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Dialkyl and Methyl-Alkyl Zirconocenes: Synthesis and
Characterization of Zirconocene-Alkyls That Model the Polymeryl
Chain in Alkene Polymerizations
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Zirconocene precatalysts with sterically bulky alkyl groups were designed as model systems for the
propagating species in zirconocene-catalyzed alkene polymerization. Specialty alkyllithium reagents Li-
(CHCEt) and Li(CHCMe,CH,Ph) were prepared and utilized in the synthesis of dialkyl and methyl-
alkyl zirconocenes of the form CpCp*ZsRCpZr(CHs)(R), and CpCp*Zr(CH)(R) (Cp = (5-CsHs);

Cp* = (#>-CsMes); R = CH,CMe;, CH,SiMe;, CH,CEt;, CH,CMe,CH,Ph). These new zirconocene
alkyls were isolated and fully characterized by NMR spectroscopy and in some cases by X-ray diffraction.
The molecular structures determined display the bent-sandwich coordination mode common for
zirconocenes. The steric influence of the alkyl group on the observed structural parameters is reflected
in slightly expanded €Zr—C or C—Zr—Cl angles in the equatorial plane and long zirconitetky!

bond distances.

Introduction Scheme 1
The propagating catalyst species in metallocene-catalyzed @\ _-CH3B(CeFs)s ?,?of,‘;‘;'; N
alkene polymerization has been identified as a metallocenium- = methylene™  POPropene: butonly ca. 35% A inifates
polymeryl ion having a weakly coordinating anidiradition- % onloiecz
ally, propagating species are generated in situ starting from a A
neutral metallocene precatalyst, generally a dichloride or dim- 18 equiv
ethyl species. The first step is reaction with an activator t0 e,/ .-CH:B(CeFs)s _ propene

W polypropene, but < 5% B initiates

chloride-d,
-50 °C

generate an ion-paired, cationic, 14-electron metal-alkyl initiator. Me2S
This initiating species then reacts with alkene in the initiation
step, followed by additional alkene insertions to form the
propagating species.

Our interest in developing models for the early propagating [CH3B(CeFs)s] ~ and unreacted [CaV —CHg] "[CH3B(CoFs)s] ~
species arose from a project examining fundamental aspects ofVere present after consumption of all monomer (Schenie 1).
zirconocene-catalyzed alkene polymerization using kinetic and ~ SPecifically, only 36-35% initiation was observedl NMR,
mechanistic studies. Initial attempts focused on propagation ~70 °C, CD:Clp) for [CpCp*Zr—CHs] "[CH3B(CeFs)s]~ (Cp=
kinetics for propene polymerization and utilized anion-stabilized (17>-CsHs); Cpr= (n5-C5Me5)) (A)after polymerization of 30 equiv
methyl-zirconocenium and hafnocenium catalysts of the type ©f Propene. Similarly, thansazirconocene catalysHrThpZr-
[CPM(CHa)]*[CHaB(CoFs)al ~ (CP* = (5-CsRHs—r); M =2r,  CHal'[CHiB(CeFs)al ™ (PrThp= [(1,2-SiMe)o(>-4-CHMe—
Hf). While this work suggested that propene propagation kinetics CsH2)(17°>-3,5-(CHMe),—CsH]) (B) showed less than 5% ini-
could be directly examined at low temperatures using ditgct  tiation after polymerization of 18 equiv of propen¢i(NMR,
NMR monitoring, limitations associated with the use of methyl- 20 °C, CD,Cl,). These observations may be attributed to a
based initiators for these experiments were identified. In Kinetic situation wherdg, > k (wherek, andk; are the rate
particular, these [CpM—CHs]* cations displayed poor initiation ~ constants for propagation and initiation). Similar slow initiation
behavior for propene polymerization, where only a small, but Versus propagatlon behavior has been reported for 1-hexene
continually increasing percentage of initiating complex was Polymerization by other metalloceh@nd nonmetallocefie
converted to the propagating species under typical experimentald"oup 4 [M—CHg] " initiators. _ _ o
conditions. For example, when excess propene-@Bequiv) These findings prpmpted us to consider zirconocene initiators
was added to catalyst solutions at low temperatures, incompleteP€aring polymeryl-like alkyl groups, wheig may be on the

initiation occurred in all cases, as both [@d—polymeryl}t- same order ak,. These compounds may model the propagating
species formed in propene polymerization, if the alkyl group

Yz
'téq/;\cm
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more closely resembles the polypropene polymeryl in both
Zr—C bond strength and steric influence on ion pairing. Well-
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defined initiators suitable for use in kinetic studies may be tion-state structure’. These findings suggested that the steric
produced directly from the activation step by reaction with an environment might be tuned using both the influence of the
appropriate zirconocene precatalyst. Therefore, the synthesis obulky alkyl group and the ancillary ligand framework to
dialkyl and methyl-alkyl zirconocene precursors having more potentially inhibit3-methyl elimination for the proposed alkyls
sterically demanding polymeryl-like alkyl groups has been that model the propagating polymeryl group.
undertaken. We report herein the syntheses and characterization of a series
Considerable efforts in both academic and industrial labora- of zirconocene precatalysts with sterically bulky alkyl groups.
tories have produced a rich body of literature precedence for The preparation of the mixed methyl-alkyl complexes proved
the synthesis and activation of group 4 dimethyl metallocene to be less than straightforward, and some more efficient synthetic
precatalyst8.These efforts offer great diversity with respectto procedures have been devised that should prove useful in the
choice of ancillary ligands and activating reagents, but are more synthesis of other, related bulky alkyl zirconocene derivatives.
limited with respect to variations in alkyl groups. Examples

using zirconium and hafnium precatalysts of the form {Cp Results and Discussion
Rn)2MR’, have generally been restricted to a small number of ) . ) ) .
bulky alkyl groups (R = CH,CMe; (Np), CH:SiMe; (CH,- Synthesis of Mixed Cyclopentadienyl Ligand Dialkyl

TMS), CH(SiMey), or CH:CeHs),127 and mixed methyl-alky! Zirconqceneg.The m[xed cyplopentadienyl/pentamethylcyclo-
complexes CgM(CHs)(R') are even fewer in number. pentadienyl ligand dialkyl zirconocenes CpCp*er_\(p_) and
For eventual use in kinetic studies, the thermal stability of CPCP*Zr(CHTMS); (2) are precursors to catalyst initiators of
the dialkyl zirconocene precatalysts, as well as the generated® form [CpCE’*ZfR]+[B(C6F5)4]_ or [CpCp*Zr(R)(NMezPh)]-
zirconocene-alkyl cations, toward decomposition, especially via [B(CeFs)al™ (R' = Np, CHTMS), by activation of the precata-
p-hydride eliminatiort:® must also be considered. These reac- VSt With [PhCI'[B(CeFs)s]~ or [PhNMeH]*[B(CeFs)d]

tions are expected to be more facile for the active polymerization "éSPectively’ The dialkyl zirconocenes rather than the methyl-

catalysts. These cationic species display increased electrophi-alkyl zirconocenes were targeted for use with these activators

licity at the metal center, and accordingBhydride elimination @S multiple Eationic species, such as mixtures oHZHz] "
has been identified as a major chain termination pathway for @d [Zr—Np]”, could potentially be generated upon protonative
propagating species in metallocene-catalyzed alkene polymer-activation of the methyl-alkyl zirconocenes. Although methyl
ization?2 In order to avoid complications arising from this type ~abPstraction appears to be generally favored, other alkyls,

of reactivity, we chose to investigate dialkyl and methyl-alkyl including neopentyl, are abstracted from nonmetallocene zir-
zirconocenes with bulky alkyl groups having fiehydrogens ~ €onium(IV) and hafnium(1V) dialkyl compounds using (-

as precursors to models of the propagating species. Decomposi[B(CGFS)“]_-13_15 - )

tion pathways involving othgs-elimination reactions may occur Horton has shown that the stability of zirconocene-neopenty|
for the cationic alkyl initiators generated from these zir- Cations toward decomposition vig-methyl elimination is

conocenes. Studies by HortéhMarks? and our research ~ Sensitive to the cyclopentadienyl ancillary ligartiswhile
group! have demonstrated that [(EfRy)2Zr(CH.CMes)]*- [Cp*ZZer]+[CH3B(C6F5)3]‘oundergoes rilpld decomposltlgn at
[CH3B(CgFs)s]~ compounds decompose to zirconocene-methyl temperatures as low as80°C, [CpZrNp]"[CH3B(CeFs)s] ~ is

cations and isobutene vimethyl elimination (eq 1). s_tab_le up to C°C. Therefore_, the mixed ring_ cyclopr_—:-n?adienyl
ligation was chosen to provide an intermediate steric influence.

Rn R Additionally, it was thought that the Si-substituted alkyl group

@ 6-CHs @ might serve as a neopentyl analogue stable tovygandethyl
Y- "CHaBCeFs)s  elimination Y —Ct ™ elimination, as silylene formation is unfavoraBle.

@\CchMeg T CHp=CMe, % “CH3B(CeFs)s Compoundsd and?2 are prepared according to the methodol-
| | ogy reported by Lappert for the parent £ZpR, compoundg$

Rn Rn The reaction of 2 equiv of the appropriate lithium reagent with

) o . CpCp*ZrCh proceeds cleanly in diethyl ether solvent to afford

For alkyl-zirconocenium ions, the rate gfmethyl elimina- 1 or 2 as tan or off-white powders, respectively, in good yields

tion!® and the relative rates g-hydride elimination versus (eq 2).
p-methyl elimination appear to be sensitive to the steric

influence of the cyclopentadienyl ancillary ligandsi-Hydride .
elimination is the primary chain termination pathway for the @\/Cl ZEZ(;' @\/R'
propagating catalyst produced in propene polymerization using ~¢ —Zsc Zr\R. @
CpZrCly/methylaluminoxane (MAO) systems, while GgrCl,/ i% to 25 °C $
MAO-derived catalyst chain terminates largely yiamethyl
elimination. In the latter case, the increased ratg-ofiethyl
compared toS-hydride elimination can be rationalized by
considering steric interactions between the Cp* ligand and the Cooling a saturated pentane solutiorldb —35 °C resulted
B-substituents on the polymeryl chain in the respective transi- j the formation of pale yellow crystals that were suitable for
X-ray diffraction analysis. The molecular structurelafisplays

1 R’ = CH,CMe; (66%)
2 R' = CH,SiMes (70%)
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Figure 1. Structural drawing of #3-CsHs)(175-CsMes)Zr(CH,-

CMes), (1) with thermal ellipsoids at the 50% probability level. ~ Figure 2. Structural drawing of #°>CsHs)(1>-CsMes)Zr(CH;-
SiMe;), (2) with thermal ellipsoids at the 50% probability level.

