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conversion reaction, presumably by affecting the charge
density at the reaction site. Estimates of the free energies
of activation for the 1 — 2 isomerization are included in
Table V, and the values for the alkyl systems are consid-
erably higher than those of the aryl complexes. This re-
inforces the idea that electronic factors are important in
determining the activation energy and hence the rate of
the isomerization reactions.

Oxygenation of Complexes 2. When solutions of the
complexes 2 are left exposed to the air, there is a slow
conversion of 2 to the bridging acrylamide complexes 3.
A better way to achieve this conversion is through the
deliberate oxygenation of 2 with MesNO in refluxing
acetone.! When R is an aryl substituent, conversions of
50-90% are achieved within a few hours; smaller amounts
of 3 are obtained with the alkyl systems. Since CO, is
evolved in these reactions, there is oxygen transfer from
Me;NO to both CO and the imine carbon in 2. It is
known!® that terminal carbonyls are most susceptible to
attack by Me;NO, and therefore 2a is probably the reactive
species in solution.

Summary and Conclusions

This study of the {(y-CsHjs)o:Rhy(u-CO) (u-CF3C,CFy) +
CNR] system demonstrates that a single alkyne and iso-
cyanide ligands can condense on a binuclear metal center
to form a coordinated allenimine. The new ligands can
adopt a number of coordination modes, and three are
represented in the isomers revealed by NMR analysis of
solutions of the product. The rates of formation of the

(18) Luh, T.-Y. Coord. Chem. Rev. 1984, 60, 255.

allenimine complex and of interconversions between the
isomeric forms are markedly dependent on the isocyanide
substituent R. Rates are faster when R is an aryl group
and slower for the alkyl systems. Electronic factors ac-
count for the rate differences, but steric factors can com-
pletely inhibit the reactions when R is very bulky.
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The reaction between either TiCl, or TiCl; and K(C;HPh,) yields (C;HPh,),TiCl (I). A green crystal
of (C;HPh,), TiCl-CH,Cl,:(C,HO), ; obtained on recrystallization belongs to the triclinic space group P1
with @ = 12.878 (4) A, b = 14.586 (5) A, ¢ = 15.888 (4) A, o = 63.08 (2)°, 8 = 79.10 (2)°, v = 63.67 (2)°,
Z =2,and V = 2385 A3, The molecular structure, determined by refinement on 4281 reflections greater
than or equal to 4¢(F,), converged to Rp = 6.13% and R,z = 6.05%. The complex crystallizes as well-
separated monomeric units with the tetraphenylcyclopentadienyl rings staggered to form an inter-ring
centroid angle of 136.4° and a short Ti—Cl bond length of 2.312 (2) A. The Ti-C bond lengths vary by
0.155 A, and the phenyl groups bend away from Ti because of steric congestion at the metal. Solution
EPR studies show evidence for free (CsHPh,),TiCl (g = 1.957) and for a THF adduct (g = 1.979). Oxidation
of I with AgCl cleanly produces (CsHPh,),TiCl, (II), which can be isolated. Dynamic *H NMR studies
of II show evidence for restricted rotation of the phenyl substituents with AG* = 9.6-10.0 kcal/mol.
Reduction of a THF solution of I with sodium naphthalide under argon produces an unstable brown mixture;
however, addition of CO yields a species with IR absorptions at 1966 and 1892 cm™, which suggests the
formation of (C;HPh,),Ti(CO).,.

Introduction
Previous work on octaphenylmetallocenes has shown
that the sterically bulky tetraphenylcyclopentadienyl lig-

and greatly reduces the reactivity of these complexes, as
compared to the unsubstituted metallocenes.? Solid-state
and solution structural studies have permitted an under-

(1) (a) University of California at San Diego. (b) University of Dela-
ware.

(2) Castellani, M. P.; Geib, S. J.; Rheingold, A. L.; Trogler, W. C.
Organometallics 1987, 6, 1703.
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Synthesis of (CsHPh,),TiCl

standing of how the phenyl groups interact within each
cyclopentadienyl ring and between cyclopentadienyl
rings.%® Questions remain about the stabilities, reactiv-
ities, and conformations of bent bis(tetraphenylcyclo-
pentadienyl)metal complexes. In our studies of reactions
of (CsHPh,),M compounds (M = V, Cr, Co, and Ni) no
bent metallocene product was observed.? Thus, there was
a question whether a first-row transition metal could ac-
commodate a bent structure with two tetraphenylcyclo-
pentadienyl ligands. Herein we report the synthesis, EPR
spectra, reactivity, and solid-state structure of
(C;HPh,),TiCl (I) as well as its reduction chemistry. The
synthesis and solution structure (by 'H NMR spectros-
copy) of (C;HPh,),TiCl, (IT) are also discussed.

Experimental Section

All reactions of air- and moisture-sensitive materials were
performed under a nitrogen or argon atmosphere employing
standard Schlenk techniques. Solids were manipulated under
argon in a Vacuum Atmospheres glovebox equipped with a HE-493
dri-train. Benzene, pentane, and tetrahydrofuran (THF) were
refluxed over potassium-benzophenone ketyl and distilled under
nitrogen. Dichloromethane was refluxed over CaH, and distilled
under nitrogen. All solvents, used in to attempts to reduce
compound I, were freeze-pump-thaw degassed a minimum of
three times and placed under an argon atmosphere. Silver chloride
was obtained from the reaction between AgNO, and NaCl in water
(in the dark) followed by filtering and drying in vacuo. Potassium
tetraphenylcyclopentadienide was prepared as described.?2 Sodium
naphthalide (NaNp) solutions were prepared in THF solvent. The
precise concentration of each solution (near 0.15 M) was deter-
mined by titration of the NaNp with diphenylacetic acid in THF
with the green color of NaNp used to determine the endpoint.
Titanium dichloride was prepared by a literature procedure.*

