the observed value A&S°.

(34) Lowry, T. H.; Richardson, K. Svlechanism and Theory in Organic
Chemistry 3rd.; Harper & Row: New York, 1987.
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Figure 10. Observedgae versus temperature for CprEt (a) and
Cp*;TiN(Me)Ph (b). The different symbols are for independent data
runs, and the line is a least-squares fit to eq 4.

The Qanagosticvalues for Cp3TiEt and Cp%TiN(Me)Ph are
very similar to thegave values of Cp3TiMe (1.958) and
Cp*;TiN(Et)Ph (1.955) as expected. Tlygragosicvalues can
be used to estimate tlgy value for the anagostic form of the
molecules by assuming that and g« are the same in both
conformations. For CpTiEt and Cp%TiN(Me)Ph, the gy
values for the anagostic conformation are 1.890 and 1.88
respectively. If the optical spectra are known for the agostic
and anagostic conformers, the change in the-ta, energy
between them can be estimated. This energy gives the electron
contribution to the agostic bond.

From the values oAH° andAS’, at 20°C the constants for
the equilibrium in Figure 9 for CgTiEt and Cp%TiN(Me)Ph

J. Am. Chem. Soc., Vol. 118, No. 7, 19925

Figure 11. Steric congestion in A-agostic alkyl complex of Cpfi.

it moves off thex-axis. In Cp%TiN(Me)Ph, in which N(Me)-
Ph lies on thex-axis, by is destabilized by 6 kcal/mol in the
agostic conformation.

In both complexes, the enthalpy differenéeil°, is quite a
bit smaller than the destabilization of the brbitals. The
destabilization of preflects only the electronic contribution to
the agostic bond. The electronic contribution is greater than
the net interaction since it does not reflect destabilization of
the agostic conformation due to steric crowding or strain caused
by bending the ligand. The net enthalpyii°, of the agostic
bond is also much smaller than in agostic bonds in other
complexes. For example, in (eB)(COXW (Cy = cyclohexyl)
one of the PCyligands has g-agostic interaction with the
tungsten center. The strength of the agostic interaction is
estimated to be 16 kcal/m#l. Additionally, theoretical calcula-
tions on the molecule Ti(Et)@dmpe) (dmpe= 1,2-bis-
(dimethylphosphino)ethane) show that the agostic form is 12.4
kcal/mol lower in energy than the anagostic conformatfot.
In comparing this energy to that of the GtX complexes, it
is important to note that the strength of the agostic interaction
in a titanium(lll) complex is expected to be weaker than that
for an analogous titanium(lV) complex since titanium(lV)
complex is more electrophilic or Lewis acidic and is expected

g to form a stronger agostic bond. In addition, the &p*

environment is more sterically demanding than either of these
two examples (the G¥ ligand is large, but its bulk is well

@way from the tungsten center).

The fact that the agostic interaction in GpiEt is so weak
explains why the other alkyl complexes of Gpt do not form
p-agostic bonds. As shown in Figure 11, the substituent on
the -carbon atom will have an unfavorable steric interaction

are 0.87 and 4.1, respectively. The equilibrium constants help it the Cp* ligand. If the steric repulsions in tieagostic

to explain why no 1la— by transition is observed for CpTiEt
or Cp*TIN(Me)Ph at room temperature. For GiiN(Me)-

conformations of other alkyl groups are more than 2 kcal/mol
greater than in CpTiEt, the agostic conformation will be

Ph, most of the molecules have no agostic interaction and for ynfavorable relative to the anagostic conformation. The lack

Cp*,TiEt approximately 45% have no agostic interaction.
While the transferability of the solution data to a frozen glass
is uncertain, at 77 K, the equilibrium constants for ¢pEt
and Cp%TiN(Me)Ph are 8x 1075 and 3x 1073, respectively.

of a- or y-agostic interactions can be rationalized in a similar
manner.

In conclusion, electronic and EPR spectroscopy can be used
to rank the X ligands of CgTiX in terms ofzz-donating ability.