Table 1. Selected Structural Parameters for A; for C(21) Zr—a-H(A) = 2.77 A, Zr-o-H(B) = 2.71 A),
CpCp*Zr(CH oCMey), (1) and CpCp*Zr(CH ;SiMes), (2) but even this contact is longer than could reasonably be
1 2 attributed to an agostic interaction. Moreover, the orientation
Distances (&) of a-H(B) does not appear correct for an interaction with
%;:gg; %ggégg %’;g:g); g-gig(l) zirconium, as it lies 34 Sout of the C(21)-Zr—C(16) equatorial
2r—C(16) 2.2651(14)  zrC(16) 2.2691(16) plane, the location of the LUMO for the zirconocene moiety.
Zr—C(21) 2.3524(14)  ZrC(20) 2.3066(16) The absence of low-energfC—H) expected for am-agostic
Angles (deg) structure in the IR spectrum @falso argues against a substantial
Ct(1)—Zr—Ct(2) 129.1(1) Ct(1¥Zr—Ct(2) 131.1(1) interaction between Zr anad-H(16B). Further, théH and!3C
C(16)-Zr-C(21) ~ 99.61(5) C(16yZr—C(20) ~ 98.09(6) spectra of1 at ambient temperature in benzemeare not
aCt(1) is defined as the centroid of the ring made up of E@J5). indicative of a statiex-agostic structure in solution, where two
®Ct(2) is defined as the centroid of the ring made up of €E{10). doublets integrating to 2H are observed for thdydrogens

and YJc_qq = 109 Hz. The NMR equivalence of the two
neopentyl groups further signifies that their asymmetric orienta-

distances (2.241(1), 2.260(1) A) and Cp centrefd—Cp* tion pbserved in the crystal structure is not maintained in
. L solution, at least on thtH NMR time scale.

centroid angle (129.1(3) are similar to those found for Gp )

ZrNp, (2.25 A; 128.3).17 All of the hydrogen atoms were The structure of compoun? has also been established by

located in the difference map and have been refined. Details of X-ray crystallography. This compound crystallized as colorless
the data collection and solution and refinement of the structure blocks from pentane at35 °C. The molecular structure &

conocenes (Figure 1). The Z€p and ZrCp* centroid

can be found in Table 2. (Figure 2), including orientation of the bulky alkyl groups, is
The neopentyl groups are oriented to direct the buitky remarkably similar tol. All hydrogens were located in the _

butyl substituents away from each other and away from the Cp* difference map and have been refined. No ground-state agostic

group in the solid-state structure. Ttegt-butyl group of C(21) interactions are observed, as the closest zircoriorhydrogen

is directed toward the front, more open region of the zirconocene and —y-hydrogen distances found thare 2.518(0) and 4.219-
wedge, while that of C(16) is pushed back into the wedge. Two (1) A, respectively. Details of the data collection and solution
distinct bond lengths are found for Z€(0) bonding to the and refinement of the structure can be found in Table 2.
neopentyl groups (2rC(16) = 2.2651(14), ZrC(21) =  The key structural parameters, including—Zp centroid
2.3524(14) A). _These short and long bond distances are within yistances and angles and-ZEH,TMS bond lengths (Table 1),
the range typically observed for &gr-alkyl compounds are close to those found for €2r(CH,TMS), (2.24 A; 128.3:
(2.251-2.388 A):e9 The molecular structure df does not 2.278(4), 2.281(4) A) respectively.While two unequal bond
|r)d|ca'ge any ground-stat'gz-agostlc Interactions; er closest distances are also found for Z€CH,TMS ¢ bonding in2, the
czzlc:ﬁ?;é?riT;_jljc;m‘(j:irobgeet\r/]\/e?eﬁti?rcc%nﬁﬁl:r:]daréxsihidsr%geh ';«_' (g)o S€  difference in bond lengths (0.0375 A) is much smaller than that
' bserved forl (0.0873 A). The Z+C(21) bond inl (relative
| 16) (Zra-H(B) = 2.38 A, Zr—a-H(A) = 2. ° , .
ocated on C(16) (Zro-H(B) 38 A, ZrocH(A) o8 to Zr—C(20) in 2) may be elongated to avoid a close contact
(17) Jeffery, J.; Lappert, M. F.. Luongthi, N. T.; Webb, M.; Atwood, J. P€tween thaert-butyl substituent of C(21) and C(16) (Figure
L.; Hunter, W. E.J. Chem. Soc., Dalton Tran$981, 1593-1605. 1). In 2 however, the longer €Si bond length may alleviate

(18) Atwood, J. L.; Hunter, W. E.; Hrncir, D. C.; Samuel, E.; Alt, H.; this interaction. Effectively, the trimethylsilylmethyl group is
Rausch, M. DInorg. Chem.1975 14, 1757-1762. . A
(19) Jeffery, J.: Lappert, M. F.; Luongthi, N. T.; Atwood, J. L.; Hunter, larger than neopentyl, as the unit celldfs larger by 200

W. E. J. Chem. Soc., Chem. Commu®7§ 1081-1083. This might argue that the neopentyl group is smaller by 25 A
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Table 2. Crystal and Refinement Data for Complexes CpCp*Zr(
(6), and CpZr(CH 3)

Organometallics, Vol. 26, No. 12, 2@21

CHCMe3); (1), CpCp*Zr(CH ;SiMes), (2), CpCp*Zr(Np)(Cl)
(CHLCEt3) (22)

1 2 6 22
empirical formula 65H422I' 023H425i22r C20H31C|ZI’ CioH3zoZr
fw 433.81 465.97 398.12 349.65
T (K) 98(2) 98(2) 100(2) 98(2)
a A 9.7467(4) 9.9621(5) 8.9772(2) 17.658(3)
b, A 25.9839(12) 26.8264(13) 13.5673(4) 8.2098(13)
c, A 10.2031(5) 10.4769(5) 17.2242(5) 25.878(4)
o, deg 101.6260(10)
B, deg 116.6710(10) 116.3020(10) 104.3560(10) 109.532(2)
y, deg 100.4190(10)
volume, & 2309.07(18) 2510.0(2) 1930.85(9) 3535.7(10)
Z 4 4 4
cryst syst monoclinic monoclinic triclinic monoclinic
space group P2:/c P2i/n P1 P2/c
deale, g/cn® 1.248 1.233 1.370 1.314
6 range, deg 1.57 t0 28.37 1.52t0 28.36 1.58t0 46.45 1.71t0 28.52
w, mmt 0.482 0.539 0.704 0.613
abs corr none none none none
GOF 2.059 2.088 1.157 1.217

RLAWRD I > 26(1)] 0.0247, 0.0475
AR = JIFo| — |FdVX|Fol. ®WRe = [ [W(Fo® — FA/ 3 [W(Fe?)? 2.

Precursors for Methyl-alkyl Zirconocene Compounds.
Methyl-alkyl zirconocene compounds of the form (ER,)2-
Zr(CH3)R' potentially serve as precursors for [(€EBn)2Zr-
(R)]T[CH3B(CsFs)s] "-type initiators formed via methide ab-
straction using the strongly Lewis acidic activator Bf€)s.6
Again, the mixed ring ancillary ligation was targeted for its
potential steric influence on initiator speciation. The steric
demand of the Cp* group should discourage formation of
bimetallic methyl-bridged monocations, such &dp—Rn)2-
Zr(R)} 2(u-CH)I*[A] ~ ([A] ~ = [CH3B(CeFs)3] ~, [B(CeFs)a] ),
which are often observed for zirconocene systems with open
coordination environmenfs20

Key starting materials for the formation of methyl-alkyl
complexes in zirconocene systems are {Bg).Zr(CHs)Cl.
These compounds, however, are not cleanly obtained from the
reaction of (Cp-Ry)2ZrCly with 1 equiv of methyllithiun®
Conventional routes to obtain (€jR,).Zr(CH3z)Cl compounds
from (Cp—Rn)2Zr(CHs), utilize HCI [(CH3)sNH]H[CIl 2t
[(CHMey)2NH] T[Cl] ~,22 or PbC},?® as chlorinating reagents.
Reagents HCI, [(CHMg8,NH,]*[CI]~, and PbC] were tested
for the preparation of CpCp*Zr(CHCl (3) from CpCp*Zr-
(CHg)2; however, in all case8 was contaminated with at least
5% CpCp*ZrCh as well as starting material. Separation of
mixtures of dialkyl zirconocenes and chloro-alkyl zirconocenes
is difficult due to their extreme solubility and similar physical
properties, as well as the limited number of compatible
purification methods available. Because we found that the purity
of 3 plays an important role in the successful isolation of pure
CpCp*Zr(CH)R compounds, it was essential to devise a
procedure that affords very puB

A method was developed for the synthesis of clean samples
of 3that is based on the ligand redistribution chemistry reported
by Jordar?* A solution containing 0.5 M CpCp*ZrGland 0.5
M CpCp*Zr(CHs), (C) in tolueneds was heated at 13TC in a
J. Young NMR tube. After 10 days, 95% conversiorBtwas
observed by'H NMR spectroscopy (eq 3). These conditions
were subsequently employed on preparative scale reactions an
afforded 3 contaminated with less than 3% CpCp*Z3Gis a

(20) Bochmann, M.; Lancaster, S.Ahgew. Chem., Int. Ed. Endl994
33, 1634-1637.

0.0302, 0.0514

0.0390, 0.0748 0.0571, 0.0876

white powder or pale yellow needles after purification from
toluene-petroleum ether at-35 °C.

@\ e
Zr
ol toluene-d, @
-dg
10d \ __CHs
2 o 3)
@"” 130 °C cl
\Z/CH3
r
“SCHs 3 (95%)
(by "H NMR spectroscopy)
(o3

Synthesis of CpCp*Zr(CH3)(CH,TMS) and CpCp*Zr-
(CH3)(Np). The mixed ring zirconocene methyl-alkyl com-
pounds CpCp*Zr(Ch)(CH,TMS) (4) and CpCp*Zr(CH)(Np)

(5) were prepared by the reaction 8fwith 1 equiv of the
appropriate lithium reagent. The synthesis 4fproceeded
smoothly by this route in diethyl ether, addvas isolated as a
pale yellow oil in good yields (eq 4). Lyophilization or trituration
techniques, as well as a variety of solvent systems, failed in
attempts to obtaid as a powder or crystalline material. This
oil, as isolated, was judged to be95% pure by'H NMR
spectroscopy and suitable for use in further transformations.

LICstIMe:; g g
\Zr/CH3 Et,0 \Zr/CHs 4
i 78°C “CH,SiMe; @
to 25 °C
3 4 (87%)

The reaction of3 with neopentyllithium was more sensitive
to reaction conditions, including concentration, solvent, tem-
perature, and reaction time. Reactions following the above
methodology yielde® as a yellow oil (contaminated with other

irconocene compounds includidgand CpCp*Zr(CH), (C))

at resists purification by recrystallization or precipitation.
Under the reaction conditions shown in eq 5 the product mixture
could be driven tdl, C, and5in a 1:1:3 ratio, respectively, as

(21) Zuckerman, R. L.; Krska, S. W.; Bergman, R. &.Am. Chem.
Soc.200Q 122 751-761.
(22) Brandow, C. G.; Bercaw, J. E. Unpublished results.

(23) Walles, P. C.; Weigold, H.; Bell, A. B. Organomet. Chenmi972
34, 155-164.
(24) Jordan, R. FJ. Organomet. Chenl985 294, 321-326.
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identified by comparison with théH NMR spectra of inde-
pendently synthesized compounds. This observation suggests

@\ __CH,CMeg

Zr

ég \CHsze:;

1

@\ o, LICH,CMe;, @\

— Et,0 —~CHs 1:C:5 ®)

Zr - " - zr
C 78°Ct025 °C SCHy  (1:1:3)
2d
3 c
\ /CH3

Z

I
X él “NCH,CMe;

5

the alkylation of3 with alkyllithium reagents may be reversible.
Reversible alkylation catalyzed by trace neopentyllithium would
provide a pathway for alkyl exchange, potentially explaining
the product mixture (Scheme 2). Alkyl exchange between group
4 centers via an intermolecular mechanism involving the
formation of bridging alkyl groups has been documented for c.pB
both metallocer? and nonmetallocene compouri8$Vhile this N
process is facile for methyl groups, which readily bridge metal
centers, it is likely slower for exchange of a bulky neopentyl
group between zirconocene centers having sterically demanding
ancillary ligation such as that ib.

