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Figure 5. Illustration of [Li(THF)cyclenP}, (7) showing the Li---P
interaction. Methylene groups of THF are omitted for clarity.

stabilized transition state involving cleavage of both axial bonds
resulting in a phosphenium ion, not a phosphine.
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In light of the geometry of 7, it appears that all three resonance
forms are important in describing the electronics of phospho-
ranides, with the dominant form being dictated by the specific
ligand set around the phosphorus atom.

The lithium geometry is approximately trigonal planar, con-
sidering the bonds to oxygen and nitrogen. The Li~O bond lengths
are typical for Li-THF bonds, while the Li-N bonds are about

shorter than in usual R;N—Li linkages.!®?* The Li-N
bond lengths are closer to amide-Li bond lengths (ca. 2.0 A) 202!

(19) For example, N-Li bond lengths range from about 2.1 to 2.2 A in
Li(TMEDA) (TMEDA = tetramethylethylenediamine) complexes (see
ref 20).

(20) Setzer, W. N.; Schleyer, P. v. R. Adv. Organomet. Chem. 1988, 24, 353.

again reflecting the strong nucleophilic character of the axial
nitrogens. Although the axial nitrogens are four-coordinate, the
average P-N-Li angle is only 94°. This value can be compared
to the close to tetrahedral P~N-B angle of 111° in 9. The small
angle may be due to a secondary interaction of the lithium with
the lone pairs on the phosphorus atoms. The average Li-P distance
in 7 of 2.92 A is outside the usual range of directly bonded Li-P
atoms in lithium diorganophosphides (about 2.4-2.7 A)2 but well
within the range for a weak bonding interaction extended over
the chain as depicted in Figure 5. In this way, each lithium bonds
to two phosphorus atoms and each phosphorus to two lithiums.
The P-M~N (M = metal) triangular bonding arrangement that
results is quite common in cyclenPX derivatives (see 2—4, above).
This interaction may be primarily covalent, involving overlap of
the empty 2p orbital on lithium with the phosphorus lone pair,
or ionic, where electrostatic factors predominate.?
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Cycloheptatrienylcyclopentadienyltitanium [(°-CsHs)Ti(n’-C;H,)] exhibits by cyclic voltammetry in THF a one-electron reversible
reduction wave at ~2.0 V (vs Ag/AgCl/KCl). The 17-electron paramagnetic radical anion produced, [(n*-CsHs)Ti(n’-C;H;)],
was fully characterized by EPR, and the magnetic parameters were determined by studies on liquid and frozen solutions. The
optical spectra of both the neutral compound and the anion were measured and interpreted according to a molecular orbital scheme.
The structure of the radical anion was determined by proton ENDOR at 30 and 100 K whereby it is shown that the geometry
of the parent neutral molecule is preserved upon this one-electron reduction.

Introduction

Electron transfer in sandwich = complexes is a subject of
continuing investigations, and of particular interest are simple
systems such as the widely studied ferrocene/ferrocenium couple,

! Laboratoire de Chimie de la Matiére Condensée.
}Laboratoire de Chimie Organique Industrielle.

in which this process occurs reversibly.

In the case of group 4 transition metals, the mixed-sandwich
compounds are structural analogues of ferrocene and are therefore
expected to undergo similar electron-transfer reactions. None-
theless, this aspect of their chemistry seems to be very poorly
documented. For this reason we undertook the following study
on the diamagnetic 16-electron cyclopentadienylcyclo-
heptatrienyltitanium compound, [(n>-CsH;)Ti(n"-C;H;)], and the

0020-1669/88/1327-3018801.50/0 © 1988 American Chemical Society
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Figure 1. Cyclic voltammogram of [CpTi(cht)] in THF at —20 °C (scan
speed 200 mV/s).

corresponding radical anion, hitherto unknown.

This compound was synthesized as early as 1970,' and the
pseudosandwich structure was established by X-ray diffraction.?
Later, molecular orbital calculations®* and photoelectron studies®®
were employed to determine the electronic structure and charge
distribution, subsequently supported by some experimental in-
vestigations such as nucleophilic substitutions”® etc. We report
herein our results on the electrochemistry of this compound,
accompanied by EPR and also ENDOR on frozen solutions of
the paramagnetic compound produced by one-electron reduction.
We have shown previously® that, for [(#°-CsHs)Ti(n®-CgHy)],
ENDOR is a powerful tool in deriving structural information such
as metal-proton distances in close agreement with X-ray dif-
fraction methods (which give metal-carbon distances, the met-
al-proton distances then being calculated by taking a classical
C-H bond length of 1.08 A). This allowed us to make a direct
structural comparison between the neutral and the anionic com-
pounds studied.

