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Abstract

Tris(dimethylamido) pentaphenylcyclopentadienyl zirconium (I) has been prepared and characterized by NMR spectroscopy and
X-ray crystallography. The structure reflects the strong p—d amido donation with short Zr—N distances and Zr—C distances that are
longer than those in the 16 electron CsPhs(CsHs)ZrCl,. The reaction of I with (R)-(+)-sec-phenethyl alcohol to form the alkoxide
complexes proceeds rapidly to the spectroscopically characterized tris((R)-(+)-sec-phenethyl alkoxide) complex, suggesting an acti-

vating effect upon alkoxide substitution.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Developing catalysts capable of producing one ste-
reoisomer from achiral reactants has great practical
and academic importance. Higher yields of a desired
biologically active substance can be achieved as well as
eliciting the factors that can contribute to such selectiv-
ity. As a result, considerable effort has been directed to-
wards development of catalysts. Our previous work with
Zr complexes containing the pentaphenylcyclopentadie-
nyl (CsPhs) and the m-tolyltetraphenylcyclopentadienyl
(mt-Cp) ligands, has shown that CsPhsZrCl; and miz-
CpZrCl; promote [4 + 2] cyclization of cyclopentadiene
with acrolein and methylacrylate with diastereospecific-
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ity [1,2]. Our aims are to develop chiral derivatives of
these complexes, but traditional salt metathesis routes
to alkoxide complexes have been, to date, unproductive.

Amido complexes have the ability to stabilize low
electron counts and also can serve as convenient leaving
groups when reacted with alcohols or other moderately
acidic ligand precursors [3—12]. The utility and limita-
tions of homoleptic amido reagents as precursors and
reagents have been previously discussed [13]. Recently
the typical three-legged piano stool complexes (Cs-
Mes)Zr(NMe,)s, (CsMes)Ti(NMe,); have been synthe-
sized [14] and DFT calculations on the model complex
(5-CsHs)Ti(NMe,); and its X-ray structure have been
reported [10,15].

Herein, we describe the synthesis characterization
and X-ray structure of pentaphenylcyclopentadienyl-
tris(dimethylamido)zirconium (I) and the results of the
reaction of I with -a-methylbenzyl alcohol. Complex I
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is of interest as it is one of few structurally characterized
group 4 complexes with the pentaphenylcyclopentadie-
nyl ligand [16,1] whereas later transition metal com-
plexes of this ligand have been more extensively
studied [17-34]. In addition, the structural data suggest
an agostic interaction with one of the amido methyl
groups.

2. Results and discussion

Compound I was prepared by the reaction of penta-
phenylcyclopentadiene with tetrakis(dimethylamido)zir-
conium in toluene in 88% yield.

Zr(NMe,), + HCsPhs — HNMe, + CsPhsZr(NMe,),

o y (1)
The compound is quite moisture sensitive and elemental
analysis results are most consistent with the oxo-bridged
dimer that would result by hydrolysis. The X-ray struc-
ture of I is shown in Fig. 1 and the crystal data are in
Table 1. The structural features are generally consistent
with a 12 electron piano stool structure.

The bond distances and angles in Fig. 1 suggest that ©
donation by the amido ligands is more important in I
than in analogous complexes. The Zr-N distances in I
range from 2.036(3) to 2.055(3) A, shorter than the Zr—
N distances of 2.072(10) A in (CsMes)Zr(NMe,); [10]
and those in the sterically encumbered 2,6-diphenyl-ben-