Scheme 2
- L A
< <& Sy cip X
\ ~CHa  [LICH,CMey] Ve - LiCH, . cip
NCHCMes e C:Ae -1 Figure 3. Structural drawing of #5-CsHs)(°-CsMes)Zr(CHy-
% Zre CMe;)CI (6) showing the unique molecules found in the asymmetric
: - unit with thermal ellipsoids at the 50% probability level.
\Z,<°H3 [LICH3] \Zr(:_?f'SHZCMea -LiCH,CMes isotopically labeled versions & such as CpCp*Zr(CE)(Np)
;é CHzCMes “CHa-*Li or CpCp*Zrl3CHs)(Np), since a 15 mol % excess of CpCp*Zr-
] (CHg), is used in the preparative scale synthesis3ofAs
5

monomethylation of CpCp*ZrGlis not possible with the lithium

. . reagent, we explored a route via the monoalkylated compound
A successful set of reaction conditions were eventually CpCp*Zr(Np)(C) ©)

identified. Preparation in toluene along with careful control of i . . i
reaction temperature afforded a clean and reproducible meth- €ompound is prepared by reaction of CpCp*ZrQbith 1
odology (eq 6) and allowed isolation &fas an analytically equiv of neopentyllithium in toluene (eq ) Although initially

pure yellow powder after removal of lithium chloride by ©iS obtained as a sticky, bright yellow solid, it can be isolated
filtration. as a yellow powder after trituration with petroleum ether.

LiCH,CMes
CH3 @\ cl @\ cl

\ _~CHs | icl toluene — — toluene —
Z (6) Zr _—

I [ ———". Zr Zr
¢ 9h-78 °C, “NCH,CMes ~ci 25°C ~NCH,CMes
14 h25°C 5h

3 5 (84%) 6 (72%)

LiCH,CMe; @
\

@)

Alternate Routes for the Synthesis of CpCp*Zr(CHs)(Np). _ -
A methodology to synthesiZg utilizing successive monoalky- Yellow crystals of6 were obtained by slow diffusion of
lation reactions starting from CpCp*ZrCls desirable, as it ~ Petroleum ether into diethyl ether solutions#85 °C, and the
would remove one step from the overall sequence and eliminateMolecular structure was determined by X-ray diffraction (Figure
the long reaction time required to prep&eAdditionally, this ~ 3)- Overall, the structural parameters frincluding ZrCl
type of strategy would also be preferable in the preparation of

(26) (a) Chirik, P. J.; Bercaw, J. E. Unpublished results. (b) For related
(25) Mehrkhodavandi, P.; Schrock, R. R.; Bonitatebus, FOrgano- synthetic strategy utilizing Grignard reagents see: Song, F. Q.; et al.
metallics2002 21, 5785-5798. Organometallic2005 24, 1315-1328.
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Table 3. Selected Structural Parameters for 6 and 22

6 22

Distances (A)
Zr(1)-Ct(1Ay 2.232 Zr(1)-Ct(1A) 2.23
Zr(1)—Ct(2A) 2.241 Zr(1)-Ct(2A) 2.24
Zr(2)—Ct(1Bp 2.224 Zr(2)-Ct(1Bp 2.25
Zr(2)—Ct(2BY 2.240 Zr(2)-Ct(2BY 2.24
Zr(1)-C(16A) 2.3258(12) Zr(1yC(11A) 2.294(3)
Zr(1)-C1(1) 2.4503(3) Zr(1yC(12A) 2.248(3)
Zr(2)—-C(16B) 2.3287(12) Zr(2)C(11B) 2.306(3)
Zr(2)-C1(2) 2.4432(3)  Zr(2yC(12B) 2.252(3)

Angles (deg)
Ct(1A)-Zr(1)~Ct(2A) 129.5 Ct(1A»-Zr(1)-Ct(2A)  130.9
Ct(1B)-Zr(2)—Ct(2B) 129.8 Ct(1BY-Zr(2)-Ct(2B)  130.9

C(16A)—Zr(1)—C1(1) 100.18(3) C(11AyZr(1)—C(12A) 94.54(12)
C(16B)-Zr(2)—C1(2) 99.91(3) C(11ByZr(2)—C(12B) 95.07(12)

aCt(1A) is defined as the centroid of the ring made up of CEB)5A);
Ct(1B) is defined as the centroid of the ring made up of C(A8[5B).
b Ct(2A) is defined as the centroid of the ring made up of C(68[10A);
Ct(2B) is defined as the centroid of the ring made up of C(68{10B).

bond lengths, are comparable to those in CpCp*Z(2i4421-

(9) A).27 The observed zirconiumneopentyl carbon bond
distances (2.3258(12), 2.3287(12) A for the two independent
molecules in the asymmetric unit) are on the long end of the
range typically found in alkyl zirconocenes and are roughly
intermediate of the range observedili(iTable 3)181°Evidence

for crowding in the equatorial plane @fis suggested by the
expanded C(16)Zr—Cl angles (100.18(3) 99.91(3)) as
compared with the CtzZr—Cl angle (97.78(5) found in
CpCp*ZrCh. No special zirconiumrhydrogen interactions are
evident in6, as the closest ZrH contact is 2.75 A. Details of
the data collection and solution and refinement of the structure
can be found in Table 2.

NMR scale reactions were used to explore methylatiof of
with several alkylating agents. Promising conditions were
observed with pre-dried, ether-free methyllithium 5a®rmed
cleanly in benzeneés after heating fo 9 h at 80°C (eq 8).
Reaction o6 with (CHs),Mg in benzeneds containing roughly
2 equiv of 1,4-dioxane at 80C also formed compoun&®
cleanly, as assessed Hy NMR spectroscopy. The addition of
dioxane to the reaction mixture appeared to minimize formation
of products arising from alkyl or halide exchange (possibly by
precipitation of magnesium halide salts) while increasing the
solubility of (CHs),Mg. Reactions of6 with (CHs),Mg con-
ducted in the absence of dioxane (benzdge9 h, 80 °C)
resulted in multiple zirconocene species includsndC, along
with 5 and unreacte® after heating. Similarly, reaction &
with solid Li3CHg-Lil (benzeneds, 9 h, 80 °C) complex
afforded multiple zirconocene species, includi@nd unreacted
6, after heating. L®CHz and LiCD; are commonly prepared or
purchased commercially as 1:1 complexes with lithium iodide,
and this additive appeared detrimental under these condffons.
One of the new species is likely CpCp*Zr(Np)(l) on the basis
of the chemical shift of a new Cp resonance in theNMR
spectrum as compared with that in CpCp*ZiThe reaction of
6 with CH3MgBr resulted in the formation of unreact&d5,
and what appeared to be CpCp*ZrNpBr in a 2:1:2 ratio after 2
h at room temperature in diethyl ether, as determinedHby
NMR spectroscopy. Thus, it appears that lithium or magnesium

Organometallics, Vol. 26, No. 12, 28023

1 eq Mg(CHgz),
2 eq dioxane
80°C, 9.5 hr

benzene

or \ __CHg3

Zr
\' gg \CHsze3

5

_cl

“SNCH,CMe; LiCH; (pre-dried)
80 °C, 9 hr
benzene

\
Zr

6

Design and Synthesis of Specialty Alkyllithium Reagents.
One strategy to stabilize the alkyl zirconocene cation formed
upon activation toward decomposition yianethyl elimination
is to utilize a bulky alkyl group having ng-methyl groups.
Another approach is to design a catalyst where unfavorable steric
interactions betweefi-alkyl substituents and the cyclopenta-
dienyl framework in the transition structure fgi-methyl
elimination inhibit this reaction. Therefore, syntheses of methyl-
alkyl zirconocenes of the type shown below were targeted.

/ “NCH,CEt, / “NCH,C(Me),CH,Ph
1 |
Ry Rn

Rn = (Me)s or (H)s

Although catalysts derived from zirconocenes of type Cp-
(Cp—R)Zr(CHs3)(CH,CE%) might decompose vig-ethyl elimi-
nation, generally this reaction has not been observed in related
systems. Previously in our group, we noted that whefég’s
CsMey),SiMez} S CH,CH(CHg),} decomposes by fast, revers-
ible -H and slower3-methyl elimination, the decomposition
of {(7°-CsMey),SiMes} S CH,CH(CH,CH3),} proceeds with
no evidence fop-ethyl elimination?® Resconi has also found
that chain transfer bg-ethyl elimination did not occur during
the polymerization of 1-butene by CCI/MAO (M = Zr,

Hf) catalysts'? Activated compounds based on Cp{&R.)Zr-
(CH3)(CH,CMe,CH,Ph) could decompose vjamethyl elimi-
nation; however this reaction may be inhibited for catalysts with
CpCp* ancillary ligation. Unfavorable steric interactions be-
tween the benzyl substituent of the alkyl and the cyclopenta-
dienyl ligands might sufficiently destabilize the transition state
for this reaction relative to that for [CpCp*Zr(NpH
[CH3B(CgFs)3] .

The synthetic methodology used to prepare 2,2-diethylbu-
tyllithium (Li(CH2CE®)) (13) and 2,2-dimethyl-3-phenylpro-
pyllithium (Li(CH,CMe,CH,Ph)) @9) is shown in Scheme 3.
2,2-Diethylbutanol 10) was prepared conveniently in three steps
from commercially available 2-ethylbutric acid7)( using
standard proceduré8 A similar sequence gave 2,2-dimethyl-
3-phenylpropanolX6) from commercially available 2-methyl-
propionoic acid ethyl estef§). Precedented reaction conditions
for the conversion of neopentyl-type alcohols (gBh,, CHs-

CN, heat) to alkylbromides failed fdrO and 16; low yields of
products were isolated for both substrates, 30% and 10%
respectively. The methane sulfonate esters 2,2-diethylbutyl
mesylate {1) and 2,2-dimethyl-3-phenylpropyl mesylat&r}
were prepared after the methodology for hindered primary
substrates of Servid.Compoundsl1 and 17 were converted

to alkyl iodides12 and 18 using conditions based on those

methylating agents having halide present are not suited to cleanreported by Stevens for the preparation ef-9-iodocamphor

preparation ob.

(27) Rogers, R. D.; Benning, M. M.; Kurihara, L. K.; Moriarty, K. J.;
Rausch, M. D.J. Organomet. Chen1985 293 51-60.

(28) Reynolds, K. A.; Ohagan, D.; Gani, D.; Robinson, JJAChem.
Soc., Perkin Trans. 1988 3195-3207.

(29) Hajela, S. H.; Bercaw, J. Brganometallics1994 13, 1147-1154.

(30) Vogel, A. I.Vogel's Textbook of Practical Organic ChemistBth
ed.; Longman: New York, 1989.

(31) Crossland, R. K.; Servis, K. L1. Org. Chem.197Q 35, 3195~
3196.
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Scheme 3
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o}
Ho)‘)/\ H3CO)j/\
7 8
a. MeOH, H,SOy, reflux

b. iPr,NH, BuLi, THF, -30 °C
Etl, -78 °C

¢. LAH, Et,0, 0 °C

d. MsCl, TEA, DCM, 0 °C

e. 5 Nal, NMP, 140 °C

f. 2'BuLi, Et,O-PE, -78 °C

(B)

o}
o e J>C
14
a. 'Pr,NH, BuLi, THF, -30 °C
BnBr, -78 °C
. LAH, Et,0, 0 °C

b

c. MsClI, TEA, DCM, 0 °C
d. 5Nal, NMP, 140 °C

e. 2 'BuLi, Et,O-PE, -78 °C

from (—)-9-bromocamphot? This transformation required forc-
ing conditions, again reflecting the steric inhibition of2S
reactivity at the primary carbon center. The desired alkyllithium
reagents,13 and 19, were synthesized fronl2 and 18,
respectively, using the lithiumhalogen exchange procedure
developed by Baile¥ and Negishi*

Methyl-alkyl Zirconocene Synthesis Using Specialty Alkyl-
lithium Reagents.Syntheses of methyl-alkyl zirconocenes with
the specialty alkyl groups, CpCp*Zr(GHCH.CEt) (20),
CpCp*Zr(CHs)(CH,CMexCHyPh) 1), CpoZr(CHg)(CH,CE®)

(22), and CpZr(CHz)(CH.CMe,CH,Ph) 23), were explored
using the conditions shown in egs 9 and 10. Reactiddwith

1 equiv of eitherl3 or 19 resulted in formation 020 and 21,
respectively, along with additional zirconocene products as
determined by analysis of the isolated materiallby NMR
spectroscopy. These additional compounds are likely CpCp*Zr-
(CHg)2 (C) and CpCp*ZrR, possibly formed via the reversible
alkylation process postulated for alkyl exchangesirUnfor-
tunately, the oils containing0 and21 resisted purification by
crystallization or precipitation from pentane, even at tempera-
tures below—35 °C. This difficulty is attributed to the extreme
solubility of these compounds.