Spectra acquired at that temperature are expected to be due onlythe 7-donor series is similar to that seen in other systems. No

to the agostic species. The spectra of &pEt and Cp*%TiN-
(Me)Ph in tolueneds at 77 K are shown in Figure 6. Unfor-
tunately, the 1a— b, transition for Cp%TiN(Me)Ph was not
observed due to the presence of-& or C—D stretching
overtones from the solvent.

evidence is seen far- or y-agostic interactions in the trivalent
decamethyltitanocene alkyl complexes, Bt#tgostic interactions

can be observed for CpFiEt and Cp%TiN(Me)Ph. The
equilibrium between the agostic and anagostic conformations
of these molecules can be examined using variable-temperature

As noted earlier, the combined electronic and EPR data canEPR spectroscopy, and the equilibrium constant i§ found to be
be used to estimate the electronic contribution to the agostic 0.9 and 4 at room temperature for GpiEt and Cp%TiN(Me)-

bond. For Cp3TiEt, b, is destabilized by 18 kcal/mol in the
agostic conformation, but some of the destabilization is likely
the result of thes-bond of the ethyl ligand moving off of the
x-axis. This is shown by the observation that at 77 K, the 1la
— 2a transition is 1000 cm! lower in energy than at room
temperature and 2000 crhlower than in CpsTiMe indicating
that the ethyl group is interacting more weakly with the 2sa

Ph, respectively, anda. 10~* at 77 K.

(35) Gonzales, A. A.; Zhang, K.; Nolan, S. P.; Lopez de la Vega, R. L.;
Murkerjee, S. L.; Hoff, C. D.; Kubas, G. Drganometallics1988 12,
2429-2435.

(36) Dawoodi, Z.; Green, M. L. H.; Mtetwa, V. S. B.; Prout, K.Chem
Soc, Chem Commun 1982 12, 802-803.

(37) Munakata, H.; Ebisawa, Y.; Takashima, Y.; Wrinn, M. C.; Sheiner,
A. C.; Newsam, J. MCatal. Today1995 23, 403—408.
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Experimental Section Cp*,TiF, Cp*;TiMez® (1.15 g, 3.30 mmol) was dissolved in 70
mL of diethyl ether, and BOEt (0.96 g, 6.8 mmol) was added slowly
All reactions and manipulations were carried out in an inert uysinga syringe. The yellow solution became orange. After the mixture
atmosphere using standard Schlenk and drybox techniques. Ammoniawas stirred for 12 h, the solvent was removed under reduced pressure

and methylamine were dried over sodium-af8 °C and distilled and the residue was heated at°@under dynamic vacuum ffet h to
immediately prior to use. The lithium salts of the amides were prepared remove MeBE. The yellow solid residue was dissolved in 100 mL of
by the addition of the amine to a solutionmbutyllithium in hexane. hexane and the solution was filtered. The volume of the filtrate was
The lithium salts of the alkoxides were prepared by treating lithium reduced taca. 20 mL. Cooling to—80 °C gave orange needles (1.1 g,
metal with the alcohol in hexane. GfFiBr, Cp*,Til, Cp*.TiCl;6 Cp*,- 93%). Mp= 207-208°C. 'H NMR 6 1.82 (s). IR 2720 (w), 1165
TiCH2CeHs, Cp*;TiCH,CMes, Cp*;Ti(n-Pr), Cp%TiEt, Cp*;TiMe, (w), 1065 (w), 1020 (m), 810 (w), 725 (w), 635 (w), 610 (m), 580 (s),

Cp*2TiH; 1 Cp*TiN(Me)(Ph)?” Cp*;TiMez;** and KG'® were prepared 565 (s), 545 (m), 440 (s), 390 (m) cha MS (M)* m/z(calc, found)

by literature methods. Infrared spectra were recorded on a Nicolet 5DX 354 (10, 11), 355 (12, 12), 356 (100, 100), 357 (30, 29), 358 (11, 11),
FTIR spectrometer or a Perkin-Elmer 283 spectrometer as Nujol mulls 359 (2, 2). Anal. Calcd for §HsoTiF2: C, 67.4; H, 8.48. Found:
between Csl or KBr platesH NMR spectra were measured on aJEOL ¢ 7.4: H, 8.59.

FX90Q FT NMR spectrometer operating at 89.56 MHz or on a home- Cp*,TiF. A slurry a KG (0.21 g, 2.0 mmol) in 20 mL of

built FT NMR spectrometer (Cryomagnet Systems 5.9 T magnet . "
. - h tetrahydrofuran was added by cannula to a solution of,Tig*% (0.67
interfaced to a Nicolet 1180 computer) operating at 250.80 MHz at g, 1.9 mmol) dissolved in 10 mL of tetrahydrofuran. The solution

werBerrI;elre% D%p?rtznfrmrsf;hle?r'?gy N(')w?,\,];?r?“ty'i ti(\:/hevm:cal sh;fts immediately turned dark green. After the mixture was stirred for 3 h,
ere referenced to tetramethylsilank < 0) posilive values a the solvent was removed under reduced pressure. The solid residue