Fig. 1. ORTEP diagram and atom labeling scheme for I. Selected
bond distances (A) and angles (°): Zr—-CNT 2340 A, Zr(1)-C(1)
2.648(3), Zr(1)-C(2) 2.657(3), Zr(1)-C(3) 2.627(3), Zr(1)-C(4) 2.619(3),
Zr(1)-C(5) 2.619(3), Zr(1)-N(1) 2.036(3), Zr(1)-N(2) 2.052(3), Zr(1)-
N(3) 2.055(3), N(1)-C(36) 1.454(6), N(1)-C(37) 1.481(6), N(2)-C(39)
1.441(6), N(2)-C(38) 1.456(6), N(3)-C(40) 1.417(6), N(3)-C(41)
1.451(7), N(1)-Zr(1)-N(2) 101.39(15), N(1)-Zr(1)-N(3) 101.50(15),
N(2)-Zr(1)-N(3) 102.83(14), C(36)-N(1)-Zr(1) 143.7(3), C(37)-N(1)-
Zr(1) 107.4(3), C(38)-N(2)-Zr(1) 123.3(3), C(39)-N(2)-Zr(1) 127.8(3),
C(40)-N(3)-Zr(1) 129.1(3), C(41)-N(3)-Zr(1) 122.0(3), C-N-C angles,
108.9(4)°.
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Table 1

Crystal data and structure refinement for CsPhsZr(N(CHs),)s (I)

Empirical formula Cy44H43N3Zr

Formula weight 705.03

T (K) 296(2)

Wavelength (A) 0.71073

Crystal system Triclinic

Space group P1

a (A) 11.9928(12)

b (A) 12.4371(13)

¢ (A) 14.8101(15)

o (°) 85.546(2)

B (°) 73.502(2)

Y (°) 64.945(2)

V (A3) 1916.4(3)

Z 2

D (calcd) (g/cm3) 1.222

Absorption coefficient (mm™") 0.320

F000) 736

Crystal size (mm) 0.71x0.37 x0.04

0 Range (°) 1.44-27.53

Index ranges —14<h<13, —-14<k<15,
—-16 <1< 18

Reflections collected 11860

Independent reflections
Transmission factors
Goodness-of-fit (F,)

Final R indices (I > 20(1)) (%)
R indices (all data) (%)

8285 (Rine = 2.39%)
min/max ratio: 0.831
1.052

R =0.0592, R,, =0.1699
R=0.0728, R,, =0.1805

Difference peak and hole (e A’3) 1.284, —0.534

zene-cyclopentadienyl-tris(diethylamido)zirconium which
range from 2.0689(13) to 2.0888(13) A [35]. A concomi-
tantly weaker Zr—cyclopentadienyl bond is shown by
the bond distances to that fragment, with longer zirco-
nium centroid and average Zr-C(Cp) distances (2.340
and 2.634 A, respectively) than the 2.276 and 2.576 A ob-
served in the 2,6-diphenyl-benzene-cyclopentadienyl-
tris(diethylamido)zirconium complex which itself has rel-
atively long Zr—Cp distances [35]. These longer distances
have been noted in earlier reports, where the distance to a
CsPhs ligand is 0.8 A longer than that of a Cp ligand in
CpCsPhsZrCl, [2].

Also, one of the dimethyl-amido ligands, that contain-
ing N(1), is not equivalent to the other two in the solid
state. The N-C distances in I range from 1.417(6) to
1.481(6) A, where longer distances are to N(1). This is
the amido ligand in which the plane containing N(1),
C(36) and C(37) is roughly parallel to the Zr—Cp centroid
line, where the other amido ligands’ planes are roughly
orthogonal to that line. This arrangement has been ob-
served in other tris-amidocyclopentadienyl complexes of
group 4 metals [13], as has the converse, where only one
ligand is nearly orthogonal to the Zr-centroid line [35].

This difference is marked by a slightly shorter Zr-N
distance, slightly longer N-C distances and Zr-N-C
angles significantly different from the other two li-
gands. These parameters suggest a marginally higher
Zr—N bond order than in the other two ligands. The
unique amido group in Zr complexes typically has a
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shorter bond distance. This is consistent with the sug-
gestion of Curnow et al. [35], that the geometrically
different amido undergoes more effective pn donation
to a d orbital than the other two amido ligands which
must both share a single, other d-orbital. However, this
distinction apparently does not persist in solution as
the proton NMR in solution shows a single resonance
for methyl groups, suggesting either a different confor-
mation in solution or fluxional behavior, a result which
is not surprising considering the more sterically encum-
bered 2,6-diphenyl-benzene-cyclopentadienyl-tris(die-
thylamido)zirconium shows equivalent ethyl groups at
ambient temperature [35].