LiR
@\2/ CHy EO @\/ cHy
r: Zr 9
¢ 78°C R ©
to 25 °C
3 20 R = CH,CEts
21 R = CH,CMe,CH,Ph
LiR
\z __CH;, Et,0 @ __CHjs
(g EE— Zr 10
i 78°C ™ (10)
0 25°C @

22 R = CH,CEt;
23 R = CH,CMe,CH,Ph

Compounds22 and 23 are readily formed under these
conditions and are isolated in modest yields after crystallization
from pentane at-35 °C. While pale yellow X-ray quality
crystals of22 were obtained, the brown pellets 28 recovered
always showed extremely poor diffraction. This zirconocene

ﬁk—

A
‘d

=
/\f\

o)
HSCO)‘)A
9

MsO

ld
IT%

complex crystallizes as a radial cluster and maintains this
preference under a variety of crystallization conditions.

The pale yellow blocks 022 crystallized in theP2/c space
group having two independent molecules in the asymmetric unit,
differing in orientation of the bulky alkyl group (Figure 4). The
zirconium—Cp centroid and zirconiummethy! distances as well
as the Cp centroidzirconium—Cp centroid and carbon
zirconium—carbon angles found fd22 are in line with those
observed for CgZr(CHs)(Np) (2.232, 2.2980(13) A; 13026
94.99) (Table 3)!! The Zr—C(12) bond lengths (2.248(3) and
2.252(3) A) in22 are short in comparison to those foundlin
and2 and to the range typically seen for zirconocenes having
bulky alkyl groups (2.25%2.388 A)17-1° No close zirconium
hydrogen contacts are found, as the nearest zirconhydrogen
distance found ir22 is 2.79 A. Details of the data collection
and solution and refinement of the structure can be found in
Table 2.

Conclusions

Synthesis and characterization of precatalysts that will likely
generate models for the propagating species in zirconocene-
catalyzed alkene polymerizations have been described. In this
regard, we have subsequently examined the activation of
CpCp*Zr(CHs)(Np) with B(CsFs)s at low temperatures and
found that it does indeed initiate propene polymerization rapidly,
allowing for convenient studies of the kinetics. A full report of
those studies, along with that using CpCp*Zr(§{{€H,TMS),
is forthcoming®® The intermediate steric demand of the mixed
ring CpCp* ancillary ligation allows preparation of dialkyl
zirconocenes with two bulky alkyl groups. A convenient general
starting material for preparation of CpCp*Zr(gR' is CpCp*Zr-
(CH3)CI. Its preparation using ligand redistribution chemistry
minimizes product contamination by CpCp*ZpCBynthesis on
the [CpCp*Zr] framework is often sensitive to the reaction

(32) Stevens, R. V.; Gaeta, F. C. A.; Lawrence, DJ.SAm. Chem. Soc.
1983 105 7713-7719.
(33) Bailey, W. F.; Punzalan, E. R. Org. Chem.199Q 55, 5404
406.
(34) Negishi, E.; Swanson, D. R.; Rousset, CJ.JOrg. Chem199Q
55, 5406-5409.
(35) Klamo, S. B.; Wendt, O. F.; Bercaw, J. E. Manuscript in preparation
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distilled from calcium hydride and stored in a Schlenk flask under
nitrogen. N-Methylpyrrolidinone was purchased anhydrous from
Aldrich in a Sure/Seal bottle. Benzedg-and tolueneds were
purchased from Cambridge Isotopes and vacuum distilled from
sodium benzophenone ketyl. Methylene chlorilevas purchased
from Cambridge Isotopes and vacuum distilled from calcium
hydride. CDC} was purchased from Cambridge Isotopes and stored
over molecular sieves. The syntheses of CpCp*ZrChCp*Zr-
(CHy),,%° CppZr(CH3)CIL*0 LiNp,*t and LICHTMS*2 were carried

out as previously reported. $3CHz-Lil 28 and (CH),Mg*? were
prepared using standard procedures.jNtEd HN(CHMe), were
vacuum transferred from calcium hydride and stored in a Schlenk
flask under argon. Butyllithium was purchased from Aldrich and
stored under argon. Benzylbromide was purchased from Aldrich
and distilled before use. Nal was dried under vacuun®fb at 70

°C and stored under nitrogen in the drybox.

NMR spectra were recorded on Varian Mercury (300 MHz for
IH) and Varian UNITY Inova (500.13 MHz foiH) spectrometers.
Chemical shifts are given in ppm downfield from TMS using
residual proton (gDsH 7.16; CHC} 7.26; GDsCD;H 2.09; CDHC}
5.32) or carbon (gDg 128.39; CDC} 77.23; CDCI, 54.00) signals
of the deuterated solvents. Elemental analyses were performed at
Midwest MicroLab LLC.

Synthesis  of  {5-CsHs)(175-CsMes)Zr(CH ,CMez),  (1)-
(CpCp*ZrNp »). In an inert atmosphere glovebox, a 50 mL round-
bottom flask equipped with a stir bar was charged witf- (
CsHs)(7%-CsMes)ZrCl, (0.502 g, 1.38 mmol) and LiC}¥CMe;
(0.239 g, 3.06 mmol) and attached to a small swivel frit assembly.
On the vacuum line, diethyl ether (25 mL) was vacuum transferred
onto the solids at-78 °C and the apparatus was backfilled with
Ar. The cooling bath was removed, and the reaction mixture was
allowed to warm to room temperature. Stirring for 36 h resulted in

Figure 4. Structural drawing of #?-CsHs),Zr(CHs)(CHC(CH,- a yellow-brown solution and an off-white precipitate. The solvent
CHa)3) (22) showing the unique molecules found in the asymmetric was removed in vacuo, leaving a tan solid. Petroleum ether (25
unit with thermal ellipsoids at the 50% probability level. mL) was added to the solids by vacuum transfer. The resulting

off-white precipitate was filtered away from the yellow-brown

filtrate and washed once with recycled solvent. Removal of all
conditions, resulting in side-product formation via facile salt- Volatiles and drying in vacuo yielded a tan powder. In the glovebox
mediated alkyl or halide exchange processes. This undesirablehe solid was dissolved in pentane and the solution concentrated to
reactivity can be minimized under optimized reaction conditions. 8 ML. The solution was cooled te35°C to recrystallize the desired
X-ray diffraction studies on CpCp*Zr(Np) CpCp*Zr(CH- product; pale yellow crystalline material suitable for X-ray diffrac-
TMS),, CpCp*Zr(Np)(Cl), and CgZr(CHs)(CH.CE) indicate tion was isolated and dried in vacuo. Yield: 0.398 g (66%). Anal.
minimal perturbation of the bent-sandwich coordination mode Cal¢d- for GeHaZr: C, 69.21; H, 9.76. Found: C, 68.97, 69.24;

1 .
in the molecular structures. In some cases however, the stericH’ 9.64, 9.62"H NMR (500 MHz, GD): 0 5.94 (s, GHs, 5H),

bulk of the alkyl group is reflected in (a) a slightly contracted 1.71 (s, G(CHa)s, 15H), 1.18 (S, CHC(CHa)s, 18H), 0.81 (d, E1.C-

e - — (CHg)3, 2H,J = 11.6 Hz),—0.47 (d, GH,C(CHa)s, 2H,J = 11.6
Cp—Zr—Cp centroid angle, (b) an expanded carbdn Hz). 13C{H} NMR (125 MHz, GDe): & 117.7 Cs(CHy)s), 109.7

carbon(chloride) angle, and (c) zirconigwarbon bond lengths (CsHs), 78.4 (Z—CH,C(CHs)s), 37.1 (CHC(CHa)s), 35.6 (CHC-

on the long end of the range commonly observed in{8p).- (CH:)3), 12.5 (G(CHa)s). 13C NMR (125 MHz, GD¢): 6 117.7 (s,
ZrRz and (Cp-Rn)2Zr(CH;)R’ compound types. Cs(CHa)s, 5C), 109.7 (dCsHs, 5C, e = 174.8 Hz), 78.4 (t, Z*
CH2C(CHg)s, 2C, Wey = 109.1 Hz), 37.1 (s, CHC(CHg)s, 2C),

Experimental Section 35.6 (0, CHC(CHa)s, 6C, Wy = 123.3 Hz), 12.5 (g, &CHa)s,

5C, Wch = 126.2 Hz).

Synthesis of {>-CsHs)(17>-CsMes)Zr(CH ,SiMes), (2) (CpCp*Zr-
(CH,TMS),). In an inert atmosphere glovebox, a 50 mL round-
bottom flask equipped with a stir bar was charged witfi- (
CsHs)(7°-CsMes)ZrCl, (1.170 g, 3.23 mmol) and LiCi$iMe;
(0.639 g, 6.78 mmol) and attached to a small swivel frit assembly.

General Considerations.All air- and moisture-sensitive com-
pounds were manipulated using standard high-vacuum line, Schlenk,
or cannula techniques, or in a drybox under a nitrogen atmosphere
as described previousfj.Argon gas was purified and dried by
passage through columns of MnO on vermiculite and activated 4
A molecular sieves. Solvents for air- and moisture-sensitive
reactions were dried by the method of GruBlend were stored
under vacuum over sodium benzophenone ketyl (diethyl ether, 204(1%?)2'\éljévm’ R. H.; Brintzinger, H. HJ. Am. Chem. Sod 971, 93,
pentan_e, tetrah_ydrofuran), tltanocéﬁj(aoluene, petroleum ether), (39) Wolczanski, P. T.: Bercaw, J. Brganometallics1982 1, 793
or calcium hydride (methylene chloride). 1,4-Dioxane was vacuum -qg

(40) Surtees, J. RChem. Commuril965 567.