Iowe_r f'eld.' Melting po_mts were m_eas_ured on a Thomas-Hoover was suspended in 100 mL of hexane. The dark green suspension was
melting point apparatus in sealed capillaries and are uncorrected. EPRﬁltered and the volume of the filtrate was reducedc 10 mL

spectra were measured as solutions or frozen glasses in either - o

. . Cooling to —20 °C gave dark green crystals (0.40 g, 63%). Mp
methylcyclohexane or 2-methyltetrahydrofuran using a Varian E-12 201-203°C. IR 2720 (w), 1165 (), 1065 (), 1025 (m), 805 (W),
spectrometer. For the frozen glass spectra, an Oxford Instruments ESR-725 (w), 635 (w), 610 (W), 570 (s), 450 (s), 415 (W), 395 (w)¢ém
10 liquid helium cryostat was used. For the variable-temperature : ’ . ’ ’ '

1
studies, a Wilmad Version 1 variable-temperature apparatus was usegMS (M) m/z(calc, found) 335 (11, 16), 336 (12, 18), 337 (100, 100),

the temperature was determined using a thermocouple referenced to %3986(32’03%’,329 7((1)1é_l|_2|)'8 gzal. Caled fopdBlaoTiF: C, 71.1; H,

0 °C ice bath. The microwave frequency was measure using an EIP- """~~~ = = ~==r 70 == )

548 microwave frequency counter and the magnetic field was measure  CP*2TIOCH3. A mixture of Cp*%TiCI*® (0.50 g, 1.4 mmol) and
using a Varian E-500 NMR gaussmeter. Spectra were digitized using HIOCHs (0.06 g, 1.6 mmol) was suspended in 40 mL of tetrahydrofuran.
UNPLOTIT. EPR simulations were done using the program ABYG. ~ 'he solution was warmed to 7GC for 3 h during which time the
Optical spectra were recorded as~30to 102 M solutions in solution turned red-orange. The suspension was allowed to cool to
methylcyclohexane using matched quartz cells and a Cary 17 spectro-"00m temperature. After the mixture was stirred for 12_h, the_solvent
photometer controlled by a PC. For the low-temperature spectra a Was removgd under reduced pressure, and the SO|I.d reS|du.e was
quartz dewar of liquid nitrogen was used, and the samples were suspended in 50 mL of h_exane. The red-purple suspension was filtered,
contained in an EPR tube surrounded by a copper maskav& mm and the volume of the filtrate was reducedda 1 mL. Cooling to

wide by 7 mm high window. Spectra were fit as sums of Gaussian —20 °C produced brown plates (0.33 g, 67%). Mp135-150°C.
curves using the program Horizéh Electron impact mass spectrawere IR 2790 (s), 2720 (w), 1270 (w), 1150 (s), 1075 (m), 1025 (m), 800
recorded by the mass spectroscopy laboratory at the University of (W), 760 (m), 725 (w), 660 (w), 620 (w), 550 (m), 500 (m), 420 (m)
California, Berkeley. Elemental analyses were performed by the ¢M*. MS (M)* m/z(calc, found) 347 (11, 4), 348 (12, 5), 349 (100,
analytical laboratories at the University of California, Berkeley. 100), 350 (31, 12), 351 (12, 5). Anal. Calcd fos18530Ti: C, 72.2;