Another structural anomaly of the N(1) amido group
is observed in the Zr—N-C angles, 143.7(3)° and
107.4(3)°, compared to the 125.5(3)° average for the four
other Zr-N-C angles. The Zr-C(amido) distances for
the ligand containing N(1) are asymmetric, Zr-C(37)
2.854 A and Zr-C(36) 3.321 A, compared to an average
Zr—C (amido) of 3.12(3) A for the other amido ligands.
In addition, the N(1)-C(37) distance at 1.481 A is the
longest of the N-C distances. One explanation for these
observations is an agostic interaction between the C(37)
methyl and the Zr center causing this amido ligand to
tilt toward the metal. An appropriate HFIX command
was used to locate the methyl hydrogens and an H atom
was found with a Zr-H distance of 2.624 /0\, within the
range of an agostic interaction [36]. Therefore, the large
difference in the Zr-N(1)-C bond angles may be due to
an agostic interaction with a C(37) methyl hydrogen.

Our current efforts are directed at using complex I as
a synthon for derivatives by reaction with alcohols as in
Eq. (2) to give alkoxide complexes:

CsPhsZr(NMe,), + nROH
— CsPhsZr(NMe,), ,(OR) + nHNMe, )

Formation of the trisubstituted complex (n = 3) pro-
ceeds cleanly as monitored by '"H NMR, with either
racemic or resolved R-o-methylbenzyl alcohol (II).
Complex II did not analyze cleanly and attempts to ob-
tain high resolution mass spectroscopy were unsuccess-
ful, probably owing to its high propensity to
hydrolysis with loss of pentaphenylcyclopentadienene.

Attempts to form complexes with n =1 or 2 by addi-
tion of stoichiometric amounts of the alcohol gave mix-
tures whose "H NMR shows the presence of I as well as
the n =3 complex and other signals, presumably n = 2
are present, regardless of the temperature and addition
rate. This result suggests that substitution of one amido
ligand activates the complex, making it more reactive to
further amido ligand replacement by alkoxide thus mak-
ing controlled substitution difficult. We are currently
pursuing other avenues to attain controlled, sequential
substitution of the amido ligands to produce chiral
complexes.

3. Summary

The reaction of tetrakis-dimethylamidozirconium(IV)
with pentaphenylcyclopentadiene cleanly gives the piano
stool complex (I) which has been characterized by X-ray
diffraction. In the solid state, one of the dimethylamido
ligands displays bonding metrics that imply that partic-
ular Zr—N bond is slightly stronger than the other two.
The three amido ligands react readily with sec-phenethyl
alcohol to give the tris-alkoxide complex, however
sequential substitution is not achieved by simple slow
addition at ambient or temperatures as low as —77 °C.

4. Experimental
4.1. General procedures

All operations were carried out under nitrogen using
Schlenk and glovebox (VAC HE-43 with HE-493 Dri-
train or VAC Omnilab) techniques. Solvents were anhy-
drous grade from Aldrich and purified using a Braun
SPS-1 and stored over activated molecular sieves in
Strauss flasks. NMR solvents were either dried by stan-
dard methods [37] or dried twice over activated sieves
and freeze-thaw degassed three cycles. Commercial
ZrCly and 95% LiN(CHj),, racemic and (R)-(+)-sec-
phenethyl alcohol from Aldrich were used, the latter
two reagents being dried over 4 A molecular sieves.
Zr(N(CHs;),)4 was synthesized according to the litera-
ture with minor modifications [38,39]. Pentaphenylcy-
clopentadiene was prepared as in our previous work
[1]. The '"H and '*C NMR spectra were recorded at
25°C on a Bruker Aspect 3000 spectrometers at
300 MHz. The samples were prepared in Young valve
rotationally symmetric tubes using the residual proton
resonance as internal standards.