(36) Burger, B. J.; Bercaw, J. BNew Deelopments in the Synthesis, (41) Schrock, R. R.; Fellmann, J. D.Am. Chem. So&978 100, 3359~
Manipulation, and Characterization of Organometallic Compoudseri- 3370.
can Chemical Society: Washington, DC, 1987; Vol. 357. (42) Tessier-Youngs, C.; Beachley, O. T., lirorg. Synth.1986 24,

(37) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; 95-97.
Timmers, F. JOrganometallics1996 15, 1518-1520. (43) Coates, G. E.; Heslop, J. A. Chem. Soc. A968 514-518.
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On the vacuum line, diethyl ether (30 mL) was vacuum transferred with (775-CsHs)(7%-CsMes)Zr(CHz)Cl (0.866 g, 2.53 mmol) and
onto the solids at-78 °C, and the apparatus was backfilled with LiCH,SiMe; (0.240 g, 2.54 mmol) and attached to a small swivel
Ar. The reaction mixture was allowed to warm to room temperature frit assembly. On the vacuum line, diethyl ether (25 mL) was
with stirring, and an off-white precipitate was observed. After vacuum transferred onto the solids-a¥8 °C and the apparatus
stirring for 12 h, the solvent was removed in vacuo, leaving a was backfilled with Ar. The reaction mixture was allowed to warm
colorless, oily paste. Pentane (35 mL) was added to the mixture to room temperature over 12 h with stirring. At this time a colorless
by vacuum transfer. The resulting off-white precipitate was filtered solution with a white precipitate was observed. The solvent was
away from the colorless filtrate and washed two times with recycled removed, and resultant paste was dried in vacuo. Pentane (20 mL)
solvent. Removal of all volatiles and drying in vacuo yielded an was added to the mixture by vacuum transfer. The resulting white
off-white powder. In the glovebox the solid was dissolved in precipitate was filtered away from the colorless filtrate and washed
pentane and the solution concentrated to 8 mL. The solution wastwice with recycled solvent. Removal of all volatiles and drying in
cooled to—35 °C to recrystallize the desired product; colorless vacuo resulted in a pale yellow oil. Repeated attempts to solidify
crystalline material suitable for X-ray diffraction was isolated and the product by trituration with pentane or lyophilization with
dried in vacuo. Yield: 1.051 g (70%). Anal. Calcd. fog:84,Si.- benzene failed. Yield: 0.865 g (87%)H NMR (300 MHz,
Zr: C,59.28; H, 9.08. Found: C, 59.45, 59.37; H, 9.20, 818b. CsDg): 0 5.79 (s, GHs, 5H), 1.68 (s, G(CH3)s, 15H), 0.21 (s, Cht
NMR (500 MHz, GDg): ¢ 5.89 (s, GHs, 5H), 1.70 (s, G&CHy3)s, Si(CH3)3, 9H), —0.29 (s, ¢3, 3H) —0.31 (d, ¢,Si(CH)s, 1H,J
15H), 0.21 (s, CHSIi(CH3)s, 18H), —0.25 (d, G1,Si(CHs)s, 2H,J = 9.5 Hz),—0.38 (d, G1,Si(CHg)s, 1H,J = 9.5 Hz).13C{H} NMR
= 10.7 Hz),—0.54 (d, G1,Si(CHg)s, 2H, J = 10.9 Hz).13C{H} (75 MHz, GDg): 6 117.9 Cs5(CHs)s), 111.4 CsHs), 44.9 (ZrCH,-
NMR (125 MHz, GDg): 6 118.2 Cs(CHg)s), 110.8 CsHs), 46.0 Si(CHg)s), 34.0 (Zr—CHy), 12.4 (G(CHg)s), 4.3 (CHSI(CH3)3).
(Zr—CH3Si(CHy)3), 12.4 (G(CHs)s), 4.10 (CHSI(CH3)a). Reaction of (75-CsHs)(175-CsMes)Zr(CH 3)Cl and LiCH ,.CMej
NMR Scale Synthesis of > CsHs)(175-CsMes) Zr(CH 3)Cl (3) Leading to Multiple Dialkyl Zirconocene Products. In an inert
(CpCp*Zr(CH 3)CI). In an inert atmosphere glovebox>{CsHs)(7°- atmosphere glovebox, a 50 mL round-bottom flask equipped with
CsMes)ZrCl, (45 mg, 0.12 mmol) was weighed into a small vial.  a stir bar was charged withy$-CsHs)(775-CsMes)Zr(CHz)CI (0.500
To this was added 0.25 mL of a 0.5 M solution gP-CsHs)(#°- g, 1.46 mmol) and LICKCMe; (0.126 g, 1.60 mmol) and attached
CsMes)Zr(CHs), (40 mg, 0.12 mmol) in toluends. The contents to a small swivel frit assembly. On the vacuum line, diethyl ether
of the vial were transferred via pipet to a J. Young NMR tube, and (30 mL) was vacuum transferred onto the solids-@8 °C and the
the vial was rinsed with an additional 0.45 mL of solvent. The apparatus was backfilled with Ar. The cooling bath was removed,
reaction was heated in an oil bath regulated at 180 and the and the reaction mixture was stirred for 48 h at room temperature.
reaction progress was monitored By NMR spectroscopy. The At this time a bright yellow solution with a white precipitate was
solution was pale yellow and a solid crystallized out upon cooling observed. The solvent was removed in vacuo, leaving an oily
the sample to room temperature to acqiHeNMR data. After 10 residue. Pentane (15 mL) was added to the mixture by vacuum
days of heating at this temperature, clean formatior3ofas transfer. The resulting white precipitate was filtered away from the
observed in 95% yield (byH NMR). yellow filtrate and washed with recycled solvent. Removal of all
Synthesis of (5-CsHs)(175-CsMes)Zr(CH 3)Cl (3) (CpCp*Zr- volatiles and drying in vacuo resulted in a yellow-brown oil.
(CH3)(CI)). In an inert atmosphere glovebox, a thick walled glass Characterization of the crude oil b{H NMR indicated three
vessel equipped with a stir bar was charged wiga@sHs) (175-Cs- compounds in the product mixture;*CsHs)(75-CsMes) Zr(CHa)z,
Mes)ZrCl, (2.001 g, 5.52 mmol) and;$-CsHs)(;75-CsMes) Zr(CHs), (175-CsHs) (17°-CsMes) Zr(CHs)(Np), and §°-CsHs)(17°>-CsMes) Zr(Np).

(2.048 g, 6.37 mmol). Toluene (24 mL, vacuum transferred from
titanocene) was added, giving a mixture consisting of a yellow
solution and remaining solidj-CsHs)(17°>-CsMes)ZrCl,. The vessel

were present in a 16:66:18 ratio, respectively.
Synthesis of {5-CsHs)(7°-CsMes)Zr(CH 3)(CH,CMe3) (5)
(CpCp*Zr(CH 3)(Np)). In an inert atmosphere glovebox, a 100 mL

was sealed with an 8 mm Kontes needle valve, and the mixture round-bottom flask equipped with a stir bar was charged wjth (
was stirred in the box to break up the solid. In the hood, the reaction CsHs)(35-CsMes)Zr(CHs)Cl (0.592 g, 1.73 mmol) and LiC}Me;

was heated with stirring in an oil bath regulated at 13Gor 11.64

(0.136 g, 1.74 mmol) and attached to a small swivel frit assembly.

days. At this temperature a homogeneous solution was observedOn the vacuum line, toluene (70 mL) was vacuum transferred onto
The reaction was removed from the oil bath and cooled to room the solids at—78 °C and the apparatus was backfilled with Ar.

temperature, resulting in a green solution and an off-white

The reaction mixture was stirredrf® h at—78 °C, then allowed

precipitate. In the glovebox, a small heterogeneous sample was driedo warm to room temperature over 14 h with stirring. At this time

in vacuo for analysis bH NMR spectroscopy and confirmed clean
conversion to product<{5% (7°-CsHs)(7°>-CsMes)ZrCly). At this

a yellow-green solution was observed. The solvent was removed
in vacuo, leaving an oily paste. Pentane (25 mL) was added to the

point toluene was added, and the reaction mixture was transferredmixture by vacuum transfer. The resulting white precipitate was
to a flask and was concentrated and dried in vacuo. The resultingfiltered away from the yellow filtrate and washed with recycled
solid was stirred in petroleum ether (100 mL) and filtered. The solvent. Removal of all volatiles and drying in vacuo resulted in a
precipitate was isolated and was purified by precipitation from a yellow oil. In the glovebox this oil was dissolved in petroleum ether
concentrated toluereetroleum ether solution at35°C. Removal (20 mL) and filtered via pipet through Celite directly into a 50 mL
of all volatiles gave 0.340 g of an off-white solid identical (#y Kjeldahl flask equipped with a stir bar. The flask was attached to
NMR spectroscopy) to that obtained using the literature procedure. 3 needle valve, and on the vacuum line the volatiles were removed.
An additional 2.953 g of product was obtained by concentration of pentane (15 mL) was added by vacuum transfer to dissolve the oil
the combined organic filtrates and several repetitions of the and was removed slowly in vacuo with rapid stirring. Further
purification procedure. Yield: 3.293 g (87%). Anal. Calcd. for trituration with pentane (generally 3 cycles) gave a yellow powder,
CigHaaClZr: C, 56.19; H, 6.78. Found: C, 56.49, 56.29; H, 6.72, which was dried in vacuo. Yield: 0.550 g (84%). Anal. Calcd. for

6.82.'"H NMR (300 MHz, GDg¢): 0 5.79 (s, GHs, 5H), 1.71 (s,
Cs(CH3)s, 15H), 0.22 (s, @3, 3H). B8C{*H} NMR (75 MHz,
CsDg): 0 120.5 Cs(CHg)s), 113.6 CsHs), 35.3 (Zr—CHs), 12.2
(Cs(CHy)s).

Synthesis of (75-C5H5)(7]5-C5M65)Z|’(CH 3)(CH,SiMes) (4)
(CpCp*Zr(CH 3)(CH,TMS)). In an inert atmosphere glovebox, a
50 mL round-bottom flask equipped with a stir bar was charged

CoiHsZr: C, 66.78; H, 9.07. Found: C, 66.52, 66.76; H, 8.97,
9.01.1H NMR (300 MHz, GD¢): & 5.86 (s, GHs, 5H), 1.67 (s,
Cs(CHa)s, 15H), 1.13 (s, CHC(CHa)s, 9H), 0.45 (d, G1,C(CHy)s,
1H,J= 12.6 Hz),—0.18 (d, G1,C(CHy)s, 1H,J = 12.6 Hz).—0.27

(s, CHa, 3H). 33C{ *H} NMR (75 MHz, GD¢): 6 117.9 Cs(CHs)s),
1113 CsHs), 70.9 (ZF-CH,C(CHs)s), 36.5 (Z-CHa), 36.3
(CHC(CHa)3), 36.0 (CHC(CHa)3), 12.3 (G(CHg)s).
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Synthesis of {5-CsHs)(75>-CsMes)Zr(CH ,CMe3)Cl  (6) CsHs)(7°-CsMes)Zr(CH,CMes)Br (6-Br), and5 were observed in
(CpCp*Zr(Np)CI). In an inert atmosphere glovebox, a 50 mL roughly a 2:2:1 ratio respectively.
round-bottom flask equipped with a stir bar was charged wijth ( Alternate Methods for the Synthesis of 5-CsHs)(175-CsMes)-
CsHs)(17°-CsMes)ZrCl, (0.385 g, 1.06 mmol) and LiC}£Me; Zr(CH sCMes)(CHs) (5): Reaction of (75-CsHs)(175-CsMes)Zr-
(0.088 g, 1.13 mmol) and attached to a small swivel frit assembly. (CI)(CH ,CMe3) with Mg(CH 3),. In an inert atmosphere glovebox,
On the vacuum line, toluene (25 mL) was vacuum transferred onto g J. Young NMR tube was charged witf#{CsHs)(#75-CsMes) Zr(CH,-
the solids at—78 °C and the apparatus was backfilled with Ar.  CMe;)CI (13 mg, 0.03 mmol) and Mg(C#; (1.4 mg, 0.02 mmol).
The cooling bath was removed, and the reaction mixture was Benzeneds; (0.82 mL) was added, giving a yellow solution. The
allowed to warm to room temperature. Stirring h resulted in reaction mixture was heated at 80 and was allowed to proceed
a bright yellow solution and a white precipitate. The reaction was for 9 h, over which time the solution became more yellow-green
filtered, and the precipitate was washed twice with recycled solvent. in color and a precipitate was observed. TheNMR spectrum
The solvent was removed in vacuo, leaving a bright yellow oil that indicated a 60:35:5:1 mixture of compoun@és 5, 3, and ¢°-
began to solidify. Petroleum ether (10 mL) was added to the isolated CsHs)(5°-CsMes) Zr(CHs), respectively.
material by vacuum transfer followed by stirring at room temper-  Ajternate Methods for the Synthesis of 5-CsHz)(75-CsMes)-
ature. Removal of all volatiles and drying in vacuo yielded a bright  7ycH ,)(CH,CMe3) (5): Reaction of ¢;5-CsHs)(75-CsMes)Zr-
yellow powder. The product may be crystallized by slow diffusion  (cH,cMes)Cl with Mg(CH 3),—1,4-Dioxane.In an inert atmos-
of petroleum ether into a diethyl ether solution cooled-86 °C; phere glovebox, a J. Young NMR tube was charged with (
yellow crystalline fragments suitable for X-ray diffraction were ¢ .)(;5-CsMes)Zr(CH,CMes)Cl (10 mg, 0.02 mmol), Mg(Ch)
obtained via this method. Yield: 0.303 g (72%). Anal. Caled. for (1.5 mg, 0.02 mmol), and 1,4-dioxane &, 0.06 mmol). The
CaHarClZr: C, 60.33; H, 7.85. Found: C, 60.10, 60.41; H, 7.73, addition of benzene (0.83 mL) gave a yellow solution. The
7.87.*H NMR (300 MHz, GDs): 6 5.94 (s, GHs, 5H), 1.69 (s, reaction mixture was heated at 80, and the reaction was allowed