Cyclic voltammograms were recorded with a BAS-100 Elec-
trochemical Analyzer and a Houston Instruments DMP-40 digital
plotter. A conventional three-electrode cell [Pt button working
electrode, Pt wire auxiliary electrode, and a Ag/Ag* (0.1 M AgNO,
in CH3;CN) reference electrode] contained 2 mM solutions of the
complex in electrolyte (0.25 M) solution. The supporting elec-
trolyte (tetra-n-butylammonium perchlorate, Baker Polarographic
Grade) was recrystallized twice from a mixture of ethyl acetate
and isooctane. EPR spectra were recorded on a Varian E-3
spectrometer with use of diphenylpicrylhydrazyl as the field
marker. Samples were cooled to 77 K by immersion in a liquid
N, filled Dewar, and all solutions were 2 X 10 M in complex.
The EPR samples were prepared by using Schlenk techniques
or in the glovebox. Proton (300.152 MHz), 2H (46.0745 MHz),
and 'H COSY NMR spectra were recorded on a GE QE-300 NMR
spectrometer. Magnetic susceptibility measurements were made
on a Varian EM-390 'H NMR spectrometer. Infrared spectra were
collected on an IBM IR/32 FTIR spectrometer. Elemental
analyses were performed by Schwartzkopf Microanalytical Lab-
oratories.

A 'H COSY (correlated spectroscopy) spectrum was obtained
at 300.152 MHz, using a 16-step phase cycle to suppress axial peaks
and artifacts from quadrature imbalance and to provide phase
modulation in t,. The spectral window of £233 Hz was centered
at 6 7.13. Resonances outside this window, from traces of water
and undeuterated solvent, were suppressed by a 250-Hz four-pole
Butterworth filter. A 90° pulse (8.0 us) was used for both P, and
P,. Sixteen 512-point FID’s (acquisition time of 0.550 s) were
accumulated at each of 256 ¢, values (2 ms increment). The
resulting symmetrical data matrix was treated by multiplying by
a sine bell before Fourier transformation in each dimension. The
data matrix was magnitude calculated after the second FT.

Synthesis of Chlorobis(tetraphenylcyclopentadienyl)ti-
tanium(I11)-3/,-Tetrahydrofuran, I. Dry THF (75 mL) was
added to a solid mixture of TiCl; (1.85 g, 12.0 mmol) and K-

(3) Castellani, M. P.; Wright, J. M.; Geib, S. J.; Rheingold, A. L;
Trogler, W. C. Organometallics 1986, 5, 1116.
(4) Narula, S. P.; Sharma, H. K. Inorg. Synth. 1986, 24, 181.
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Table I. Crystal and Refinement Data for I

formula
crystal system

CssH42Ticl'CHzclz' (C4H80) 1/2
triclinic

space group Pi

a, 12.878 (4)

b, A 14.586 (5)

c, A 15.888 (4)

o, deg 63.08 (2)

8, deg 79.10 (2)

vy, deg 63.67 (2)

Vv, A? 2385 (1)

z 2

plcaled), g cm™ 1.31

temp, °C 23

4, cmt 4.0

cryst dimens, mm 0.34 X 0.34 X 0.34

diffractometer Nicolet R3m/un

radiatn graphite-monochromated Mo Ka
(A =0.71073 A)

scan technique 6/20

26 scan range, deg 4<20<45

data collected +h,+k +!

scan speed, deg/min variable, 4-20

rflns collected 6561

unique data 6198

unique data, (F,) = 40(F,) 4281

R(int), % 1.54

std rflns 3 stds/197 rflns

decay <1% variation

Rgp, % 6.13

Ryp, % 6.05

Alp), e A® 0.58

mean shift/esd max 0.069

GOF 1.580

data/parameter 8.0

g 0.0006

swt = o} F,) + g(F,)%

(C;HPh,)-'/, THF (11.18 g, 25.1 mmol). The reaction mixture
was refluxed for several hours followed by solvent removal in
vacuo. The green residue was extracted with benzene followed
by evaporation of the extract to dryness under vacuum. The
resulting solid was dissolved in a minimum of THF, and double
the volume of pentane was layered on the solution. After several
days the solution was filtered to give emerald green I (7.62 g, 8.2
mmol) in 68% yield. Anal. Caled for Cy53H,05C1,05Tiy: C, 82.61;
H, 5.85. Found: C, 82.48; H, 5.87.

Synthesis of Dichlorobis(tetraphenylcyclopentadienyl)-
titanium(IV)-3/,-Tetrahydrofuran, II. Dry THF (75 mL) was
added to a solid mixture of I (2.06 g, 2.2 mmol) and AgCl (0.48
g, 3.3 mmol). The solution was stirred overnight and filtered in
air and the THF solvent removed by rotary evaporation. The
magenta residue was dissolved in 35 mL of boiling toluene, and
5 mL of hexanes was added to the boiling solution. The solution
was cooled to 5 °C overnight, to precipitate burgundy microcrystals
of (CsHPh,),TiCl, (1.41 g, 1.6 mmol) in 73% yield. Recrystal-
lization from THF/pentane yields II. Anal. Caled for
0123H10801403Ti2: C, 79.58; H, 5.63. Found: C, 79.49; H, 5.38.

X-ray Diffraction Study of Chlorobis(tetraphenylcyclo-
pentadienyl)titanium(III), I. Crystal data and the parameters
used during the collection and refinement of diffraction data are
summarized in Table I A deep green crystal of
(CsHPh4)zTiCI'CHQClz'(C,;HgO)1/2, grown SlOle from CHzClz/
pentane, was attached to a fine glass fiber with epoxy cement,
The compound was found to crystallize in the triclinic space group
P11, Unit-cell parameters were derived from the least-squares fit
of the angular settings of 24 reflections with 18° < 20 < 22°, No
absorption correction was needed (regular crystal shape, u = 4.0
cm™l). A profile fitting procedure was applied to all intensity data
to improve the precision of the measurement of weak reflections.

The Ti and Cl(1) atoms were found by heavy-atom methods.
The remaining non-hydrogen atoms were located from subsequent
difference Fourier syntheses and were calculated and fixed in
idealized positions (d(C—H) = 0.96 A, with thermal parameters
equal 1.2 times the isotropic equivalent of the carbon to which
it is attached). The H(1) and H(6) atoms were located and refined
isotropically. Phenyl rings were fit to rigid hexagons (d(C-C) =
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Table II. Atomic Coordinates (X10%) and Isotropic Thermal
Parameters (A2 X 10%) for I

Castellani et al.