4.1.1. Preparation of CsPhsZr(N(CH3z),); (1)

A slurry of Zr(N(CHs3),)4 (0.7 g, 2.7 mmol) and penta-
phenylcyclopentadiene (1.2 g, 2.7 mmol) in dry toluene
(20 ml) was refluxed under nitrogen in a Schlenk flask
for about 20 h. The yellow solution was cooled and con-
centrated under vacuum. A yellow precipitate formed
which dissolved when heated and the solution was slowly
cooled to room temperature to give yellow crystals after
1 day. The crystals were filtered and washed with pen-
tane. A second crop of yellow crystals was obtained from
the supernatant after cooling 48 h at —20 °C. The com-
bined solids were dried under vacuum (1.6 g, 88%) 'H
NMR (Cg Dg): 0 7.33 (d, 9H, part C¢Hs), 0 7.02-6.88
(m, 16H, part C¢Hs), 2.96 (s, 18H, N(CH;),). *C
NMR (CgDg): 6 13599 (s), 132.89(s), 128.00(s),
126.56(s), Ph and sp” cyclopentadiene carbons, & 45.26-
(s, N(CH3),). Anal. Calc. for the dimer, CsPhsZr(N-
(CH3);),-O-CsPhsZr(N(CH3z)5)>  (CigH74N4OZrs):
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C, 74.01; H, 5.89; N, 4.45. Found: C, 71.81; H, 6.21; N,
4.43%.

4.1.2. Preparation of CsPhsZr((R)-(+)-OCH(CHj3)-
(CsHs))s (1)

A solution of (R)-(+)-sec-phenethyl alcohol (36.6 mg,
0.3 mmol) in toluene (15 ml) was added to a solution of 1
(66.9 mg, 0.1 mmol) in toluene (5 ml) at room tempera-
ture during 3 h. The light yellow mixture was obtained
after stirring over night at room temperature. Then
dried under vacuum, recrystallization with toluene/pen-
tane, light yellow solid II (78 mg, 86%) were obtained.
"H NMR (C¢Dy): 6 7.27-6.92 (m, 40H, C4Hs), 5.16 (g,
3H, OCH(CH3;)(CgHs)), 1.37 (d, 9H, OCH(H3)(C¢Hs))
[13]. C NMR (C4¢Dg): 6 134.44 (s), 122.06(s), 119.86(s),
114.46(s), 113.91(s), 113.57(s), Ph and sp” cyclopenta-
diene carbons, 66.14(s, OCH(CH;)(C¢Hs)), 14.68(s,
OCH(C5)(C¢Hs)). High resolution MALDI mass spec-
tra of Il were not obtained on successive attempts, prob-
ably owing to its high propensity to hydrolysis with loss
of pentaphenylcyclopentadienene.

4.1.3. X-ray diffraction studies of the toluene solvate of 1

Crystals of I were grown by dissolving the sample in a
heated solution of toluene. The solution was then al-
lowed to cool to room temperature and crystals grew
after 1 day. These crystals proved to be extremely air
sensitive and were subsequently mounted in 0.7 mm
quartz capillaries inside an argon-filled glove box. Rele-
vant crystallographic details are given in Table 1. Dif-
fraction data for I were collected at room temperature
(T =23°C) using a SMART/APEX CCD diffractome-
ter with graphite monochromated Mo Ko radiation
(~#=0.71073). The unit cell dimensions for I were ob-
tained from the least-squares refinement of the spots
from 60 frames using the sSMART program. A full hemi-
sphere of data was collected up to a resolution of
0.75 A according to the unit cell information. The inten-
sities were processed using the SAINT Plus program. All
calculations for structure determination were carried out
using the sHELXTL package (version 5.1) [40]. Initial
atomic positions were located by direct methods, and
the complete structure was refined by least-squares
methods with 8285 independent reflections and within
the range of theta 1.44-27.53 (completeness = 94%).
Absorption corrections were applied using sADABs [41].
Calculated hydrogen positions for the phenyl rings were
input and refined in a riding manner along with attached
carbons. Hydrogen positions for the amido ligands were
located and refined using the appropriate HFIX card.
Disorder was apparent in the solvent molecule and those
atom positions were restrained and refined using the
appropriate DFIX command. All non-hydrogen atoms
were refined anisotropically except for the solvent mole-
cule that was refined isotropically. X-ray crystallogra-
phy data (the. cif files) for I (CCDC 271207) have

been deposited with the Cambridge Crystallographic
Data Center as supplementary material.