Cp*,TiNH .. Approximately 300 mL of gaseous NHat room H, 9.52. Found: C, 71.7; H, 9.65.
temperatureda. 13 mmol) was vacuum transferred to a solution of ~ Cp*2TiOCeHs. A mixture of Cp*TiCl*® (0.50 g, 1.4 mmol) and
Cp*;TiMe (1.20 g, 3.60 mmol) in hexane at78 °C. The solution LiOC¢Hs (0.16 g, 1.6 mmol) was dissolved in 30 mL of tetrahydrofuran.
was allowed to warm to room temperature and the evolved gasses werel he solution immediately became purple-red. After the mixture was
periodically vented. After gas evolution had ceased, the solution was stirred for 10 h, the solvent was removed under reduced pressure, and
filtered and the volume of the filtrate was reduced#o5 mL. Cooling the residue was suspended in 50 mL of hexane. The purple suspension
at —80 °C gave dark crystals (0.70 g, 58%). It was necessary to dry was filtered, and the volume of the filtrate was reduced&ol0 mL.
the ammonia over sodium for at l¢as h at —78 °C to obtain Cooling to—20 °C gave big purple-brown crystals (0.48 g, 83%). Mp
spectroscopically and analytically pure material. MA93-196°C. = 202-207°C. IR: 2720 (w), 2610 (w), 1615 (w), 1585 (s), 1565
IR: 3437 (m), 2721 (m), 1535 (s), 1491 (s), 1023 (s), 802 (w), 634 (m), 1485 (s), 1310 (s), 1160 (s), 1065 (w), 1020 (w), 995 (m), 880
(s), 626 (m), 616 (s), 598 (s), 486 (s), 431 (s), 395 (M) EMMS (s), 750 (s), 695 (m), 630 (w), 620 (m), 605 (w), 520 (W), 430 (m),
(M)* mvz (found) 352 (100), 353 (30). Anal. Calcd fordEisNTi: 405 (w), 360 (m) cm™. MS (M)* m/z(calc, found) 409 (10, 20), 410
C, 71.8; H, 9.65; N, 4.20. Found: C, 71.7; H, 9.74; N, 4.14. (13, 22), 411 (100, 100), 412 (36, 48), 413 (13, 17), 414 (3, 4). Anal.

Cp*gTiN(Me)H. A mixture of Cp*zTiCllG (071 g, 2.0 mmol) and Calcd for GeHssOTi: C, 75.9; H, 8.57. Found: C, 76.3; H, 8.59.
LiN(Me)H (0.09 g, 2.4 mmol) was suspended in 30 mL of diethyl ether. Cp*;TiN(Et)Ph. A mixture of Cp%TiCI¢ (0.50 g, 1.4 mmol) and
After the mixture was stirred for 12 h, the solvent was removed under LiIN(Et)Ph (0.20 g, 1.6 mmol) were suspended in 40 mL of diethyl
reduced pressure, and the solid was suspended in 50 mL of hexaneether. After the mixture was stirred for 3 h, the solvent was removed
forming a lilac-colored solution. The solution was filtered, and the under reduced pressure. The black solid residue was suspended in 30
volume of the filtrate was reduced t@ 5 mL. Cooling to—20 °C mL of hexane, and the mixture was filtered. The volume of the filtrate
gave green crystals (0.32 g, 46%). Mp202—-205°C. IR 3360 (w), was reduced toa. 3 mL. Cooling to—20°C gave small black crystals
2765 (m), 2725 (w), 1405 (m), 1160 (w), 1083 (s), 1037 (m), 1010 (0.36 g, 58%). Mp= 174-181°C. IR 2720 (w), 1370 (s), 1355 (W),
(m), 790 (w), 711 (w), 617 (w), 535 (m), 494 (s), 419 (s), 378 (m) 1340 (w), 1305 (s), 1280 (s), 1185 (m), 1135 (w), 1090 (m), 1020 (s),
cm L. MS (M)* m/z(calc, found) 347 (12, 44), 348 (100, 100), 349 980 (s), 850 (M), 775 (s), 745 (s), 695 (s), 635 (M), 535 (M), 485 (W),
(31, 32), 350 (12, 11). Anal. Calcd for,134NTi: C, 72.4; H, 9.84; 450 (s), 420 (m), 405 (s), 370 (m), 345 (s) ©n MS (M)* m/z(calc,

N, 4.02. Found: C, 73.0; H, 9.89; N, 4.04. found) 437 (13, 45), 438 (100, 100), 439 (39, 37), 440 (14, 13), 441
(2, 3). Anal. Calcd for GH4NTi: C, 76.7; H, 9.19; N, 3.19.
(38) Bercaw, J. E.; Marvich, R. H.; Bell, L. G.; Brintzinger, H. Bl. Found: C, 7.60; H, 9.28; N, 3.36.
Am Chem Soc 1972 94, 1219. ; 22 ;
(39) Daul, C.; Schlapfer, C. W.; Mohos, B.; Ammeter, J.; Gamp, E. Cp*2TiN(Me)Ph.* IR (not previously reported) 3075 (w), 3055
Comp Phys Commun 1981, 21, 385-395. (w), 2720 (w), 2620 (w), 2570 (w), 1585 (s), 1555 (m), 1390 (s), 1190