Experimental Section

All manipulations were conducted under an inert atmosphere.
[CpTi(cht)] was prepared by literature methods.! THF was used as
solvent for electrochemical experiments. It was thoroughly dried and
distilled over Na~benzophenone and then LiAIH, before use. The pro-
cedure for generating radicals in situ with an EPR—electrochemical cell
and the instrument used for cyclic voltammetry experiments were de-
scribed earlier.!® Solution samples for ENDOR and UV-visible spectral
measurements were produced by electrolysis under constant current in
a cell provided with a platinum gauze for the anode, the cathodic cell
consisting of a silver wire immersed in a suspension of KCl in the elec-
trolytic solution. The electrolyzed solutions were then transferred under
argon into the measurement cells. The EPR signal produced under these
conditions was always of lower intensity compared to that generated by
in situ electrolysis, but this handling was unavoidable for the purposes
of ENDOR and optical absorption measurements. CsDg was prepared
according to the literature!! and was used to prepare [(7°-CsDs)Ti(cht)]

(1) Van Oven, H. O,; De Liefde Meijer, H. J. J. Organomet. Chem. 1970,
23, 155,
(2) Zeinstra, J. D.; de Boer, J. L. J. Organomet. Chem. 1973, 54, 207.
(3) Clack, D.; Warren, D. Theor. Chim. Acta 1977, 46, 313.
(4) Zeinstra, J. D.; Nieupoort, W. C. Inorg. Chim. Acta 1978, 30, 103.
(5) Evans, S.; Green, J. C.; Jackson, S. E. J. Chem. Soc., Dalton Trans.
1973, 304.
(6) Andréa, R. R.; Terpstra, A.; Oskam, A.; Bruin, P.; Teuben, J. H. J.
Organomet. Chem. 1986, 307, 307.
(7) Groenboom, C. J.; de Liefde Meijer, H. J.; Jellinek, F. Recl. Trav.
Chim. Pays-Bas 1974, 93, 6.
(8) Groenboom, C. J; de Liefde Meijer, H. J.; Jellinek, F. J. Organome:r.
Chem. 1974, 69, 235.
(9) Gourier, D.; Samuel, E. J. Am. Chem. Soc. 1987, 109, 4571.
(10) Samuel, E.; Guery, D.; Vedel, J.; Basile, F. Organometallics 1988, 4,
1073.
(11) Anderson, G. K,; Cross, R. J.; Phillips, G. I. J. Chem. Soc., Chem.
Commun. 1978, 709.
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Figure 2. EPR spectra at room temperature of (a) [CpTi(cht)]” and (b)
[(#’-CsDs) Ti(cht)]™ radical anions in THF generated in situ by electro-
lysis in the spectrometer cavity (current intensity 50 uA).

according to the regular procedure. EPR and ENDOR spectra were
recorded with the same instruments and under the same conditions as
previously described.” Optical absorption measurements were performed
at room temperature with a Uvikon 860 spectrometer from Kontron
Instruments.

Abbreviations used in this paper: Cp = 55-CsHs; cht = #’-C,H,; Me
= CHj; cot = n®-CgHs.

Cyclic Voltammetry and Electron Paramagnetic Resonance

[CpTi(cht)] exhibits by cyclic voltammetry in THF a one-
electron reduction wave at —2 V (Figure 1). Repeated mea-
surements at scan speeds from 100 to 500 mV /s show that this
wave is reversible. The CV experiments are best performed at
-20 °C due to the instability of the anionic species, which de-
composes at room temperature. The identity of the reduced species
as being the expected 17-electron anion was clearly established
by electrolysis in the EPR cavity.

Figure 2a shows the EPR spectrum of the [CpTi(cht)]~ radical,
recorded at room temperature. It is attributed to an unpaired
electron spin S = !/, interacting with proton nuclei of the Cp and
cht rings. The weak transitions at low magnetic fields are due
to hyperfine interaction with 4’Ti (I = 5/,, abundance 7.75%) and
Ti (I =7/,, abundance 5.51%) nuclei; the corresponding tran-
sitions at high field are too broad to be detectable. From the
crowded spectrum, it is difficult to extract magnetic parameters
with sufficient accuracy; the EPR spectrum can be significantly
simplified by deuteriating the Cp ligand. The EPR spectrum of
[(n°-CsDs)Ti(cht)]~ depicted in Figure 2b is composed of a set
of eight lines with intensities 1:7:21:35:35:21:7:1 due to the hy-
perfine interaction of the electron spin with the seven equivalent
protons of the cht ring. From the two spectra of Figure 2, the
isotropic g and proton hyperfine parameters are g;,, = 1.986 (9),
Ajo(cht) = +13 MHz, and A4;,,(Cp) = +4 MHz. The sign of the
hyperfine interactions is taken as positive, consistent with the
assignment found in other sandwich compounds.!? The decrease
of spectral density induced by deuteriation of the Cp ring allows
one to determine the isotropic titanium coupling constant (AT
= 24 MHz. The high-field hyperfine lines are broadened, as is
frequently found in other organometallic compounds. This effect
arises from modulation of the g and hyperfine tensors due to
molecular tumbling motion.!3