Acknowledgments

We thank the reviewers for helpful comments.
Acknowledgment is made to the NSF (CHE-0402718),
Department of Energy (Project 42134), to the donors
of the Petroleum Research Fund, administered by the
American Chemical Society, and the National Institutes
of Health (SCORE Grant GM08101) for support of this
research. The purchase of the Bruker AM-400 NMR
Spectrometer was supported in part by PHS Grant
RR-08101 from the NIH-MBRS program, NSF Grant
DMB-8503839 and Grants from the W.M. Keck Foun-
dation and the Camille and Henry Dreyfus Foundation.
The X-ray diffractometer was purchased with the sup-
port of Instrument Grant No. 00092021 from the Na-
tional Science Foundation, awarded to the University
of Southern California.

References

[1] D.L. Greene, A. Chau, M. Monreal, C. Mendez, 1. Cruz, T.
Wenj, W. Tikkanen, B. Schick, K. Kantardjieff, Journal of
Organometallic Chemistry 682 (2003) 8-13.

[2] D.L. Greene, O.A. Villalta, D.M. Macias, A. Gonzalez, W.
Tikkanen, B. Schick, K. Kantardgief, Inorganic Chemistry
Communications 2 (1999) 311-314.

[3] A.L. McKnight, M.A. Masood, R.M. Waymouth, Organometal-
lics 16 (1997) 2879-2885.

[4] P.T. Gomes, M.L.H. Green, A.M. Martins, P. Mountford,
Journal of Organometallic Chemistry 541 (1997) 121-125.

[5]1 Y. Mu, W.E. Piers, D.C. Macquarrie, M.J. Zaworotko, Canadian
Journal of Chemistry — Revue Canadienne de Chimie 74 (1996)
1696-1703.

[6] H. Mack, M.S. Eisen, Journal of Organometallic Chemistry 525
(1996) 81-87.

[71J. Okuda, F.J. Schattenmann, S. Wocadlo, W. Massa, Organo-
metallics 14 (1995) 789-795.

[8] A.M. Irigoyen, A. Martin, M. Mena, F. Palacios, C. Yelamos,
Journal of Organometallic Chemistry 494 (1995) 255-259.

[9] A.D. Jenkins, M.F. Lappert, R.C. Srivastava, Journal of Orga-
nometallic Chemistry 23 (1970) 165-172.

[10] A. Haaland, H.V. Volden, K.-A. Ostby, M. Mena, C. Yelamos, F.
Palacios, Journal of Molecular Structure 567-568 (2001) 295-301.

[11] S.B. Cortright, J.C. Huffman, R.A. Yoder, J.N. Coalter III, J.N.
Johnston, Organometallics 23 (2004) 2238-2250.

[12] G.M. Diamond, S. Rodewald, R.F. Jordan, Organometallics 14
(1995) 5-7.

[13] G.M. Diamond, R.F. Jordan, J.L. Petersen, Organometallics 15
(1996) 4030-4037.

[14] A.M. Irigoyen, A. Martin, M. Mena, F. Palacios, C. Yelamos,
Journal of Organometallic Chemistry 494 (1995) 255-259.

[15] A. Martin, M. Mena, C. Yelamos, R. Serrano, P.R. Raithby,
Journal of Organometallic Chemistry 467 (1994) 79-84.

[16] U. Thewalt, G. Schmid, Journal of Organometallic Chemistry 412
(1991) 343-352.

[17] L. Li, A. Decken, B.G. Sayer, M.J. McGlinchey, P. Brégaint, J.-
Y. Thépot, L. Toupet, J.-R. Hamon, C. Lapinte, Organometallics
13 (1994) 682-689.



4380 J. An et al. | Journal of Organometallic Chemistry 690 (2005) 4376-4380

[18] JJW. Chambers, A.J. Baskar, S.G. Bott, J.L. Atwood, M.D.
Rausch, Organometallics 5 (1986) 1635-1641.

[19] Q.T. Anderson, E. Erkizia, R.R. Conry, Organometallics 17
(1998) 4917-4920.