Cs(CHg)s, 15H), 1.26 (s, CHC(CHg)s, 9H), 1.21 (d, &12C(CH)s, to proceed for 9.5 h, over which time the solution became more
1H, J = 13.2 Hz), 0.16 (d, €,C(CHy)s, 1H, J = 13.2 Hz).13C- yellow-green in color and a precipitate was observed. Analysis of
{*H} NMR (75 MHz, GDe): 6 121.0 C5(CHa)s), 113.3 CsHs), the reaction mixture byH NMR spectroscopy indicated clean
68.9 (ZI‘—CH2C(CH3)3), 36.5 (C"kC(CHg)e,), 35.5 (C"tC(CHs)g), formation of Compounﬁ_
12.4 (G(CHa)s)- 2-Ethylbutyric Acid Methyl Ester (8). A 500 mL round-bottom
Alternate Methods for the Synthesis of {°>-CsHs)(17°-CsMes)- flask was charged with 2-ethylbutyric aci@)(92.4 g, 795 mmol)
Zr(CH 3)(CH2CMey) (5): Reaction of (7°-CsHs)(17°-CsMes)Zr- and methanol (275 mL, 6760 mmol). Concentrate8@; (23 mL)
(CH2CMes)Cl with LiCH 3. In an inert atmosphere glovebox, a J.  was added, and a reflux condenser was attached. The mixture was
Young NMR tube was charged withy%CsHs)(17°>-CsMes) Zr(CH,- heated to reflux for 24 h. Methanol was distilled off on a water

CMe;)Cl (12 mg, 0.03 mmol) and dry, ether-free solid Li€f.5 bath. The residue was diluted with water (500 mL), and the layers
mg, 0.07 mmol). Benzenes (0.78 mL) was added to give ayellow  \ere separated. Organics remaining in the aqueous layer were
solution; LiCH; was not soluble in §Dg at room temperature. The  extracted with diethyl ether. The combined organic phases were
reaction was heated at 89C and monitored by'H NMR washed with saturated NaHGQvater, and dried over MgSOThe
spectroscopy. Afte4 h of heating, théH NMR spectrum indicated  solvent was removed under reduced pressure. The product was
a 30:70 mixture ob and5, respectively. The reaction was complete  distilled (137°C, 1 atm) to produce a clear liquid. Yield: 51.65 g
(by 'H NMR) after an additionib h of heating at this temperature  (50%).H NMR (300 MHz, CDC}): ¢ 3.67 (s, O3, 3H), 2.21

to yield 5 cleanly as the only product. (m, CH(CH,CHa),, 1H), 1.56 (m, CH(EI,CHs),, 4H), 0.88 (t, CH-
Alternate Methods for the Synthesis of §°>-CsHs)(17°-CsMes)- (CH,CHj3),, 6H,J = 7.5 Hz).13C{*H} NMR (75 MHz, CDCl): ¢
Zr(CH 3)(CH,CMes) (5): Reaction of (75-CsHs)(175-CsMes)Zr- 176.89, 51.61, 49.19, 25.45, 12.24. DEPT (75 MHz, CPCb

(CH,CMe3)Cl with Li 33CH4-Lil. In an inert atmosphere glovebox, 176.89 (quaternary C), 49.18 (CH), 25.43 (§H51.58, 12.23

a J. Young NMR tube was charged witf?-CsHs)(7>-CsMes) Zr(CH,- (CHy).

CMe;)CI (12.8 mg, 0.03 mmol) and dry, ether-free solid¥Hs: 2,2-Diethylbutyric Acid Methyl Ester (9). A 1 L Schlenk flask

Lil (7.0 mg, 0.04 mmol). Benzends (0.81 mL) was added to give  with addition funnel was purged with argon and charged with HN-
a yellow solution; LFCHs-Lil was not soluble in GDg at room (CHMey), (47.4 mL, 338 mmol). THF (250 mL) was added via
temperature. The reaction mixture was heate®fb in an oilbath cannula and the solution cooled to°G. Butyllithium (211 mL,
regulated at 80C. At this time the sample was cooled to room 338 mmol) was transferred to the addition funnel by cannula and
temperature and a yellow-green solution with a white precipitate was added to the reaction mixture over 40 min with stirring. The
was observed. Analysis Y NMR spectroscopy indicated three  reaction mixture was then cooled 630 °C, and8 (40.0 g, 307

compounds were present. Compoufig;>-CsHs)(175-CsMes) Zr(CH,- mmol) was added slowly by syringe. The yellow solution was stirred
CMes)l (6-1), and 5 were observed in roughly a 7:1:12 ratio, for 30 min at this temperature. Ethyl iodide (27.3 mL, 338 mmol)
respectively. was added at-78 °C. The mixture was stirred at this temperature
Alternate Methods for the Synthesis of §5-CsHs)(;75-CsMes)- for 5 h and then at room temperature overnight. The reaction
Zr(CH 3)(CH,CMe3) (5): Reaction of (75-CsHs)(55-CsMes)Zr- mixture was added to a separatory funnel with diethyl ether and

(CH,CMe3)Cl with CH sMgBr. In an inert atmosphere glovebox, —water, and the phases were separated. The aqueous layer was
(7°-CsHs)(175-CsMes)Zr(CH,CMe3)Cl (31 mg, 0.08 mmol) was extracted with additional diethyl ether. The combined organic layers
dissolved in diethyl ether (5 mL) and cooled+®5°C. A 3.17 M were washed with saturated NaCl and dried over MgSthe
ethereal solution of C#MgBr (0.04 mL, 0.12 mmol) was diluted ~ solvent was removed under reduced pressure. The resulting yellow
in diethyl ether (2 mL) and cooled t635 °C. The chilled solution ~ liquid was distilled under full vacuum (381 °C, ~1 mmHg),

of CHsMgBr was added dropwise to the bright yellow solution of and a clear liquid was collected in two fractions. Yield: 39.3 g
(15-CsHs)(175-CsMes) Zr(CH,CMes)Cl. The reaction mixture was  (81%).'H NMR (300 MHz, CDC}): 6 3.66 (s, O3, 3H), 1.57
stirred for 2 h, over which time it became a darker yellow color. (4, C(CH2CHg)s, 6H, J = 7.5 Hz), 0.75 (t, C(CKCH3)s, 9H, J =
1,4-Dioxane (2 mL) was added and a white solid precipitated from 7.3 Hz).2*C{*H} NMR (75 MHz, CDCly): 6 177.90, 51.66, 50.32,

the yellow solution. The reaction mixture was filtered, and removal 26.40, 8.71. DEPT (75 MHz, CDg)t 6 177.90, 50.32 (quaternary

of all volatiles followed by drying in vacuo yielded a yellow, oily ~ C), 26.40 (CH), 51.67, 8.71 (CHh).

residue. Analysis of the isolated materialhy NMR spectroscopy 2,2-Diethylbutanol (10).In the gloveboxa 3 Lthree-neck flask
revealed three compounds were present. Compoudé;°>- was charged with LiAlH (7.19 g, 190 mmol). Outside the glovebox,
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an addition funnel was attached under a flow of argon. All joints tert-butyllithium (0.56 mL, 0.95 mmol) was added dropwise using
were sealed with Teflon tape and all adaptors secured with wire an Ar-flushed syringe. During the addition, formation of a white
and rubber bands. The flask was cooled in ar-idaCl bath, and precipitate was observed. The reaction mixture was stirrec7&t
diethyl ether (750 mL) was added through the addition funnel by °C for 40 min. The dry ice-acetone bath was removed, and the
cannula. Compoun@ (30.0 g, 190 mmol) was poured into the reaction mixture was allowed to warm to room temperature with
addition funnel and dissolved in diethyl ether against a strong flow stirring for 30 min, after which time a colorless solution was
of argon. This solution was added dropwise odeh and the observed. The septum was replaced with a Kontes needle valve,
temperature maintained at’C. Stirring continued overnight. The  and the solvent was removed. Drying in vacuo yielded a glassy,
reaction was quenched using Fieser conditions: water (8 mL), 15% white solid. In the glovebox the reaction flask was attached to a
NaOH (8 g of solution), water (24 mL). The liquids were removed small swivel frit assembly. On the vacuum line, pentane (12 mL)
from the sludgy, white precipitate with additional diethyl ether. The was vacuum transferred onto the glassy solig- @8 °C. Warming
phases were separated, and the aqueous layer was washed three room temperature and stirring to break up the solids resulted in
times with diethyl ether. The combined organic layer was dried a colorless solution with a white precipitate. This solution was
over MgSQ and the solvent removed under reduced pressure. Thefiltered and the precipitate washed one time with recycled solvent.
resulting cloudy liquid was distilled from CaS@nder reduced The solvent was removed to yield a pale yellow, almost colorless,
pressure (8682 °C, 20 mmHg), producing a white liquid. Yield:  oil, which was dried in vacuo. Yield: 0.045 g (88%H NMR

22.0 g (89%)H NMR (300 MHz, CDCH): 6 3.34 (d, G4,.C(CH- (300 MHz, GDg): & 1.34 (br g, CHC(CH,CHs)s 6H, J = 7.2 Hz),
CHa)s, 2H, J = 3.9 Hz), 1.30 (br, ®, 1H), 1.22 (q, CHC(CHz  0.90 (t, CHC(CH,CHa)s, 9H,J = 7.5 Hz),—0.71 (br s, &,C(CH,-
CHa)a, 6H, J = 7.5 Hz), 0.77 (t, CHC(CH,CHa)s, 9H, J = 7.6 CHa)s, 2H).