Table III. Selected Bond Distances (A) and Angles (deg)

x y z Ue
Ti 1541.0 (7) 780.7 (7) 1722.8 (6) 31.8 (5
Cl(1) 436 (1) 2057 (1) 2363 (1) 57.5 (9)
C(1) 3481 (4) -280 (4) 1522 (3) 34 (3)

C(2) 3439 (4) -127 (4) 2341 (3) 35 (3)
C(3) 3170 (4) 1042 (4) 2044 (3) 34 (3)
C4) 2988 (4) 1587 (4) 1048 (3) 32 (3)
C(5) 3210 (4) 759 (4) 711 (3) 32 (2)
C(6) 1291 (4) -128 (4) 947 (3) 34 (3)
C(7) 1268 (4) ~-835 (4) 1915 (3) 35 (3)
C(8) 238 (4) -210 (4) 2284 (3) 32 (3)
C(9 -363 (4) 854 (4) 1530 (3) 33 (3)
C(10) 324 (4) 907 (4) 697 (3) 32 (3)
C(21) 4471 (3) 2114 (3) 3485 (2) 53 (3)
C(22) 4672 ~2966 4400 72 (4)
C(23) 4057 -2728 5151 75 (4)
C(24) 3240 -1638 4987 67 (4)
C(25) 3039 ~786 4072 49 (3)
C(26) 3655 -1024 3321 40 (3)
C(31) 2573 (2) 2646 (2) 2523 (2) 44 (3)
C(32) 2791 3102 3040 58 (4)
C(33) 3743 2468 3656 65 (4)
C(34) 4478 1378 3755 59 (4)
C(35) 4261 921 3238 45 (3)
C(36) 3308 1555 2622 39 (3)
C(41) 1667 (2) 3621 (3) 110 (2) 44 (3)
C(42) 1503 4741 ~436 53 (3)
C(43) 2439 5041 -622 58 (3)
C(44) 3537 4221 -261 79 (4)
C(45) 3701 3101 285 62 (3)
C(46) 2765 2801 470 34 (3)
C(51) 3776 (3) ~-97 (2) -436 (2) 44 (3)
C(52) 3845 -21 -1351 49 (3)
C(53) 3421 1033 ~-2113 50 (3)
C(54) 2927 2010 -1960 55 (3)
C(55) 2857 1933 -1045 52 (3)
C(56) 3282 880 -283 36 (3)
C(m) 2159 (3)  -2672 (3) 3346 (2) 64 (3)
C(72) 2880 -3819 3730 83 (4)
C(73) 3530 -4338 3137 82 (4)
C(74) 3459 -3710 2161 89 (5)
C(75) 2738 -2563 1778 65 (4)
C(76) 2088 -2044 2370 39 (3)
C(81) -1233 (3) ~837 (3) 3306 (2) 50 (3)
C(82) ~-1747 ~1202 4180 68 (4)
C(83) ~-1303 -1329 4980 74 (4)
C(84) ~-345 -1090 4906 68 (4)
C(85) 169 =725 4032 52 (3)
C(886) -275 ~-599 3232 38 (3)
C@1) -2305 (3) 2032 (3) 805 (2) 47 (3)
C(92) -3484 2700 815 58 (4)
C(93) -3945 2972 1581 61 (3)
C(94) -3227 2578 2336 52 (3)
C(95) -2049 1910 2325 42 (3)
C(96) -1588 1637 1559 35 (3)
C(101) -472 (3) 2968 (3) -346 (3) 43 (3)
C(102) ~733 3861 -1241 59 (3)
C(103) -462 3646 ~-2044 62 (4)
C(104) 70 2538 -1953 53 (3)
C(105) 331 1645 ~1058 42 (3)
C(106) 60 1860 ~-255 33 (3)
Cl(2)* 6653 (3) 5159 (2) 2998 (2) 175 (2)
Cl(3)® 9095 (4) 4581 (5) 2997 (4) 211 (5)
Cl(3)* 8708 (15) 4355 (20) 3816 (8) 176 (15)
Cl(3"y® 8486 (16) 3655 (15) 3919 (9) 155 (12)
C(dem)? 8116 (13) 4015 (12) 3243 (12) 137 (12)
C(dem)”® 8071 (19) 4568 (28) 2811 (19) 163 (23)
C(thf)(1)®> 1016 (11) 4425 (8) 4861 (7) 183 (9)
C(thf)(2)* 1884 (13) 3817 (8) 5425 (6) 175 (10)
C(thp)(3)® 133 (14) 4322 (9) 5270 (7) 198 (11)

@ BEquivalent isotropic U defined as one-third of the trace of the
orthogonalized U;; tensor. bThese atoms form disordered mole-
cules of CH,Cl, and THF (see text).

1.395 A). The asymmetric unit contains one molecule of disor-
dered CH,Cl, that has three nearly colocated orientations of 66.7,

for1
(a) Bond Distances

Ti-Cl(1) 2.312 (2) C(1)-H(1) 0.93 (4)
Ti-C(1) 2.335 (4) C(2)-C(286) 1.487 (5)
Ti-C(2) 2.356 (5) C(3)-C(36) 1.495 (8)
Ti-C(3) 2.469 (6) C{4)-C(48) 1.496 (5)
Ti~C(4) 2.461 (5) C(5)-C(586) 1.497 (8)
Ti-C(5) 2.426 (4) C(6)-C(7) 1.415 (6)
Ti~C(6) 2.322 (7) C(7)-C(8) 1.432 (6)
Ti-C(7) 2.410 (8) C(8)-C(9) 1.429 (5)
Ti~C(8) 2.473 (6) C(9)-C(10) 1.438 (6)
Ti-C(9) 2.477 (8) C(10)-C(8) 1.401 (5)
Ti-C(10) 2.363 (6) C(6)-H(6) 1.03 (3)
Ti—-Cnt(1)® 2.085 (5) C(7)-C(76) 1.493 (5)
Ti-Cnt(2)* 2.084 (6) C(8)-C(86) 1.487 (5)
C(1)-C(2) 1.403 (8) C(9)-C(986) 1.489 (5)
C(2)-C(3) 1.435 (7) C(10)-C(108) 1.485 (4)
C(3)-C(4) 1.424 (6)

C(4)-C(5) 1.431 (9)

C(5)-C(1) 1.419 (5)

(b) Bond Angles
Cl(1)-Ti-Cnt(1) 1123 (2) Cnt(1)-Ti-Cnt(2) 136.4 (2)
Cl(1)-Ti~Cnt(2) 111.3 (2)

¢ Cnt{1) = ring centroid of C(1), C(2), C(3), C(4), C(5). Cnt(2) =
ring centroid of C(6), C(7), C(8), C(9), C(10).