[20] U. Behrens, F. Edelmann, Zeitschrift fur Naturforschung, Teil B.:
Anorganische Chemie, Organische Chemie 41B (1986) 1426-1430.

[21] L.D. Field, T.W. Hambley, C.M. Lindall, A.F. Masters, Inor-
ganic Chemistry 31 (1992) 2366-2370.

[22] R.J. Hoobler, M.A. Hutton, M.M. Dillard, M.P. Castellani, A.L.
Rheingold, A.L. Rieger, P.H. Rieger, T.C. Richards, W.E. Geiger,
Organometallics 12 (1993) 116-123.

[23] R.H. Lowack, K.P.C. Vollhardt, Journal of Organometallic
Chemistry 476 (1994) 25-32.

[24] D.W. Slocum, M. Matusz, A. Clearfield, R. Peascoe, S.A. Duraj,
Journal of Macromolecular Science — Chemistry A27 (1990) 1405—
1414.

[25] T. Tanase, T. Fukushima, T. Nomura, Y. Yamamoto, K.
Kobayashi, Inorganic Chemistry 33 (1994) 32-39.

[26] R. Zhang, M. Tsutsui, Youji Huaxue (1982) 435-437.

[27] L.D. Field, T.W. Hambley, P.A. Humphrey, A.F. Masters, P.
Turner, Inorganic Chemistry 41 (2002) 4618-4620.

[28] M.J. Aroney, L.E. Buys, G.D. Dennis, L.D. Field, T.W. Hambley,
P.A. Lay, A.F. Masters, Polyhedron 12 (1993) 2051-2056.

[29] C.U. Beck, L.D. Field, T.W. Hambley, P.A. Humphrey, A.F.
Masters, P. Turner, Journal of Organometallic Chemistry 565
(1998) 283-296.

[30] L.D. Field, C.M. Lindall, T. Maschmeyer, A.F. Masters, Austra-
lian Journal of Chemistry 47 (1994) 1127-1132.

[31] D.J. Hammack, M.M. Dillard, M.P. Castellani, A.L. Rhein-
gold, A.L. Rieger, P.H. Rieger, Organometallics 15 (1996)
4791-4797.

[32] W. Klaeui, M. Huhn, R. Herbst-Irmer, Journal of Organometallic
Chemistry 415 (1991) 133-142.

[33] M.J. Shaw, W.E. Geiger, J. Hyde, C. White, Organometallics 17
(1998) 5486-5491.

[34] W. Liu, B. Shi, G. Li, Jiangsu Shiyou Huagong Xueyuan Xuebao
11 (1999) 20-22.

[35] O.J. Curnow, G.M. Fern, D. Woll, Inorganic Chemistry Com-
munications 6 (2003) 1201-1204.

[36] E. Ding, B. Du, E.A. Meyers, S.G. Shore, M. Yousufuddin,
R. Bau, G.J. Mclntyre, Inorganic Chemistry 44 (2005) 2459—
2464.

[37] A.J. Gordon, R.A. Ford, The Chemist’s Companion: A handbook
of Practical Data, Techniques and References, Wiley, New York,
1972.

[38] M.H. Chisholm, C.E. Hammond, J.C. Huffman, Polyhedron 7
(1988) 2515-2520.

[39] D.C. Bradley, .M. Thomas, Journal of the Chemical Society
(1960) 3857-3861.

[40] G.M. Sheldrick, sHELX TL, Bruker Analytical X-ray System, Inc.,
Madison, WI, 1997.

[41] R.H. Blessing, Acta Crystallographica A51 (1995) 33.



	Piano stool complexes containing the bulky pentaphenylcyclopentadienyl(C5Ph5) ligand: Preparation, characterization and X-ray structure of C5Ph5Zr(N(CH3)2)3 (I)
	Introduction
	Results and discussion
	Summary
	Experimental
	General procedures
	Preparation of C5Ph5Zr(N(CH3)2)3 (I)
	Preparation of C5Ph5Zr((R)-(+)-OCH(CH3)- (C6H5))3 (II)
	X-ray diffraction studies of the toluene solvate of I


	Acknowledgments
	References