(12) Wolf, R.; Schweiger, A.; Gunthard, H. Mol. Phys. 1984, 53, 567.
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Figure 3. EPR spectra at 130 K of (a) [CpTi(cht)]” and (b) [(n’-
C;Dg)Ti(cht)]™ radical anions generated in situ by electrolysis in the
spectrometer cavity (current intensity 50 uA).
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Figure 4. Proton ENDOR spectrum of [CpTi(cht)]™ recorded at 100 K
(microwave power 40 mW, radio-frequency power 100 W). The rf field
is modulated at 12.5 kHz with a modulation depth of +100 kHz (sweep
time 200 s). The magnetic field is set at 343.6 mT.

The EPR spectra in frozen solution at 130 K are shown in
Figure 3. They reveal the axial symmetry of the g tensor, with
principal values g, = 1.999 (9) and g, = 1.980 (4). The structure
detectable on the perpendicular part of the spectrum in Figure
3a is due to a partially resolved hyperfine interaction with ring
protons. The spectrum is better resolved in the compound deu-
teriated on the Cp ring (Figure 3b), where two components of
the hyperfine interaction with cht protons can be measured, {4;)
= 12 MHz and (4,) = 15 MHz. It should be pointed out,
however, that these values are not the principal values of the proton
hyperfine tensor, since at 130 K, the rings are rapidly reorienting
and the hyperfine interaction is motionally averaged.” This is the
reason the hyperfine parameters are inserted in brackets.

Proton ENDOR

Typical ENDOR spectra recorded at 100 and 30 K are shown
in Figures 4 and 5. They were both obtained by saturating the
powder EPR spectrum at about 344 mT. At 100 K, the ENDOR
spectrum is single crystal like and is composed of four narrow and
symmetrical lines corresponding to the interaction with the ring
protons, the signal at the proton frequency resulting from the
interaction with nearby protons of solvent molecules (matrix

(13) Rogers, R N.; Pake, G. E. J. Chem. Phys. 1960, 33, 1107.
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Figure 5. Proton ENDOR spectrum of [CpTi(cht)]™ recorded at 30 K
(microwave power 3.1 mW, radio-frequency power 100 W). The rf field
is modulated at 12.5 kHz with a modulation depth of +150 kHz (sweep
time 200 s). The magnetic field is set at 343.8 mT.
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Figure 6. Coordmate system used for ENDOR experiments. Each ring
proton is at a distance Ry from Ti and makes angles 6 and ¢y with the
molecular axis (z axis) and the x axis. The magnetic field makes angles
6 and ¢ with these axes. Also represented are the directions of the two
principal axes A4; and A4, of the proton hyperfine tensor. The 4, axis is
perpendicular to the figure and thus parallel to the ring planes.

ENDOR). At 30 K, the spectrum is composed of a strong matrix
line superimposed on weak, broad, and powderlike ENDOR lines
representing the interaction with ring protons. These two very
different line shapes result from different regimes of the ring
motion. To visualize this effect, let us consider a given proton
(labeled N) of one ring, at a distance Ry from the Ti atom, making
an angle @y with the molecular axis (z axis) and an angle ¢y with
the x direction (Figure 6). The corresponding hyperfine pa-
rameters are 4; (i = 1, 2, 3) with the 4; axis lying along the
titanium—proton direction. Such a coincidence between the A,
axis and the metal-proton direction is likely to occur since the
anisotropic part of the hyperfine interaction is almost purely of
a point dipole—dipole nature and also because in our case the
metal~proton distance is larger than 2 A. The Cp and cht rings
can undergo uniaxial reorientations around the molecular axis.’
If the motion is slow compared to the time scale of the ENDOR
experiment, which is of the order of the anisotropy of the hyperfine
coupling in the xy plane, the proton can be considered as fixed.
If the magnetic field A is parallel to the titanium—proton direction,
the ENDOR spectrum is composed of two lines at frequencies
v(mg) = v, & A43/2. However, if the magnetic field orientation
is characterized by angles § and ¢ with the z and x axes, we expect
two ENDOR transitions at frequencies’

3 m, 291/2
v(m,) = [E(f&'/‘lihr‘ hvy ] (1)

3
g£= g:lhizgiz

with

where 4, is the direction cosine between the magnetic field and
the ith hyperfine tensor axis.

(14) Hurst, G. L.; Henderson, T. A.; Kreilick, R. W. J. Am. Chem. Soc.
1985, 107, 7294,
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Table . EPR and ENDOR Parameters of the [CpTi(cht)]~ Radical
Anion?