Hz). *C{*H} NMR (75 MHz, CDCly): 6 65.99, 39.79, 25.26, 7.73. 2,2-Dimethyl-3-phenylpropionoic Acid Ethyl Ester (15).A 1
DEPT (75 MHz, CDCJ): 6 39.79 (quaternary C), 65.96, 25.25 | Schlenk flask with addition funnel was purged with argon and
(CHy), 7.72 (CH). charged with HNr), (66.4 mL, 473 mmol). THF (300 mL) was

(2,2-Diethyl)butyl Mesylate (11).A 250 mL round-bottom flask added via cannula and the solution cooled t&0 Butyllithium
was charged witi0 (7.07 g, 54.3 mmol) and purged with argon. (296 mL, 474 mmol) was transferred to the addition funnel by
CH,Cl, (125 mL) was added via cannula. NEfL1.4 mL, 81.7 cannula and was added to the reaction mixture over 40 min with
mmol) was added by syringe, and the mixture was cooled’©.0 stirring. The reaction mixture was then cooled 30 °C, and
CH;SQ.CI (4.8 mL, 62.0 mmol) was added dropwise. The solution 2-methylpropionoic acid ethyl estet4) (50.0 g, 430 mmol) was
became pale yellow and a precipitate formed. Stirring continued at added slowly by syringe. The yellow solution was stirred for 30
this temperature for 1 h. For workup, additional £ was added min at this temperature. Benzyl bromide (56.3 mL, 473 mmol) was
and organics were washed with ice water (250 mL), chilled 10% added at-78 °C. The mixture was stirred at this temperature for
HCI (250 mL), saturated NaHGOand saturated NaCl. After drying 5 h and then at room temperature overnight. The reaction mixture
over NaSQ, the solvent was removed under reduced pressure to was added to a separatory funnel with diethyl ether and water, and

yield a thick, yellow liquid that was-95% pure by NMR. Yield: the phases were separated. The aqueous layer was extracted with
11.3 g (quantitative)!H NMR (300 MHz, CDC}): ¢ 3.95 (s, additional diethyl ether. The combined organic layers were washed
CH,C(CH,CHz)s, 2H), 2.30 (s, Eli3, 3H), 1.30 (g, CHC(CH2CHy)s, with saturated NaCl and dried over MggQOrhe solvent was

6H, J = 7.5 Hz), 0.81 (t, CHC(CH,CHg)3, 9H, J = 7.5 Hz). removed under reduced pressure. The resulting yellow liquid was

13C{*H} NMR (75 MHz, CDCly): 6 72.71, 39.13, 37.35, 25.34,  distilled under full vacuum (5557 °C, ~1 mmHg), yielding a faint-

7.58. DEPT (75 MHz, CDG): ¢ 39.13 (quaternary C), 72.69, ly yellow liquid. Yield: 74.8 g (84%).!H NMR (300 MHz,

25.32 (CH), 37.35, 7.59 (Ch). CDCL): ¢ 7.23 (m,m andp-PHH, 3H), 7.11 (ddp-PHH, 2H,J =
2,2-Diethyl-1-iodobutane (12) A 50 mL flask with condenser ~ 1.65, 7.65 Hz), 4.11 (q, O&€,CHs, 2H, J = 7.2 Hz), 2.85 (s,

was charged with1(2.91 g, 13.9 mmol) and anhydrous Nal (10.45 C(CHs),CH,Ph, 2H), 1.23 (t, OCECHs, 3H,J = 7.2 Hz), 1.17 (s,

g, 69.7 mmol) and was purged with argd:Methylpyrrolidinone C(CH3),CH,Ph, 6H).13C{1H} NMR (75 MHz, CDCl): ¢ 177.54,

(30 mL) was added via syringe. The reaction mixture was heated 138.13, 130.33, 128.09, 126.54, 60.65, 46.59, 43.79, 25.30, 14.53.

to 140°C for 4 h under argon. The reaction mixture was cooled, DEPT (75 MHz, CDC{): 6 177.54, 138.13, 43.79 (quaternary C),

and water and pentane were added. The phases were separated30.32, 128.10, 126.56 (CH), 60.69, 46.58 (§;H5.30, 14.57

and the aqueous layer was extracted with pentane. The combined CHs).

organic phases (400 mL) were washed with saturateg5i0s, 2,2-Dimethyl-3-phenylpropanol (16).In the gloveboxa 3 L

twice with saturated CuSQand water. After drying over MgSQ  three-neck flask was charged with LiAJ{10.41 g, 274 mmol).

the pentane was removed under reduced pressure. The yellow liquidOutside the glovebox, an addition funnel was attached under a flow

was purified by column chromatography on silica with hexanes. of argon. All joints were sealed with Teflon tape and all adaptors

The product was a clear liquid that was homogeneous by TLC. secured with wire and rubber bands. The flask was cooled in an

Yield: 2.40 g (72%)."H NMR (300 MHz, CDC}): ¢ 3.12 (s, ice—NaCl bath, and diethyl ether (850 mL) was added through the
CH>C(CHCHg)s, 2H), 1.30 (g, CHC(CH:CHj)s, 6H,J = 7.8 Hz), addition funnel by cannula. Compouné (50.0 g, 242 mmol) was
0.76 (t, CHC(CH,CHz)s, 9H, J = 7.35 Hz).3C{*H} NMR (75 poured into the addition funnel and dissolved in diethyl ether against
MHz, CDCL): 6 38.04, 27.38, 20.25, 8.15. DEPT (75 MHz, a strong flow of argon. This solution was added dropwise over 1
CDCly): ¢ 38.04 (quaternary C), 27.38, 20.25 (§+8.14 (CH). h and the temperature maintained at°©. Stirring continued
Synthesis of LICH,C(CH,CH3); (13) (LiCHCEtj3). 2,2-Di- overnight. The reaction was quenched using Fieser conditions:

ethyl-1-iodobutane (0.102 g, 0.43 mmol) was weighed into a 25 water (11 mL), 15% NaOH (11 g of solution), water (33 mL). The
mL round-bottom flask equipped with a 180eedle valve and was  liquids were removed from the sludgy, white precipitate with
degassed with two freezogump—thaw cycles at 77 K on the high-  additional diethyl ether. The phases were separated, and the aqueous
vacuum line. Pentane and then diethyl ether were added by vacuunlayer was washed three times with diethyl ether. The combined
transfer at=-78°C in a 3:2 ratio, respectively, to give a total solvent organic layer was dried over MgQ@nd the solvent removed under
volume of 12 mL. (Note: this reaction also worked effectively in reduced pressure. The resulting cloudy liquid was distilled from
3:1 pentanediethyl ether solvent.) The apparatus was backfilled CaSQ under full vacuum (6872 °C, ~0.2 mmHg), producing a

with Ar and stirred briefly at room temperature. The Kontes needle white liquid that later solidified to a hard white solid. Yield: 35.20
valve was replaced with a septum using a positive Ar counterflow. g (88%).'H NMR (300 MHz, CDC}): ¢ 7.26 (m,m-andp-PHH,

The solution was then cooled t678 °C, and a 1.7 M solution of 3H), 7.17 (ddp-PMH, 2H,J = 1.5, 7.35 Hz), 3.32 (d, B,C(CH),-
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CH,Ph, 2H,J = 5.4 Hz), 2.58 (s, CHC(CHs),CHoPh, 2H), 1.54
(t, OH, 1H,J = 5.4 Hz), 0.89 (s, CbC(CH3),CH,Ph, 6H).23C{H}
NMR (75 MHz, CDCE): ¢ 138.95, 130.68, 128.03, 126.13, 71.41,
44.97, 36.77, 24.35. DEPT (75 MHz, CDEI ¢ 138.95, 36.77
(quaternary C), 130.68, 128.02, 126.12 (CH), 71.40, 44.98)CH
24.51 (CH).

(2,2-Dimethyl-3-phenyl)propyl Mesylate (17). A 250 mL
round-bottom flask was charged witl6 (5.82 g, 35.4 mmol) and
purged with argon. CKCl, (110 mL) was added via cannula. NEt

Organometallics, Vol. 26, No. 12, 2&29

precipitate washed three times with recycled solvent. The solvent
was removed, yielding a yellow oil, which was dried in vacuo.
(Note: this compound was generally isolated as a diethyl etherate.)
Yield: 0.185 g (90%)H NMR (300 MHz, GDs): 6 7.05-7.25
(m (partially obscured by £Dg), CeHs, 5H), 2.55 (s, CHC-
(CHs)2CH4Ph, 2H), 1.07 (s, CEC(CH3),CH,Ph, 6H),—1.01 (br s,
CH,C(CHs),CH,Ph, 2H).

Synthesis of §>-CsHs)(7>-CsMes)Zr(CH 3)(CH,C(CH,CH3)s3)
(20) (CpCp*Zr(CH 3)(CH,CELt3)). In an inert atmosphere glovebox,

(7.6 mL, 54.5 mmol) was added by syringe, and the mixture was (1°-CsHs)(7°-CsMes)Zr(CHz)Cl (0.129 g, 0.38 mmol) was added

cooled to 0°C. CH;SOLCI (3.2 mL, 41.3 mmol) was added

to the 25 mL round-bottom flask equipped with a stir bar containing

dropwise. The solution became pale yellow and a precipitate LICH,CE% (0.045 g, 0.38 mmol) and attached to a small swivel

formed. The reaction mixture stirred at this temperature for 1 h.
For workup, additional CkCl, was added and the organics were

washed with ice water (250 mL), chilled 10% HCI (250 mL),

saturated NaHCg@ and saturated NaCl. After drying over )0,

frit assembly. On the vacuum line, diethyl ether (12 mL) was
vacuum transferred onto the reaction mixture-at8 °C. The

apparatus was backfilled with Ar, and the yellow solution was
allowed to warm to room temperature over 14 h with stirring. A

the solvent was removed under reduced pressure to yield a yellowyellow solution with a white precipitate was observed. The solvent

liquid that was>95% pure by NMR. Yield: 8.50 g (quantitative).
1H NMR (300 MHz, CDC}): ¢ 7.28 (m,m- andp-PhH, 3H), 7.14
(dd, o-PHH, 2H,J = 2.1, 7.35 Hz), 3.87 (s, 8,C(CHs).CH,Ph,
2H), 3.02 (s, @13, 3H), 2.62 (s, CHC(CHs),CH,Ph, 2H), 0.98 (s,
CH,C(CH3),CH,Ph, 6H). 13C{1H} NMR (75 MHz, CDCL): ¢

was removed, and the oily residue was dried in vacuo. Pentane
(10 mL) was added to the oil by vacuum transfer, and the reaction
mixture was stirred briefly at room temperature to break up the
solids. The resulting white precipitate was filtered away from the
yellow filtrate and washed once with recycled solvent. Removal

137.47, 130.66, 128.26, 126.61, 77.05, 44.81, 37.47, 35.67, 24.39.0f all volatiles and drying in vacuo resulted in a yellow-brown oil

DEPT (75 MHz, CDCJ): ¢ 137.47, 35.67 (quaternary C), 130.65,
128.25, 126.60 (CH), 77.05, 44.79 (@H37.46, 24.39 (CH.
2-Methyl-2-benzyl-1-iodopropane (18).A 50 mL flask with
condenser was charged witfd (1.86 g, 7.67 mmol) and anhydrous
Nal (5.75 g, 38.4 mmol) and was purged with arghFMethylpyr-
rolidinone (16 mL) was added via syringe. The reaction mixture
was heated to 140C for 7 h under argon. The reaction mixture

(0.130 g) that was 59% produ@0 as judged byH NMR
spectroscopy. Repeated attempts to purify this material by crystal-
lization or precipitation from concentrated pentane solutions3i
°C failed.*H NMR (500 MHz, GDg): 6 5.89 (s, GHs, 5H), 1.69
(s, G(CHg)s, 15H), 1.43 (m, CHC(CH,CHgz)s, 3H,J = 7.8 Hz),
1.35 (m, CHC(CH,CHg);, 3H, J = 7.8 Hz), 0.83 (t, CHC-
(CH2CHg)3, 9H,J = 7.4 Hz),—0.13 (d, GH,C(CH,CHg)3, 1H,J =

was cooled, and water and pentane were added. The phases werd3.4 Hz),—0.16 (d, G1.C(CH,CHg)s, 1H,J = 13.4 Hz),—0.28 (s,
separated and the aqueous layer was extracted with pentane. Th€Hs, 3H).
combined organic phases (250 mL) were washed with saturated Synthesis of {>-CsHs)(175-CsMes)Zr(CH 3)(CH>CMe,CH,Ph)

NaS;03, twice with saturated CuSQand water. After drying over

(21) (CpCp*Zr(CH 3)(CH,CMe,CH,Ph)). In an inert atmosphere

MgSQ,, the pentane was removed under reduced pressure. Theglovebox, §°-CsHs)(;7°>-CsMes)Zr(CHz)Cl (0.410 g, 1.19 mmol) was

yellow liquid was purified by column chromatography on silica

added to the 25 mL round-bottom flask equipped with a stir bar

with hexanes, and the product was a clear liquid that was containing LiCHCMe,CH,Ph (0.185 g, 1.19 mmol) and attached

homogeneous by TLC. Yield: 1.77 g (84%H NMR (300 MHz,
CDCl): 6 7.25 (br m, o, m-, and p-PHH, 5H), 3.13 (s,
CH,C(CHg),CH,Ph, 2H), 2.65 (s, CbC(CHs).CH,Ph, 2H), 1.04
(s, CHC(CH3),CH,Ph, 6H).13C{*H} NMR (75 MHz, CDCls): o

to a small swivel frit assembly. On the vacuum line, diethyl ether
(18 mL) was vacuum transferred onto the reaction mixture &

°C. The apparatus was backfilled with Ar, and the reaction mixture
was allowed to warm to room temperature. After stirring for 36 h

138.36, 130.46, 128.15, 126.50, 46.63, 35.08, 27.44, 24.53. DEPTa yellow-brown solution with an off-white precipitate was observed.