(40) Guenther, D.; Jaffe, AHorizon 1.3.0 ed.; Blue Star Software, (M), 1165 (m), 1050 (w), 1030 (m), 990 (s), 855 (w), 825 (s), 755 (s),
Inc.: Honolulu, 1992. 705 (m), 630 (w), 545 (w), 470 (w), 420 (m), 350 (m) cn
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X-ray Crystal Structure Determination for Cp* ,TiF. Dark green
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hydrogen scattering factors were corrected for both the real and

crystals of the fluoride were grown by cooling a saturated hexane imaginary components of anomalous dispergfon.

solution to—30°C. A large, blocky single crystal was selected and a
block-shaped piece measuring 0.800.40 x 0.45 mm was cut from

Inspection of the residuals ordered in the ranges of9siy( |Fo|,
and parity and values of the individual indexes showed no trends. Five

one corner. The crystal was mounted on the end of a 0.4 mm diameterreflections had anomalously high valuesa¥?, and were weighted to
quartz capillary with a drop of Paratone N. The crystal was transferred zero toward the end of the refinement. The largest positive and negative

to an Enraf-Nonius CAD-4 diffractometérand cooled to—115°C

peaks in the final difference Fourier map have electron densities of

under a cold stream of nitrogen gas previously calibrated by a 0.66 and—0.17 e/A3.

thermocouple placed in the sample position. Automatic peak search

X-ray Crystal Structure Determination for Cp* ;TiN(Me)H.

and indg)fing procedu_res indicated that the crystal possessed a primitiveg yse_colored crystals of the amide were grown by cooling a saturated
monaclinic cell and yielded the cell parameters. The cell parameters peyane solution te-30°C. A blade-shaped single crystal was selected
and data collection parameters are given in the supporting information. 5,4 4 roughly pyramidal chunk measuring 0.870.40 x 0.40 mm

The 5178 raw intensity data were converted to structure factor was cut from the tip. The crystal was mounted on the end of a 0.3
amplitudes and their esds by correction for scan speed, background,mm diameter glass capillary with a drop of Paratone N. The crystal

and Lorentzpolarization effect$!#? Inspection of the intensity

was transferred to an Enraf-Nonius CAD-4 diffractom®tand cooled

standards showed a sudden intensity loss of 12% between hours 6 ando —130°C under a cold stream of nitrogen gas previously calibrated
7. The data collected after hour 7 was corrected for a 12% loss in by a thermocouple placed in the sample position. The crystal was

intensity. The 226 systematic absende$/) [| odd], (Ok,0) [k odd],
the 191 redundant data KJ) [| < 0], and the 225 data collected

centered in the beam. Automatic peak search and indexing procedures
indicated that the crystal possessed a primitive orthorhombic cell and

between hours 6 and 7 were then rejected yielding 4536 unique datayielded the cell parameters. The cell parameters and data collection

of which 3188 possessét > 30(F,). Azimuthal scan data showed a
difference oflmin/lmax = 0.81; however, the absorption curves were

parameters are given in the supporting information.
The 1514 raw intensity data were converted to structure factor

asymmetric. No empirical absorption correction was applied. The gmplitudes and their esds by correction for scan speed, background,
systematic absences indicated that the space groufPias and Lorentzpolarization effect§!#2 Inspection of the intensity

The cell volume indicated that 8 molecules were present in the unit standards showed a smooth, slightly curved decay of 14% over the
cell. The titanium atom positions for the two independent molecules data collection. The data were corrected for a linear decay of 14%.
were obtained by solving the Patterson map with the program The 20 systematic absencés0) [h odd], (0k,0) [k odd], and (0,0)
SHELXS86% The remaining heavy atom positions were obtained by [l odd] were then rejected yielding 1494 unique data of which 1323
successive Fourier searches and cycles of refinement. The heavy atonpossesse#, > 30(F,). Azimuthal scan data showed a difference of
structure was refined by standard least-squares techniques. The heavimin/Imax= 0.85. An empirical absorption correction was applied. The
atoms were refined isotropically, and the hydrogen positions were then systematic absences indicated that the space groupP2as?;.