ENDOR EPR
2 1.999 (9)
2. 1.980 (4)
Ti (A) +24
cht protons (Ay) +13.2 (2) +12
(A +14.6 (7) +15
A +14.1 (9) +13
A +18.8 (0)
A, +12.0 (0)
A +11.7 (7)
Cp protons (Ay) +5.4 (0)
(A +3.9 (1)
Ao +4.4 (1) +4
A; +9.6 £ 0.1
Ay +1.8 £ 0.1
A, +1.8 £ 0.1

@ Hyperfine interactions are given in MHz.

In frozen solution, the ENDOR spectrum is obtained by sat-
urating the EPR spectrum at a resonant field Hj, corresponding
to the selection of a given set of molecular orientations.!>16 If
the g tensor is axial, the magnetic field setting H, implies the
selection of molecules with their axes making an angle 8 with H.
However, the angle ¢ can assume all the possible values between
0 and 360°. The resulting ENDOR spectrum is thus an average
of all the values of ¢ and exhibits a powder shape with two or
three peaks for each m; state,'s due to a slower variation of the
ENDOR frequency with ¢. Such a powder ENDOR spectrum,
characteristic of a slow ring reorientation, was obtained at 30 K
as shown in Figure 5.

If the ring motion around the molecular axis is rapid compared
to the ENDOR time scale, the hyperfine interaction with the
proton is averaged and the principal axis of the hyperfine tensor
is now parallel to the molecular axis instead of the metal-proton
direction. Since the averaged hyperfine tensor and the g tensor
are axial and collinear, all the molecules selected by the magnetic
setting Hy exhibit the same ENDOR spectrum, which is now single
crystal like.!s The spectrum recorded at 100 K (Figure 4) is thus
characteristic of a fast ring reorientation. In this case, expression
1 giving the ENDOR frequencies becomes

m 2 " m ’
V(ms) = _Eg”<A“) - Vp COSZ 8+ ?g_L(A_L) -
2 1/2
vp | sin? B] 2)

where (A;) and (A4 ) are the two values for the averaged hy-
perfine tensor. This expression can be arranged to give a linear
relation:

V(=) — vi(+)
_21/—__ g = (g {4y —g{A4L) cos? 8+ g, (4,)
P
(3)
with
cos?8 = (g2-g.9) /(g 8.

where the signs + and — represent the m, states !/,

For different magnetlc field settings [v*(~) - »*(+)]g/2v, versus
(&~ 2.9/ (g - g, was plotted and the values of the hyperﬁne
parameters (A;) and (A ) for the two rings were obtained by
a least-squares fit of the data (Figure 7). The proton hyperfine
parameters (A4;) and (4, ) deduced from these plots and the

(15) Rist, G. H.; Nyde, J. S. J. Chem. Phys. 1970, 52, 4633.
(16) Hoffman, B. M.; Martinsen, J.; Venters, R. A. J. Magn. Reson. 1984,
59, 110.
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Figure 7. Plots of [#*(-) - v2(+)1g/2v, versus (g - g, 1) /(g* - gJ_z) for
Cp and cht protons of [CpTi(cht)]™ at 100 K. + and ~ signs represent
the m, = +!/, and -1/, states, respectively.

isotropic hyperfine interaction A, are given in Table I. A, is
related to (A4;) and (A4, ) by

Ao = ({4 n) + 2(A4.)) (4)

QI |

The signs of the hyperfine parameters must be positive in order
to obtain A4, values consistent with the EPR results. Other
combinations of signs for (4;) and (4, ) would give anomalously
small values of A4;,. It should be noticed that the isotropic hy-
perfine interaction found for Cp protons is very similar to the value
+4.09 MHz found for these protons in [CpTi(cot)] and that the
value A4, = +14.1.(9) MHz for cht protons is significantly larger
than A4,, = +8.78 MHz found for cot protons in the same com-
pound.’

The ENDOR spectra recorded at 30 K in the regime of slow
ring motion allow one to measure the principal values 4; (i = 1,
2, 3) of the proton hyperfine coupling. However, the spectra are
now powderlike because there is a finite angle 6y between the A4;
axis of the hyperfine interactions and the g, axis and it is thus
not possible to interpret the data by plots such as those used at
100 K in the rapid-motion regime. The proton hyperfine tensor
is gomposed of the isotropic part 4, and the traceless dlpolar part
ASP;