17.3, and 16.0% occupancy. Additionally, three peaks refined
as carbon atoms, C(thf)(1) to C(thf)(3), are located near the
inversion center and are believed to be half of a disordered THF
molecule. Atomic coordinates are provided in Table II, selected
bond distances and angles in Table III, and the least-squares
planes and dihedral angles for the rings are provided in Table
Iv.

The final difference Fourier synthesis showed only a diffuse
background (maximum contour 0.58 e A-%), An inspection of F,
vs. F, values and trends based on sin 4, Miller index, or parity
group failed to show any systematic errors. All computer programs
used in the data collection and refinement are contained in the
Nicolet (Madison, WI) program packages P3, SHELXTL (version
5.1), and XP.

Results and Discussion

Synthesis and Spectroscopic Characterization of
I. Titanium trichloride and K(C;HPh,) react in refluxing
THF to produce chlorobis(tetraphenylcyclopentadienyl)-
titanium (IIT)-3/ -tetrahydrofuran, I, in 68% yield (eq 1).

TiCl, + 2K(C;HPhy) —— (C;HPh),TiCl + 2KCI (1)

A 'H NMR spectrum of decomposed I in benzene-dg so-
lution confirmed the presence of lattice THF in crystals
of I. Complex I dissolves readily in THF, dichloromethane,
and benzene and is air-sensitive in solution as well as in
the solid state. A cyclic voltammogram of I was obtained
in THF solution with 0.25 M tetra-n-butylammonium
perchlorate (TBAP) as the supporting electrolyte at a scan
rate of 200 mV/s. An irreversible oxidation (E;, = 0.14
V) and a partly reversible reduction (E°’ = -1.92 V) were
observed (Cp,Fe®*, E° = 0.09 V). The irreversibility of
the oxidation may arise from instability of the
(CsHPh,),TiCl* cation, since (CsHPh,),TiCl, can be iso-
lated.

Chlorobis(tetraphenylcyclopentadienyl)titanium(IIT) was
characterized by EPR spectroscopy under a variety of
conditions (Table V). An EPR spectrum taken in benzene
or toluene solution at 25 °C displayed a large signal at g
= 1,957 with a line width of ca. 11 G and a less intense
signal at £ = 1.979 with a narrower line width of 2-3 G
(Figure 1). Admission of air caused a decrease in the
intensity of both resonances. In THF or dichloromethane
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Figure 1. EPR spectra of (C;HPh,),TiCl in toluene (top) and
THF (bottom) solutions at room temperature.

[CsHPh,ITiCI
at 77K ' g,-1.999

Figure 2. EPR spectrum of (C;HPh,),TiCl in a toluene glass
at 77 K.

solution both resonances remain, with the low-field reso-
nance growing in relative intensity. Various (CsR;),TiCI(L)
systems (R = H,> Me,® L, = see Table V) exhibit a g value
of 1.968-1.980, while in (C;Me;),TiCl,® without a donor
ligand, g = 1.956 ((CsH;),TiCl exists as a dimer’). These
values resemble those obtained for I and, when combined
with the observed solvent effect, suggest that the high-field
signal (g = 1.957) arises from I without an associated ligand
while the low-field signal (g = 1.979) arises from I with an
associated ligand. The EPR spectrum of I in a toluene
glass at 77 K is displayed in Figure 2. The room-tem-
perature signal splits into parallel (g, = 1.999) and per-
pendicular (g, = 1.976) components. A THF or benzene
glass of I at 77 K yields the same spectrum as does a
toluene glass, suggesting that a similar species exists in all
glasses. The weighted average of g, and g, at 77 K equals
1.984, which is close to the g value of the signal assigned
to the THF adduct (1.979) in the room-temperature so-
lution spectrum. This suggests that cooling the solution
forms more of the adduct. Evan’s NMR method® magnetic
moment determinations yielded different moments for
benzene (i = 1.59 up) and dichloromethane (x4 = 1.86
ug) solutions of I, which could arise from an interaction
with solvent.

(5) Green, M. L. H.; Lucas, C. R. J. Chem. Soc., Dalton Trans. 1972,
1000

(6) de Boer, E. J. M.; Ten Cate, L. C,; Staring, A. G. J.; Teuben, J. H.
J. Organomet. Chem. 1979, 181, 61.

(7) Jungst, R.; Sekutowski, D.; Davis, J.; Luly, M.; Stucky, G. Inorg.
Chem. 1977, 16, 1645.

(8) Evans, D. F.; James, T. A. J. Chem. Soc., Dalton Trans. 1979, 723.
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P
Figure 3. Thermal ellipsoid diagram (40% probability) and
labeling scheme for (C;HPh,),TiCl

Figure 4. View of (C;HPh,),TiCl showing the arrangement of
the phenyl groups from above.

Figure 5. View of (CsHPh,),TiCl showing the arrangement of
the phenyl groups from the side.