calculated based upon idealized bonding geometry and assigned thermal The cell volume indicated that 4 molecules were present in the unit
parameters equal to 1.324arger than the carbon atom to which they  cell. The titanium atom position was obtained by solving the Patterson
were connected. A Gaussian absorption correction, DIFABS, was thenmap. Refinement on the titanium position led to the titanium becoming
used. The heavy atoms were then refined anisotropically. The fluorine non-positive definite. However, a difference Fourier search yielded
atoms of both molecules appear to be either moving or disordered. A most of the other heavy atom positions. Refinement of these positions
final difference Fourier map showed no additional atoms in the followed by a Fourier search yielded the remaining positions. The
asymmetric unit. Examination of intermolecular close contas&.§ heavy atom structure was refined by standard least-squares and Fourier
A) showed that the molecules were monomeric. techniques. The heavy atoms were refined anisotropically, and a
The final residuals for 397 variables refined against the 3188 unique difference Fourier search showed that almost all of the hydrogen atoms
data withF, > 30(F,) wereR = 6.90%;R, = 9.11%, and GOF= could be located. The amide hydrogen was included in the refinement
2.054. TheRvalue for all data (including unobserved reflections) was  Wwith an isotropic thermal parameter and it behaved normally. The other
9.91%. The quantity minimized by the least-squares refinements was hydrogen positions were then calculated based upon idealized bonding
W(IFo| — |Fel)2, wherew is the weight given to a particular reflection. ~ geometry and assigned thermal parameters equal to2lder than
The p-factor?4 used to reduce the weight of intense reflections, was the carbon atom to which they were connected. The non-amide
set to 0.03 initially, but later changed to 0.07. The analytical form of hydrogen positions were included in the structure factor calculations
the scattering factor tables for neutral atoms was used and all non-but not refined by least squares. At the end of the refinement, the
enantiomer was changed, and the structure refined again. The
refinement was very slightly worse, so the enantiomer was changed
back to the original one, and the structure was rerefined. A final
difference Fourier map showed no additional atoms in the asymmetric
unit. Examination of intermolecular close contacts3(5 A) showed
that the molecule was a monomer.

The final residuals for 212 variables refined against the 1315 unique
data withF, > 30(F,) wereR = 4.83%,R, = 6.22%, and GOF=
2.04. TheR value for all data (including unobserved reflections) was
5.58%. The quantity minimized by the least-squares refinements was
W(|Fo| — |Fel)?, wherew is the weight given to a particular reflection.
The p-factor, used to reduce the weight of intense reflections, was set
to 0.03 initially, but later changed to 0.85. The analytical form of
the scattering factor tables for neutral atoms were used and all non-
hydrogen scattering factors were corrected for both the real and
imaginary components of anomalous dispergfon.

Inspection of the residuals ordered in the ranges of9sip( |Fo|,
and parity and values of the individual indexes showed no trends. Eight
reflections had anomalously high valuesaf?, and were weighted to

n zero toward the end of the refinement. The largest positive and negative

(41) Calculations were performed on a DEC Microvax Il using locally
modified Molen software operating under the Micro-VMS operating system.
(42) The data reduction formulas are

F2= Lﬂp(c -2B) o F)= Lﬂp(c + 4B)?

Fo FAY  0yF) =[F+ ofFII" - F,

whereC is the total count of the scaB,is the sum of the two background
counts,w is the scan speed used in deg/min, and

1 _ sin@)L+ co(26,,))
LP 1+ cod(20,) — sirf(26)

is the correction for Lorentz and polarization effects for a reflection with
scattering angleand radiation monochromatized with a 50% perfect single
crystal monochrometer with scattering angt#,2

(43) Sheldrick, G. M. InCrystallographic Computing ;3Sheldrick, G.
M., Goddard, R., Eds.; Oxford University Press: London, 1985; pp-175
189.

(44)R = (3 IFol — [Fel)/Y|Fol, WR= [F(IFol — |Fc|)¥3WFs?Y2 and
GOF= [3(|Fo| — |Fc)%(no — nv)]¥2, wheren, is the number of observations
andny is the number of variable parameters, and the weights were give
by w = 1/0%Fo) and o(Fd) = [00%(Fd + (pF)YY2 where o%(Fo) is
calculated as above fron(F.?) and wherep is the factor use to lower the
weight of intense reflections.

(45) Cromer, D. T.; Waber, J. T. linternational Tables for X-Ray
Crystallography Kynoch Press: Birmingham, England, 1974; Vol. IV.
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peaks in the final difference Fourier map have electron densities of ~ Supporting Information Available: Tables of bond dis-
0.43 and—0.58. tances and angles, tables of positional parameters, and tables
of thermal parameters for CpFiN(H)Me and Cp%TiF and a

plot of the electronic spectra of the trivalent decamethylti-
tanocenes (17 pages). This material is contained in many
libraries on microfiche, immediately follows this article in the
microfilm version of the journal, can be ordered from the ACS,
and can be downloaded from the Internet; see any current
masthead page for ordering information and Internet access
instructions. Tables of structure factors are available from the
author.
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