A= Ay + A (5)
1so /BZA

Aiso is known from the spectra recorded at 100 K; thus, mea-
surement of two components for each kind of protons is necessary
to get the whole hyperfine interaction. Since A, and A4;%P are
positive, the component 4,(cht) should be positive and larger than
14 MHz. Stepwise variations of the magnetic field setting Hy
in the EPR spectrum result in shifts of the ENDOR frequencies,
and for the special case where H, corresponds to a selected angle
6 close to Oy for cht protons, one ENDOR line reaches its max-
imum shift from the proton frequency. This line is thus at the
frequency vy = v, + A;(cht)/2, and we obtained A4;(cht) = +18.8
(0) MHz; the two other components 4,{cht) and Az(cht) are thus
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Optical absorption (Arbitrary unils)
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Figure 8. Optical absorption spectra of neutral [CpTi(cht)] (full line)
and [CpTi(cht)]™ radical anion (dashed line) recorded at room temper-
ature in THF. The extinction coefficients ¢ for the bands at 697.5 and
597 nm are 24 and 140, respectively.

on the order of +12 MHz. Furthermore, one of the hyperfine
tensor axes (A4, axis) being parallel to the ring planes,'? the
corresponding hyperfine value can be measured by setting H, at
the high-field flank of the EPR spectrum, corresponding to the
selected angle § = /2. We obtained A4,(cht) = +12.0 (0) MHz,
and the third hyperfine component 4,(cht) = +11.7 (7) MHz
is deduced from A4, 4;{cht), and A,(cht). In principle, the same
procedure can be used for Cp protons. However, the stepwise
variations of Hy showed that the ENDOR line at frequency »;
= p, + A3(Cp)/2 is hindered at the flank of the low-frequency
ENDOR line of cht protons. The high-frequency ENDOR line
of Cp protons [v,,:(Cp)] is only detectable when Hj is such that
6 deviates significantly from 6. The variation of v,,,(Cp) with
H; allowed us to estimate 4,(Cp) to be about +9.6 £ 0.1 MHz.
From the ENDOR line near the strong matrix ENDOR line, we
deduced 4,(Cp) = 4,(Cp) = +1.8 £ 0.1 MHz. Although these
values are not precise, they are comparable to 4;(Cp) = +9.3
MHz, 4,(Cp) = +1.5 MHz, and 4,(Cp) = +1.4 MHz observed
for [CpTi(cot)].® All the ENDOR results for [CpTi(cht)]” are
gathered in Table L.

Optical Absorption

The optical absorption (OA) spectra of [CpTi(cht)] and the
[CpTi{cht)]™ radical in THF are shown in Figure 8. The neutral
compound in dilute THF solution is pale blue and exhibits a band
at 697.5 nm (1.78 eV, ¢ = 24) and two strong bands at 252 nm
(492 eV, e = 11000) and 313 nm (3.96 eV, ¢ = 3000). Since
the ground-state configuration of [CpTi(cht)} is e,*e,* (Figure
9), the band at low photon energy is due to the excitation of one
e, electron to the low-lying a, orbital, i.e.

TAi(e*e,*) — 'Ey(e e’ay)

The e, and a, orbitals having respectively ~41% and 97% metal
character,* this transition is thus partly d—d and partly ligand (cht)
to metal charge transfer. The electrochemical reduction of
[CpTi(cht)] yields a deep violet solution with a shift of the low-
energy band to 579 nm (2.14 eV) and a significant increase of
its intensity (e = 140). In order to be sure that this band is not
due to a decomposition product, we have recorded the OA
spectrum of the compound [CpV(cht)], whose ground state
2A,(ey*a;) is the same as that expected for [CpTi(cht)]™. It exhibits
a band at 563.0 nm (2.20 eV) very similar in shape to the 579-nm
band of [CpTi(cht)]".

This absorption can be attributed to the spin-allowed transitions

A (e%ay) — 2E (&%)
A (ex*ay) — 2Ey(er’a)?)

MO calculations in [CpV(cht)] predict that they should occur
at about the same photon energy, =~1.9 and 2.1 eV, respectively.
The “Laporte” selection rule is relaxed in this case because tita-
nium lies in a field having no inversion symmetry. However, the
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Figure 9. Schematic energy level diagram (not to scale) of [CpTi(cht)],
involving the 3d metal orbitals and the  orbitals of the Cp and cht rings.
Orbital occupancy in the neutral compound is represented by full arrows,
while the additional electron in the radical anion is represented by a bold
arrow.

2A, — %E, transition is forbidden in both Cs and C; symmetries,
although the 2A; — 2E, transition is allowed in these symmetries
if the electric field is perpendicular to the molecular axis. Thus,
the low-energy transition in neutral [CpTi(cht)] is symmetry-
forbidden, and the significant increase of this band upon reduction
can be explained if it is attributed to the 2A; — 2E, transition in
[CpTi(cht)]". Since the e, orbital has a metal character of about
75%, this transition is mainly a d—d transition, with a small metal
to ligand (Cp) charge-transfer character.