Addition of a large excess (>100 equiv) of either pyridine
or dimethylphenylphosphine to benzene solutions of I led
to an increase in the intensity of the g = 1.979 resonance
as compared to the high-field peak. It appears from this
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Table IV, Least-Squares Planes for I

Plane I [C(1) to C(5)]:
0.9693X + 0.2465Y - 0.0120Z - 4.2051 = 0

atom dev, A atom dev, A
C(1)e 0.0051 H@) 0.0305
C(2)° -0.0153 C(26) -0.045

C(8)° 0.0199 C(36) 0.3408
C(4)° -0.0170 C(46) 0.0950
C(5)° 0.0074 C(56) 0.1522

Plane II [C(21) to C(26)]:
0.7103X + 0.5614Y + 0.4247Z - 5.6409 = 0
Plane III [C(31) to C(36)]:
0.5640X + 0.6493Y - 0.5102Z ~ 1.5171 = 0
Plane IV [C(41) to C(46)]:
-0.1939X + 0.0929Y + 0.9766Z - 3.0463 = 0
Plane V [C(51) to C(56)]:
0.8968X + 0.4322Y + 0.0944Z - 47120 =0

Plane VI [C(8) to C(10)]:
0.5017X + 0.6452Y + 0.5762Z - 2.0742 = 0

atom dev, A atom dev, A
C(6)" —0.0049 H(6) -0.0665
C(7)2 -0.0037 C(76) -0.1990
C(8)* 0.0108 C(86) -0.1351
C(9)° -0.0137 C(96) -0.3210
C(10)° 0.0114 C(106) 0.0243

Plane VII [C(71) to C(76)]:
0.7533X + 0.5685Y + 0.3306Z - 1.8845 = 0

Plane VIII [C(81) to C(86)]:
0.6087X - 0.7671Y - 0.2024Z + 0.4324 = 0

Plane IX [C(91) to C(96)]:
0.1854X + 0.9828Y - 0.0123Z - 0.8073 = 0

Plane X [C(101) to C(106)]:
0.8979X + 0.4078Y + 0.1657Z - 1.2005 = 0

Dihedral Angles between Planes

II II v \Y VI
I 34.8 44.6 100.2 13.0 50.4
IT 56.7 70.8 231
It 123.2 424
v 92.4
VII VIII IX X
VI 20.7 107.8 44.0 36.0
vII 92.5 46.0 15.6
VIII 129.7 78.5
IX 55.6

2 Atoms used in plane calculation.

Table V. EPR Data for
Chlorobis(cyclopentadienyl)titanium(III) Compounds

compd solv. temp, K g values ref
(C;HPh,),TiCl toluene 298 1.979, 1.957 this work
THF 298 1.979, 1.957
toluene 77 1.999 (),
1.976 (1)
THF 77 1,999 (1),
1.976 (1)
(CsH;),TiCH(L) THF  213-293 1.980 5
L = py, PPh,Me,
EtNH,
(CsMe;),TiCl toluene a 1.956 6
(C;Me;), TiCH{CO) toluene a 1.968 6

3 No temperature listed, presumably the spectrum was obtained
at ambient temperature.

that further coordination takes place, but the presence of
both resonances shows that even with stronger bases an
equilibrium exists. Ammonia gas decomposes a benzene
solution of I in minutes. In contrast, (Cp,TiCl), reacts with
these donors to form stable adducts.5 Complex I also fails
to react with PhLi while (Cp,TiCl), does so rapidly.®
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Table VI. Selected Bond Distances (A) and Angles (deg)

for I and Similar Compounds

Cnt(1)-
compd M-Cl M-Cnt  M-Cnt(2) ref
(C;HPh,),TiCl  2.312 (2) 2.085 (5) 136.4 (2)  this work
Cp*,TiCl 2.363 (1) 2.06 (2)  143.6 9b
(Cp,TiCl),® 2.536 (2) 2.049 131.2 7
2.558 (2) 2.058 1334
Cp,VCl 2.390 (4) 1.946 (7) 139.5(3) 12
(C5H4M€)2Vclg 2.398 (2) 1.991 133.4 11
Cp,TiCl, 2.364 (3) 2.058 131.0(1) 10
Cp*,TiCl, 2.352 (1) 2127 (4) 1374(1) b
2.346 (1) 2.128 (4)
Cp*CpTiCl, 2.3518 (2) 2.085 132 c

¢The crystal studied possesses two crystallographically inde-
pendent molecules. ®McKenzie, T. C.; Sanner, R. D.; Bercaw, J. E.
J. Organomet. Chem. 1975, 102, 457. °Rogers, R. D.; Benning, M.
M.; Kurihara, L. K.; Moriarty, K. J.; Rausch, M. D. Ibid. 1985, 293,
51.

Molecular Structure. The structure of I (Figures 3-5)
is the first of a bent metallocene containing the tetra-
phenylcyclopentadienyl ligand. Complex I crystallizes as
well-separated molecules with a staggered C; ring config-
uration. The crystals of I used in this X-ray study were
obtained from a dichloromethane/pentane solution, which
yielded molecules of I with one associated dichloromethane
and one-half of a THF molecule. Both solvent molecules
were disordered. Selected bond distances and angles are
provided in Table III and the least-squares planes and
dihedral angles for the rings are provided in Table IV.

The two unsubstituted carbons of the two C; rings (C(1)
and C(6)) are brought near each other by tilting the two
rings. This minimizes steric interactions between the
phenyl groups on opposing cyclopentadienyl rings. The
chlorine atom lies 2.312 (2) A from the titanium center,
symmetrically placed between the C; rings on the plane
containing the C; ring centroids and titanium atom. This
Ti-Cl bond length is the shortest among several isoelec-
tronic or isostructural compounds listed in Table VI, which
includes the recently reported Cp,*TiCL® Steric crowding
from a second chlorine atom probably accounts for longer
M-Cl distances in Cp,TiCl,'® and (C;H,Me),VCl,!! while
additional electron density, located in an a, orbital (d,z)
antibonding with respect to the M—Cl bond, lengthens that
bond in Cp,VCL. Complex I possesses the longest metal-C;
centroid (M—Cnt) distances (2.085 A) of the isostructural
group. Shorter M-Cnt bonds in (C;H,Me),VCl, arise from
the difference in the covalent radii!® of Ti and V (0.09 A)
and from the oxidation state difference. In isostructural
CpyVCl an additional electron located in an orbital bonding
to the Cp rings shortens the M—Cnt distances even fur-
ther.” This marked decrease in bond length may explain
the anomalous large Cnt-M-Cnt angle in this complex.