(75 MHz, CDCB): 6 138.46, 35.08 (quaternary C), 130.45, 128.14,
126.49 (CH), 46.62, 24.67 (G 27.44 (CH).
2-Methyl-2-benzyl-1-iodopropane (0.365 g, 1.33 mmol) was weighed
into a 25 mL round-bottom flask equipped with a 18@edle valve
and was degassed with two freezgump—thaw cycles at 77 K on

The solvent was removed, and the oily residue was dried foin
vacuo. Pentane (15 mL) was added to the oil by vacuum transfer,
and the reaction mixture was stirred briefly at room temperature to
break up the solids. The resulting white precipitate was filtered
away from the dark brown filtrate and washed once with recycled
solvent. Removal of all volatiles and drying in vacuo for 1.5 h at

the high-vacuum line. Pentane and then diethyl ether were addedd0 °C resulted in a dark brown oil (0.396 g) that was 71% product

by vacuum transfer at 78 °C in a 3:1 ratio, respectively, to give

a total solvent volume of 12 mL. The apparatus was backfilled
with Ar and stirred briefly at room temperature. The Kontes needle
valve was replaced by a septum using a positive Ar counterflow.
The solution was then cooled t678 °C, and a 1.7 M solution of
tert-butyllithium (1.80 mL, 2.92 mmol) was added dropwise using
an Ar-flushed syringe. A white precipitate was observed im-
mediately following the addition. The reaction mixture was stirred
at —78 °C for 35 min. The dry ice-acetone bath was removed,

21as judged byH NMR spectroscopy. Repeated attempts to purify
this material by crystallization or precipitation from concentrated
pentane solutions at35 °C have failed.!H NMR (300 MHz,
CeDg): 0 7.15-7.25 (m (partially obscured bygDg), CsHs, 5H),
5.82 (s, GHs, 5H), 2.58 (d, CHC(CHs),CH,Ph, 1H,J = 12.6 Hz),
2.54 (d, CHC(CH,),CH,Ph, 1H,J = 12.1 Hz), 1.64 (S, GCHs)s,
15H), 1.15 (s, CHC(CH3).CH,Ph, 3H), 0.92 (s, CKC(CH3)-CH,-

Ph, 3H), 0.44 (d, €,C(CHs),CH,Ph, 1H,J = 12.0 Hz),—0.27 (s,
CHa, 3H), —0.33 (d, GH,C(CHs),CH,Ph, 1H,J = 12.7 Hz).

and the reaction mixture was allowed to warm to room temperature  Synthesis of §>-CsHs),Zr(CH 3)(CH,C(CH2CHa)3) (22) (CpoZr-

with stirring for 45 min, during which time the solution turned (CHs3)(CH.CEt3)). 2,2-Diethyl-1-iodobutane (0.274 g, 1.14 mmol)
yellow. The septum was replaced with a Kontes needle valve, the was weighed into a 25 mL round-bottom flask equipped with a
solvent was removed, and the oily residue was dried in vacuo. In 180° needle valve and was degassed at 77 K on the high-vacuum
the glovebox the reaction flask was attached to a small swivel frit line. Pentane (8 to 10 mL) and then diethyl ether (2 to 4 mL) were
assembly. On the vacuum line, pentane (12 mL) was vacuum added by vacuum transferaf78 °C. The apparatus was backfilled
transferred onto the oil at78 °C. Warming to room temperature  with Ar and stirred briefly at room temperature. The Kontes needle
and stirring to break up the solids resulted in a yellow solution valve was replaced by a septum using a positive Ar counterflow.
with a white precipitate. This solution was filtered and the The solution was then cooled t678 °C, and a 1.7 M solution of
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tert-butyllithium (1.50 mL, 2.51 mmol) was added dropwise using
an Ar-flushed syringe. A white precipitate was observed in the

Klamo et al.

solution with an off-white precipitate. Filtration followed by removal
of solvent yielded a brown oil, which was dried at 3D in vacuo.

colorless solution before the addition was completed. The reaction In the glovebox this oil was dissolved in pentane, giving a yellow-

mixture was stirred at-78 °C for 30 min. The dry ice-acetone
bath was removed and the reaction mixture stirred at room

brown solution, which was filtered via pipet through Celite and
concentrated to less than 10 mL. The solution was cooled3®

temperature for 30 min. The septum was replaced with a Kontes °C to recrystallize the desired product as brown pellets, which were
needle valve, and the solvent was removed. Drying in vacuo yielded isolated and dried in vacuo. Yield: 0.208 g (33%). Anal. Calcd.

a glassy, white solid. In an inert atmosphere glovebpxdsHs),-
Zr(CH3)CI (0.310 g, 1.14 mmol) was added to the flask containing
this solid, which was then attached to a small swivel frit assembly.
On the vacuum line, diethyl ether (13 mL) was vacuum transferred
onto the solids at-78 °C and the apparatus was backfilled with
Ar. The reaction mixture was allowed to warm to room temperature
over 20 h with stirring. At this time a brown-green solution with a

for CoHoeZr: C, 68.87; H, 7.35. Found: C, 68.56, 68.62; H, 7.26,
7.28.1H NMR (300 MHz, GDg): ¢ 7.16-7.25 (m (partially
obscured by €Dg), CeHs, 5H), 5.73 (s, GHs, 10H), 2.49 (s, CHC-
(CHs)2CH,Ph, 2H), 0.98 (s, ChC(CH3),CH,Ph, 6H), 0.45 (s,
CH,C(CHg),CH,Ph, 2H),—0.043 (s, E3, 3H).H NMR (500 MHz,
C:Dg): 6 7.10-7.20 (m (partially obscured byDg), CsHs, 5H),
5.73 (s, GHs, 10H), 2.43 (s, CHC(CH),CH,Ph, 2H), 0.94 (s,

white precipitate was observed. The solvent was removed, and theCH,C(CH3),CH,Ph, 6H), 0.41 (s, €,C(CHs),CH,Ph, 2H),—0.12

resulting yellow-brown oil was dried at 3T in vacuo. Pentane
(20 mL) was vacuum transferred onto the oil-af8 °C. Stirring
at room temperature gave a yellow-brown solution with an off-
white precipitate. Filtration followed by removal of solvent yielded
a yellow-brown oil, which was dried at 3%C in vacuo. In the
glovebox this oil was dissolved in pentane, giving a yellow solution,
which was filtered via pipet through Celite and concentrated to
less than 10 mL. The solution was cooled85 °C to recrystallize
the desired product; pale yellow crystalline material suitable for
X-ray diffraction was isolated and dried in vacuo. Yield: 0.128 g
(32%). Anal. Calcd. for gHzoZr: C, 65.26; H, 8.65. Found: C,
64.50, 64.39; H, 8.65, 8.424 NMR (500 MHz, GDg): 0 5.78 (s,
CsHs, 10H), 1.29 (g, CHC(CH,CHs)s, 6H, J = 7.4 Hz), 0.80 (t,
CH,C(CH,CHg)3, 9H,J = 7.4 Hz), 0.15 (s, €,C(CH,CHz)s, 2H),
—0.015 (s, Gl3, 3H). 3C{*H} NMR (125 MHz, GDg): 6 110.3
(CsHs), 76.8 (Zr—CH,C(CH,CHs)3), 46.5 (CHC(CH,CHj3)s), 33.0
(CHC(CH.CHj3)3), 25.9 (Zr—CHj3), 9.3 (CHC(CH,CHj3)3).
Synthesis of (]5-C5H5)22r(CH 3)(CH2C(CH3)2CH2Ph) (23)
(Cp2Zr(CH 3)(CH,CMe,CH,Ph)). 2-Methyl-2-benzyl-1-iodopro-
pane (0.448 g, 1.63 mmol) was weighed into a 25 mL round-bottom
flask equipped with a 18nheedle valve and was degassed at 77 K
on the high-vacuum line. Pentane (8 to 10 mL) and then diethyl
ether (2 to 4 mL) were added by vacuum transfer-@s °C. The
apparatus was backfilled with Ar and stirred briefly at room

(s, CHs, 3H).*H NMR (500 MHz, GDg, 193 K): ¢ 7.15-7.25 (m
(partially obscured by ¢Dg), CsHs, 5H), 5.63 (s, GHs, 10H), 2.49
(s, CHC(CHgz),CH,Ph, 2H), 1.00 (s, ChC(CH3),CH,Ph, 6H), 0.40
(s, CH,C(CH;s),CH,Ph, 2H), 0.024 (s, B;, 3H). *H NMR (500
MHz, CD,Cl,): 6 7.24 (t,m-CeHs, 2H,J = 7.0 Hz), 7.17 (tp-CgHs,
1H,J= 7.3 Hz), 7.08 (dp-CeHs, 2H,J = 7.25 Hz), 6.08 (s, ¢Hs,
10H), 2.40 (s, CHC(CH;s),CH,Ph, 2H), 0.89 (s, CKC(CH3).CHx-
Ph, 6H), 0.37 (s, 8,C(CHs),CH,Ph, 2H),—0.31 (s, G13, 3H).
13C{1H} NMR (125 MHz, CQCly): ¢ 141.2 {-CgHs), 131.2 (m+
CsHs), 127.8 0-CgHs), 126.0 p-CgHs), 110.6 CsHs), 75.6 (Zr—
CH,C(CH;),CH,Ph), 55.0 (CHC(CHs),CH,Ph), 41.4 (CHC(CHy),-
CH,Ph), 31.8 (CHC(CH3),CH,Ph), 27.6 (Zr€Hs). DEPT (75 MHz,
CD,Cly): 6 141.2, 41.4 (quaternary C), 131.2, 127.8, 126.0, 110.6
(CH), 75.6, 55.0 (Ch), 31.8, 27.6 (CH).

X-ray Crystal Data: General Procedure. Crystals grown from
pentane 1, 2, and22) at —35 °C were isolated and dried in vacuo,
then transferred to a microscope slide coated with Paratone N oil.
Crystals grown from BD—petroleum ether@) at —35 °C were
removed quickly from a scintillation vial to a microscope slide
coated with Paratone N oil. Samples were selected and mounted
on a glass fiber with Paratone N oil. Data collection was carried
out on a Bruker Smart 1000 CCD diffractometer. The structures
were solved by directl( 2, 6) or Patterson methods22)
(SHELXTL-97, Sheldrick, 1990) in conjunction with standard

temperature. The Kontes needle valve was replaced by a septundifference Fourier techniques. All non-hydrogen atoms were refined

using a positive Ar counterflow. The solution was then cooled to
—78°C, and a 1.7 M solution atert-butyllithium (2.15 mL, 3.60
mmol) was added dropwise using an Ar-flushed syringe. A white

precipitate was observed in the colorless solution before the addition

was completed. The reaction mixture was stirree-@8 °C for 30
min. The dry ice-acetone bath was removed and the reaction

anisotropically. Some details regarding refined data and cell
parameters are available in Table 2. Selected bond distances and
angles are supplied in Tables 1 and 3.
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