Discussion

Formally Ti can be considered in [CpTi(cht)] as a Ti%d*) atom
surrounded by one Cp™ and one cht* ion. Although the ¢ orbitals
of the rings are involved in the metal-ring bonding, especially with
the metal 4s and 4p orbitals, the dominant contribution arises from
the interaction between the metal 3d orbitals and the = system
of the rings.® Figure 9 shows a schematic energy level diagram
of a [CpTi(cht)] complex. Ti-Cp and Ti-cht bonds differ
characteristically. The first one is almost exclusively a n-type
bond, and the negative charges on the Cp carbons become positive
due to m-electron donation to the 3d= (d,,, d,,) metal orbitals,
through bonding with the filled ¢,(Cp) orbitals. In contrast a
significant amount of electronic charge is drained from the metal
into the cht ring by considerable back-bonding interaction of the
3d$ (d,22, dy,) metal orbitals with the vacant e,(cht) orbitals.
Thus, electrons are effectively channeled from the formally
negatively charged Cp ring onto the positively charged cht ring
via the metal. The effective charges of Cp, cht, and Ti are now
-0.7,-1.0, and +1.7, respectively.* The cht ring is bound more
strongly to the metal than the Cp ring, which explains the shorter
metal—carbon distance of the Ti—C(cht) bond, compared with the
Ti~C(Cp) bond? (respectively 2.19 and 2.32 A). The nonbonding
a, orbital is essentially the d,» metal orbital, with a small 4s
character. The electronic ground state of [CpTi(cht)] is 'A;(ey%),
and we thus expect that the anion [CpTi(cht)]™ formed upon
reduction adopts a 2A,(e,*a,) ground state. In principle, occupancy
of the nonbonding a, orbital should not modify the bonding
properties of the complex.

EPR and ENDOR parameters measured in {CpTi(cht)]™ allow
one to probe both the electronic ground state and the structure
of this compound. The deviation of the g factor from its free
electron spin value g, = 2.0023 being due to a spin—orbit admixture
of excited electronic states into the ground state, the absence of
g shift observed when the magnetic field is parallel to the molecular
axis (g; = 1.999 (9)) shows that the unpaired spin lies in a metal
orbital with predominantly d,. character, for which the g values
are predicted to be

g = 2.0023
6t (6)

= 2.0023 -
8+ Ey = Ey,q,
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Table II. Titanium-Proton Distance Ry and Angle 8y between the
Molecular Axis and the Titanium—Proton Direction in {CpTi(cht)]
and [CpTi(cht)]” Compounds

[CpTi(cht)] [CpTi(cht)]~

X-ray data® ENDOR data
Cp Ry, A 3.0 3.1
O, deg 49 47
cht Ry A 3.1 33
Oy, deg 61 65

2Data calculated on the basis of metal-carbon distances taken from
ref 2 by assuming a C-H bond length of 1.08 A.

where Ay is the effective spin—orbit coupling constant. Our results
confirm that the electronic ground state of [CpTi(cht)]™ is 2A;-
(e;*a;), as predicted from MO calculation.>*

We may estimate A using g, and the energy of the optical
absorption 2A,(e,*a;) — 2E,(e;%,) at 2.14 €V since this transition
involves the a, orbital of d,2 character and the e, orbital of d,,,
d,, character. A is found to be 63 cm™!, a value lower than A
= 155 cm™! expected for a free Ti3* ion, which points to the
existence of a low charge on the metal atom. The Ay value found
in [CpTi(cht)]™ is close to A = 71 cm™ found for Ti with zero
charge.!” MO calculations and ESCA measurements on the
neutral compound [CpTi(cht)] gave respectively charges of +1.7
and +1.1 on the Ti atom. Since the a, orbital is of almost purely
metal character, the additional electron in the anion should thus
be localized on the Ti atom and its charge should thus be reduced
to +0.7 or +0.1, in good agreement with that deduced from the
low effective spin—orbit coupling constant.

The modification of the molecular structure brought about on
passing from the neutral compound to the anion can be studied
by using the proton hyperfine interaction parameters. The two
important structural parameters obtained from ENDOR are the
titanium—-proton distance Ry and the angle fy between the mo-
lecular axis and the titanium—proton direction. The hyperfine
tensors are almost axial for both Cp and cht protons, which
confirms that Ay is of purely dipole-dipole nature and that the
A, axis is almost collinear with the titanium—proton direction. Oy
is thus simply the angle between the titanium—proton axis and
the molecular axis, which is also the axis of ring reorientation.