The M-Cnt bonds in (Cp,TiCl), and Cp,TiCl, are the
same length, suggesting that steric interactions between
the phenyl groups from opposing C; rings elongate the
M-Cnt bonds in I. These steric repulsions also cause
variations in the individual Ti-C bond lengths. The M-C
bonds within each of the unsubstituted compounds in

(9) a) Teuben, J. H.; de Liefde Meijer, H. J. J. Organomet. Chem.
1972, 46, 313. b) Pattiasina, J. W.; Heeres, H. J.; van Bolhuis, F.;
Meetsma, A.; Teuben, J. H.; Spek, A. L. Organometallics 1987, 6, 1004,

(10) Clearfield, A.; Warner, D. K.; Saldarriaga-Molina, C. H.; Ropal,
R.; Bernal, I. Can. J. Chem. 1975, 53, 1622.

(11) Petersen, d. L.; Dahl, L. F. J. Am. Chem. Soc. 1975, 97, 6422.

(12) Fieselmann, B. F.; Stucky, G. D. J. Organomet. Chem. 1977, 137,
43.

(13) Pauling, L. The Nature of the Chemical Bond, 3rd ed.; Cornell
University Press: Ithaca, 1960.



Synthesis of (CsHPh,),TiCl

Table VI vary by only 0.035-0.050 A, whereas the Ti-C
bonds in I differ by as much as 0.155 A. Carbon atoms
on phenyl rings 3, 4, 8, and 9, directed inside the sandwich,
tilt away from the chlorine atom (and each other) to create
a pocket for it.

As expected, the proximity of the phenyl groups in this
system causes them to bend out of the C; plane away from
the titanium center (deviations listed in Table IV). In
particular the ipso carbon atoms of rings 3 and 9, which
lie directly over the chlorine atom, move far out of the C;
plane (ca. 0.33 A). Steric interactions between phenyl
groups force a small opening of the Cnt(1)-M-Cnt(2) angle
of I (136.4°) as compared to most other compounds listed
in Table VI (130-133°) and prevent dimerization of I. It
is noteworthy that the Cnt(1)-M~-Cnt(2) angle in Cp,*TiCl
(143.6°) exceeds that in I. This can be attributed to the
near proximity of the unsubstituted cyclopentadienyl
carbons in I, which allows a more acute interring angle than
in Cp,*TiCl. This increased ring-ring repulsion should
also be present in Cp,*TiCl, and helps rationalize the long
M-Cnt distances (Table VI) found in this complex.

Synthesis of II. Reaction of I with AgCl under nitrogen
in THF produces air-stable dichlorobis(tetraphenylcyclo-
pentadienyl)titanium(IV)-3/,-tetrahydrofuran in 73%
yield according to eq 2. Direct reaction between TiCl, and

(CsHPh,),TiCl + AgCl ——» (C,HPh,),TiCl, + Ag®
2

K(C;HPh,) did not yield II, and only a brown, intractable
solid formed. Similarly, the reaction between TiCl; and
Na(C;Me;) produced only low yields of (CsMe;), TiCl, and
was attributed to steric hindrance of the bulky ligand and
concomitant reduction of TiCl, by Na(C;Me;).!* Oxida-
tion of (C;Me;),TiCl with aqueous HCl yields the desired
product. Oxidizing I with siiver chloride!® simplifies
product purification and produces air-stable II in good
yields. Compound II dissolves in THF, dichloromethane,
benzene, and toluene. Solutions of II in benzene or toluene
decompose slowly over several days, while solutions in the
more polar solvents THF and dichloromethane remain
stable for at least a week. The reaction between II and
AgNO; in THF/H,0 solution results in slow precipitation
(days) of AgCl, in contrast to the rapid reaction between
Cp,TiCl, and AgNOj; in THF /H,0 solution:

Solution Structure of II. The phenyl rings of
(CsHPh,),Fe rotate rapidly on the NMR time scale at room
temperature.® As the temperature drops, however, the
ortho and meta resonances of the more crowded, inner
phenyl rings each split into two new absorptions as those
phenyl rings stop spinning. No evidence was found?® for
slowed rotation of the cyclopentadieny! rings down to —95°.
The bent structure of II causes greater interaction between
the phenyl groups of opposing C; rings than in
(C;HPh,),Fe. This increase in contact might raise the
barrier to phenyl ring rotation, and therefore we examined
the 'H NMR spectra of II at several temperatures.

The room-temperature 'H NMR spectrum of II in tol-
uene-dg solvent (Figure 6) consists of two doublets, a
triplet, a quartet, and a triplet with relative areas of
2:3:2:2:2. A 'H COSY spectrum of IT (Figure 6) shows the
quartet to be two overlapping triplets. Peak integrations
and previous work® with (C;HPh,),Fe suggest that the

(14) Bercaw, J. E.; Marvich, R. H,; Bell, L. G.; Brintzinger, H. H. J.
Am. Chem. Soc. 1972, 94, 1219.

(15) Silver chloride oxldlzes Cp,V and Cp,VCl to Cp,VCl and Cp,VCl,,
respectively. Gladyshev, E. N.; Boyushkin, P. Ya.; Cherkasov, V. K,;
Sokolov, V. S. Isv. Akad. Nauk SSR, Ser. Khim. 1979 1444,
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Figure 6. 2-D COSY 'H NMR spectrum of (C;HPh,),TiCl, in
toluene-dg solvent at room temperature.

doublets (a, x) be assigned to the ortho protons, the
overlapping triplets (c, z) to the para protons, and the
remaining triplets (b, y) to the meta protons. The 'H
COSY spectrum supports these assignments and shows
multiplets a, b, and ¢ couple to each other as do multiplets
X, y, and z. These assignments imply the phenyl groups
rotate rapidly on the NMR time scale at room tempera-
ture. We assign the cyclopentadienyl proton resonance for
IL, s, to the peak on the downfield side of doublet x (7.03
ppm). A 2H NMR of II (isotopically enriched with 2H at
the cyclopentadienyl position) displays a broad resonance
at ca. 6.9 ppm, confirming that this absorption shifts into
the aromatic region of the spectrum. Peak integrations,
peak widths, and the absence of spin coupling also require
that singlet s be assigned to the cyclopentadienyl ring
proton. This resonance occurs ca. 1.1 ppm downfield of
the 'H resonance in Cp,TiCl, (5.88 ppm).** A similar
difference (ca. 1.8 ppm) exists between the ring proton in
(CsHPh,),Fe (5.90 ppm)® and those in Cp,Fe (4.11 ppm),'”
and probably arises from additional deshielding of the
tetraphenylcyclopentadienyl proton from two adjacent
phenyl rings. Variable-temperature NMR experiments
(vida infra) support these assignments and suggest that
multiplets a, b, and ¢ arise from phenyl rings 3, 4, 8, and
9 while multiplets x, y, and z arise from phenyl rings 2, 5,
7, and 10 (Table VII).

The 'H NMR spectra of II, obtained between 40 and -90
°C, are displayed in Figure 7. The changes observed in
this series of spectra resemble those observed for
(C;HPh),Fe.? Doublet a (ortho protons) rapidly collapses
into the base line, and between ~60 and —90 °C two new
resonances appear. Each of these resonances (6.19 and 8.94
pbm) integrates to one proton centered about the position
of doublet a in the 40 °C spectrum. Similarly, triplet b
(meta protons) disappears around —60 °C and two new
absorptions grow in centered about it (6.52 and 7.27 ppm)
between —80 and —90 °C. Because these spectra resemble
those obtained for (C;HPh,);Fe,? we propose the same
model to account for this fluxional behavior. At 40 °C,
all phenyl groups rotate rapidly on the NMR time scale.
As the solution cools, the rate of rotation slows, especially
for the more crowded phenyl rings 3 and 4. At low tem-
peratures these rings stop rotating and align roughly
perpendicular to the C; plane. Thus one side of the phenyl

(16) Druce, P. M,; Kingston, B. M.; Lappert, M. F,; Spalding, T. R;
Srivastava, R. C. J. Chem. Soc. A 1969, 2106.
(17) Lauterbur, P. C.; King, R. B. J. Am. Chem. Soc. 1965, 87, 3266.
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Table VII. 'H NMR Spectral Data for II°

position,
resonance phenyl rings® proton type ppm
a 3,4,8 and 9 ortho 7.61
8 cyclopentadienyl 7.03
X 2,5,7, and 10  ortho 7.00
b 3,4,8,and 9 meta 6.90
¢ 3,4,8,and 9 para 6.81
z 2,5,7,and 10  para 6.79
y 2,5,7,and 10  meta 6.64

¢In toluene-dg (100%) at 20 °C. °Based on the numbering
scheme used in Figure 1, where C(36) denoted ipso carbon of ring
3, C(46) for ring 4, etc.
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Figure 7. Temperature (°C) dependence of the 'H NMR
spectrum of (CgHPh,),TiCl,.

ring remains inside the sandwich and the other outside.
In II, the inside ortho proton probably points directly at
the titanium center, which may account for the anomalous
broadness of the upfield ortho resonance at —90 °C. Phenyl
rings 2 and 5 can still rotate because of the small sub-
stituent on C(1); however, they should finally become co-
planar with the C; ring as found in the solid-state struc-
tures of several bis(tetraphenylcyclopentadienyl)metal
complexes (e.g. Figure 1). An interesting difference be-
tween this system and (C;HPh,),Fe is that singlet s moves
downfield only ca. 0.2 ppm (vs 0.55 ppm) and stays a sharp
singlet. No evidence is observed for slowed Cj; rotation
above =95 °C.

From the spectra in Figure 7 the rate of phenyl ring
rotation and the free energy of activation at the coalescence
temperature for doublet a and triplet b can be estimated.’
A peak separation of 825 Hz at -90 °C generates a ring
rotation rate of 1800 Hz at coalescence (ca. —45 °C) for the
ortho protons, a (eq 3). The meta protons, b, yield a peak

k. = (r/4/2)(Av) (3)

(18) Sandstrém, J. Dynamic NMR Spectroscopy; Academic: London,
1982.

Castellani et al.

separation of 225 Hz at -90 °C producing a rate of ring
rotation of 500 Hz at —62 °C. From the peak separations
the free energy of activation can be estimated (eq 4) to be

AG.* = (4575 x 10°9)T[9.972 + log (T/A)]  (4)

9.8 £ 0.2 kcal/mol for the ortho protons and 9.6 £ 0.5
kcal /mol for the meta protons at coalescence. These values
are the same (within experimental error) as the free energy
of activation determined?® for (C;HPh,),Fe (9 + 1 kcal/
mol). This suggests that the motions of the phenyl groups
of each C; ring are independent of those on the other ring
even in the bent metallocene geometry.

Chemical Reduction of I. Decamethyltitanocene has
been prepared and its chemistry extensively studied;'*?
however, no structural data are available for the parent
metallocene. The much reduced reactivity of octa-
phenylmetallocenes® as compared to that of the unsub-
stituted metallocenes and decamethylmetallocenes led us
to explore the possibility of isolating octaphenyltitanocene.
All reductions were carried out under an argon atmosphere
in THF solution unless stated otherwise.

The reaction between TiCl, and K(C;HPh,) at 20 °C or
higher temperatures resulted in the exclusive formation
of (CsHPh,),TiCl. No reaction occurs at ~78 °C, probably
because of the low solubility of TiCl,. Reacting K(C;HPh,)
and TiCl; (prepared in situ by the reduction of TiCl, with
Mg) at -78 °C rapidly generated I as the product.?’ An
attempt to prepare (CsHPh,),Ti by the method used for
the C;Me; derivative!* did not succeed. Methyllithium
reduced solutions of IT at —78 °C or room temperature to
compound L.