The angle 8y is thus related to the components of the motionally
averaged hyperfine tensors and the components 4; (i = 1, 2, 3)
of the hyperfine tensors in the static case by the expression

A TS
N = Cos —A3 4

2(A,) - A, - A3 /2
= -1 e e
By = cos [( 44, ) @)

Since the titanium-proton distance is higher than 2 A, the
following point dipole—dipole expression can be used for Ry:

2ﬁ B 1/3
RN=(88N N) )

or

A3 - Aiso

The values of 8y and Ry for [CpTi(cht)]™ are gathered in Table
IT and compared with the corresponding parameters for [CpTi-
(cht)]. For the latter compound, the X-ray data give only tita-
nium—carbon distances. Ry and 6y are thus estimated by taking
a C-H bond iength of 1.08 A. The two parameters are very similar
in the neutral and the anionic complexes, and the small discrep-
ancies may be due to experimental uncertainties. This similarity
of structures in the two compounds confirms the essentially
nonbonding character of the a;(d2) orbital, since the bond strength

(17) Dunn, T. M. Trans. Faraday Soc. 1961, 57, 1441.
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is not affected when this orbital is occupied by one electron.
The isotropic proton hyperfine parameter A, is related to the
proton spin density py by the expression

8
Ao = _:;IgﬁgNﬁNN/O(S)Isz &)

From the experimental results, we obtain pyu(Cp) = +3.1 X
103 and py(cht) = +10.0 X 1073 for Cp and cht protons, re-
spectively. The spin density on Cp protons is very similar to the
value py(Cp) = +2.9 X 107 found in [CpTi(cot)], although the
spin density on cht protons is larger than py(cot) = +6.2 X 1073
found for cot protons.” This arises from a direct delocalization
of the unpaired electron spin on the 1s hydrogen orbital. The
experimental results point to a stronger Ti—H interaction with the
cht ring than with the Cp and cot rings in [CpTi(cot)], as a
consequence of the shorter Ti—cht distance compared with Ti—cot
and Ti~Cp distances.

If we go back to the EPR spectrum, some characteristics of
the titanium hyperfine interaction can be discussed, although the
principal values 4, and A, T of the hyperfine tensors could not
be measured because of the poor spectral resolution. The averaged
interaction (AT) = +24 MHz measured in the liquid solution
is related to the isotropic hyperfine coupling A, and to the
perpendicular g shift Ag, = g, - 2.0023 by the expression

) . 2P
(AT) = AT+ Toag, (10)

The parameter P being about —28 MHz for a titanium with
zero charge,'® the term 2P(Ag, )/3 is found to be 0.4 MHz and
can be neglected. The isotropic hyperfine coupling A, "' = +24
MHz is significantly smaller than 4;,,T' = +41 MHz found for
[CpTi(cot)].!® This points to a larger contribution of the metal
4s orbital to the a; ground-state MO in [CpTi(cht)]. Assuming
a spin density of 1 unit at the metal, A4;, is composed of two
contributions of opposite signs

Aist:n’ri = X[AisoTi(dzz)] +(1-x [AisoTi(4s)] (11)

where x and 1 — x are the spin densities in the d,2 and 4s orbitals,
respectively. 1 — x is small, generally on the order of 1072
Ao T'(d,2) and A4, T(4s) are respectively the positive contributions
of spin polarization of inner ns (n = 1, 2, 3) orbitals and the
negative direct contribution of the partially occupied 4s orbital.
Since A4, "(4s) is large and negative (A, (4s) = —492 MHz),
a small increase of the 4s contribution to the ground state can
significantly decrease A"

Concluding Remarks

The present study by EPR and ENDOR on the electrochem-
ically produced [CpTi(cht)]~ radical anion fully supports the
predictions derived from MO calculations on neutral [CpTi(cht)].
It also confirms that reliable structural information can be obtained
from ENDOR frozen solutions for this family of pseudoaxial
complexes, although it was postulated that such structural in-
formation could only be obtained by dilution in a diamagnetic
isostructural monocrystalline host.?! In the latter case the pa-
rameters are obtained with high accuracy, but the data are col-
lected by crystal rotation inside the magnetic field in three or-
thogonal planes and treated with an elaborate mathematical
arsenal. Owing to the simplicity in deriving the parameters with
the ENDOR frozen-solution method, the small loss of precision
compared to that of the single-crystal-phase method is not of such
a dramatic importance if the purpose is to obtain information
pertaining to chemical properties or reactivity such as nucleophilic
substitution on the rings.

(18) McGarvey, B. R. J. Phys. Chem. 1967, 71, S1.

(19) Samuel, E.; Labauze, G.; Vivien, D. J. Chem. Soc., Dalton Trans. 1979,
956.

(20) Elschenbroich, C.; Bilger, E.; Koch, J. J. Am. Chem. Soc. 1984, 106,
4297.

(21) Schweiger, A. Struct. Bonding (Berlin) 1982, 51.
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This method can also be particularly powerful in cases where
the EPR spectrum is very poorly resolved and yields no infor-
mation, as is the case with the neutral paramagnetic compound
[(n*-CsMes) Zr(cot)];22 ENDOR then becomes valuable in sup-

(22) Blenkers, J.; Bruin, P.; Teuben, J. H. J. Organomet. Chem. 19858, 297,
61.