The reduction of I was also investigated as a method to
prepare (CsHPh,),Ti. Solutions of I fail to react with solid
alkali metals (Na or K) at room temperature and decom-
pose at elevated temperatures. Solutions of I stirred over
Na/K alloy at room temperature decompose slowly.
Dropwise addition of a sodium naphthalide (NaNp) solu-
tion to solutions of I in THF did not reach an endpoint
even after addition of 2 equiv of NaNp. After the rapid
addition (ca. 2 s) of 1.0 equiv of NaNp the solution turns
from emerald green to green-brown. Within 24 h this
solution decomposes. Replacing the argon atmosphere
with CO (as long as 3 h later) yields a solution whose IR
spectrum displays two CO stretches (1966 and 1892 cm™)
that coincide with those for Cp,Ti(CO), (1965 and 1885
em™).2 This species does not lose CO under vacuum. The
formation of (CsHPh,),Ti(CO), suggests that (C;HPh,),Ti
(III) may exist in solution. The ability of solutions of 1
to consume more than 1 equiv of NaNp suggests, however,
that (C;HPh,),Ti is not the only species produced. The
NaNp reduction of I under an H, atmosphere also yields
a dark brown solution. Removing the H, under vacuum
causes the solution to turn green-brown; readmitting H,
causes the dark brown color to reappear. Unfortunately,
no Ti-H stretches were observed in the IR spectrum and
the incomplete reduction of paramagnetic I prevented
further investigation by NMR spectroscopy.
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Anchimeric Assistance in Catalyzed Arene Exchange Reactions
of (Diarylalkane)tricarbonylchromium Complexes

Teddy G. Traylor* and Martin J. Goldberg
Department of Chemistry, D-0086, University of California, San Diego, La Jolla, California 92093
Received April 14, 1987

Nucleophilic catalysis of the migration of a tricarbonylchromium group from one ring to the other in
diarylalkane tricarbonyl derivatives has been observed and compared with catalysis of external exchange.
Internal catalysis by a neighboring tricarbonylchromium is also being reported. These results demonstrate
the intermediacy of a chromium complex having three carbonyl groups, ketone, and two #?-bound arenes.
The consequences of this result for metal exchange reactions are discussed.

Introduction

The study of solvent effects in systems involving
neighboring group participation has provided important
information regarding reaction mechanisms and transi-
tion-state geometries, particularly in systems involving
direct solvent participation.! In arene exchange reactions
of (arene)tricarbonylchromium complexes, the addition of
nucleophiles such as ketones, ethers, and nitriles enhances
the rate of arene exchange by orders of magnitude. This
also leads to a change in mechanism of the reaction from
one which is first order in both complex and attacking
arene to one which is first order in complex and nucleo-
phile and independent of attacking arene.? We have
proposed a single mechanism for both of these processes
involving either rate-limiting attack of arene or nucleophile
followed by rapid collapse to product.??

As a further extension of our earlier work on neighboring
group assistance in the arene exchange reactions of a series
of (diarylalkane)tricarbonylchromium complexes, we report
the effect of the addition of ketones and ethers on the
rates, mechanism, and degree of internal arene participa-
tion in these systems. Such an investigation provides
information regarding the existence of species of the types
(n*-arene)Cr(CO),;L, (n*-arene)Cr(CO)4L,, or LyCr(CO), (L
= nucleophile) prior to trapping by arene, through re-
activity selectivity relationships involving internal vs. ex-
ternal arene exchange.

Catalysis can also be accomplished by a second mole of
(arene)tricarbonylchromium complex. Mechanisms pro-
posed for this reaction include an Sy2 displacement from
a sandwich-like structure of two complexes,® use of a bound
carbonyl ligand as a nucleophile,?*¢ and formation of a
bridging carbonyl complex.? This process has been in-

(1) Capon, B.; McManus, S. P. Neighboring Group Participation;
Plenum: New York, 1976; Vol. 1.

(2) (a) Traylor, T. G.; Stewart, K. J.; Goldberg, M. J. J. Am. Chem.
Soc. 1984, 106, 4445. (b) Zimmerman, C. L.; Shaner, S. L.; Roth, S. A,;
Willeford, B. A. J. Chem. Res., Miniprint 1980, 1289. (c) Traylor, T. G.;
Stewart, K. J. Organometallics 1984, 3, 325,

(3) 9Si;rohmeier, W.; Mittnacht, H. Z, Phys. Chem. (Wiesbaden) 1961,
29, 339.

(4) Traylor, T. G.; Stewart, K. J.; Goldberg, M. J. Organometallics
1986, 5, 2062.

Table I. Internal (k;) and External (k,) Arene Exchange
Rate Constants for the Reaction of
(1,3-Diphenylpropane)tricarbonylchromium (6) in
C¢Hy/CeD,; Mixtures Catalyzed by Acetone-d; or
Dioxane-d; at 170 °C® Along with NGP Values®

107kiobsd, 107ke°b°d,
cat. [CeHel, M st gt NGP, M
none 11.3 3103 67+£03 6

acetone-dg, 0.05 M 1.0
acetone-dg, 0.05 M 2.8

247+£13 192+£19 1.6
9.5£05 283+£23 0.8

acetone-dg, 0.056 M 5.6 28.0 £ 2.2
acetone-dg, 0.5 M 2.8 2890 £ 9
acetone-dg, 0.5 M 5.6 349 £ 20
dioxane-dg, 4.0 M 1.0 313 £ 21
dioxane-dg, 4.0 M 2.8 332 £ 55
dioxane-dg, 4.0 M 5.6 371 + 26

¢0.2 M complex °Calculated according to eq 5-7.

Table II. Rates of Internal (k;) and External (k,) Arene
Exchange Reactions of
(Di-p-tolylmethane)tricarbonylchromium (5) Catalyzed by
Acetone-d; or THF-d; at 170 °C® Along with NGP Values®

cat. 107kobed g1 107k,00d 51 NGP, M
none 63.5 + 4.2 57+ 0.3 126
acetone-dg, 0.2 M 146 £ 8 1035 9
acetone-dg, 0.5 M 248 £ 10 336 = 23 6
acetone-dg, LOM 488 & 18 840 £ 24 6
THF-dg, 0.2 M 99.5 £ 2.1 83.3 £ 1.6 5
THF-dg, 0.6 M 110 £ 4 149 £+ 2 3
THF-dg, 1.0 M 1679 371 £ 18 3
¢0.2 M complex in neat CgDg. ° Calculated as in Table L.

vestigated by using bis(tricarbonylchromium) adducts of
the same diarylalkanes to address these possible pathways,
which should have different geometrical requirements for
catalysis.

Experimental Section

General Data. All solvents were purified by published pro-
cedures.’ Cyclohexane-d,s, benzene-dg, acetone-dg, dioxane-ds,

(5) Perrin, D. D.; Armarego, w. L. F.; Perrin, D. R. Purification of
Laboratory Chemicals; Pergamon: Ozxford, 1966.
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