Inorg. Chem. 1988, 27, 3024~3028

plying the desired information without necessarily resorting to
X-ray diffraction methods. Proton and *'Zr ENDOR studies on
the latter compound are under way.

Registry No. [CpTi(cht)], 51203-49-7; [CpTi(cht)]", 115338-78-8;
[(n5-CsDs) Ti(cht)], 115338-79-9; [(#°-CsDs)Ti(cht)]", 115338-80-2;
THF, 109-99-9.
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Zeolite-supported ruthenium catalysts for the hydrogenation of carbon monoxide and carbon dioxide have been prepared by sorbing
Ru(CO); (molecular diameter 6.3 A) onto Na-Y zeolite and Linde 5A molecular sieve. Although the metal carbonyl is not
absorbed into the pores of the molecular sieve (diameter 4.2 A), it is readily absorbed into the pores (diameter 7.4 A) and supercages
(diameter 13 A) of the Na-Y zeolite. The Ru(CO)s in Na~Y converts in the absence of carbon monoxide to the much larger
Ru,(CO),; (diameter 9.2 A), which remains on the surface of the molecular sieve but is trapped within the supercages of the Na-Y
zeolite because it cannot pass through the smaller pores. Slow, temperature-programmed heating of the Ru,(CO);, in Na-Y to
350 °C under a flow of hydrogen results in decarbonylation and formation of a CO hydrogenation catalyst that produces a very
atypical (for ruthenium) hydrocarbon distribution truncated at about C,;. The unusual product distribution presumably arises
because the catalyst sites are situated within the zeolite supercages. Thus the metal is highly dispersed and/or the growing
hydrocarbon chains are subject to geometrical limitations on their growth. Consistent with this hypothesis, ruthenium carbonyl
clusters immobilized on the external surfaces of Na-Y zeolite, Linde 5A molecular sieve, and y-alumina all exhibit typical,
nonselective hydrocarbon product distributions. The same supported ruthenium carbonyl clusters are also extremely active catalysts
for the selective hydrogenation of CO, (HxCO, = 4:1) to methane. At a lower H,:CO, ratio (1:1), however, Na~Y-supported
Ru;(CO),, catalyzes the hydrogenation of CO, to higher hydrocarbons as well (up to C;¢). Interestingly, CO, hydrogenation
differs from CO hydrogenation in that the former process (a) yields no olefins or isoalkanes, both of which are prominent from
CO hydrogenation, and (b) does not result in a product distribution exhibiting the depletion in C, products normally obtained
from CO hydrogenation. In spite of these apparently significant differences, it is argued that CO, hydrogenation involves initial
reduction of the CO, to CO and that hydrogenation of both proceeds via the same carbidic mechanism proposed elsewhere.

In recent years, considerable research has been directed toward
gaining a better understanding of reactions involving the ruthe-
nium—catalyzed hydrogenation of carbon monoxide' and dioxide.?
Catalysts formed by supporting both inorganic ruthenium salts?
and ruthenium carbonyl clusters®*3%4 on simple oxides have been
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Academic: New York, 1984. (b) King, F.; Shutt, E.; Thomson, A. I.
Platinum Met. Rev. 1985, 29, 146. )
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728. (c) Karn, F. S,; Shultz, J. F.; Anderson, R. B. Ind. Eng. Chem.
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1973, 30, 423. (e) Gupta, N. M.; Kamble, V. S; Rao, K. A.; Iyer, R,
M. J. Caral. 1979, 60, 57. (f) Solymosi, F.; Erdéhelyi J. Mol. Catal.
1980, 8, 471. (g) Zagli, E.; Falconer, J. L. J. Catal. 1981, 69, 1. (h)
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955. (k) Ferkul, H. E.; Berlie, J. M.; Stanton, D. J.; McCowan, J. D;
Baird, M. C. Can. J. Chem. 1983, 61, 1306. (1) Weatherbee, G. D;
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Ovalles, C. Inorg. Chem. 1986, 25, 1603.

(3) (a) Vannice, M. A. J. Catal. 1975, 37, 449. (b) King, D. L. J. Catal.
1978, 51, 386. (c) Everson, R. C.; Woodburn, E. T.; Kirk, A. R. M.
J. Catal. 1978, 53, 186. (d) Ekerdt, J. G.; Bell, A. T. J. Catal. 1979,
58,170. (e) Vannice, M. A.; Garten, R. L. J. Catal. 1980, 63, 255. ()
Kobori, Y.; Yamasaki, H.; Naito, S.; Onishi, T.; Tamaru, K. J. Chem.
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shown to reduce CO to a wide variety of products, and there have
also been a number of publications dealing with CO-hydrogenation
catalysts containing ruthenium in zeolites and similar materials.’
In contrast, the hydrogenation of CO, catalyzed by ruthenium
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