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Abstract: The rate of reductive elimination for a family of zirconocene isobutyl hydride complexes,
Cp*(CpRp)Zr(CH,CHMe,)H (Cp* = 5°>CsMes, CpR, = substituted cyclopentadienyl), has been measured
as a function of cyclopentadienyl substituent. In general, the rate of reductive elimination increases modestly
with the incorporation of sterically demanding substituents such as [CMes] or [SiMe3]. A series of isotopic
labeling experiments was used to elucidate the mechanism and rate-determining step for the reductive
elimination process. From these studies, a new zirconocene isobutyl hydride complex, Cp''2Zr(CH,CHMe,)-
(H) (Cp" = n>CsHs-1,3-(SiMe3),), was designed and synthesized such that facile reductive elimination of
isobutane and activation of dinitrogen was observed. The resulting dinitrogen complex, [Cp''2Zr]2(u2, 7?,1m?-
N>), has been characterized by X-ray diffraction and displays a bond length of 1.47 A for the N, ligand, the
longest observed in any metallocene dinitrogen complex. Solution magnetic susceptibility demonstrates
that [Cp"2Zr]2(u2, 72, 7?-N2) is a ground-state triplet, consistent with two Zr(Ill), d* centers. Mechanistic
studies reveal that the dinitrogen complex is derived from the reaction of N, with the resulting cyclometalated
zirconocene hydride rather than directly from reductive elimination of alkane.

Introduction to dinitrogen activation where CgZrCl, (Cp* = 7°-CsMes)

Group 4 metallocenes have attracted considerable attentionundergoes facile reduction with 40% sodium amalgam to afford
Pa o . . o [Cp*2Zr(n1-N2)]2(u2, 7%, n%-Ny), 12 but related zirconocenes such
due to their applications in olefin polymerization and other , —— .

- . . . o : . as CpZrCly and C,ZrCl, (Cp' = 1°-CsH3-1,3-(SiMgy),, Cpt
stoichiometric and catalytic reactiohs his rich chemistry is — 5-CoHal M | d | ducti
dominated by the M(1V), oxidation state, although low-valent ! “Cefis-1,3-(CMey),) only undergo one-electron reduction

’ ’ to the Zr(l1l) monochloride under similar conditios4In fact,

titanocenes, zirconocenes, and hafnocenes also promote a varie . . .
P tti*ZZrCIz is the only zirconocene known that forms a dinitrogen

of noteworthy transformatioris.Interest in these molecules complex using alkali metal reducing agents. It should be noted,

originates with Wilkinson’s attempt to prepare the parent however, that titanocen®sand noncyclopentadienyl ligated
titanocene, [CpTi"],34but has been expanded to include several _. - . i
zirconium complexes undergo smooth alkali metal (or equiva-

examples, spanning all members of the triad. Diverse applica- lent) reduction to yield dinitrogen complexs
tions range from organic synthesfto the activation of small Reductive elimination of alkane (or dihydrogen) from a zir-

d ini —11
molecules such as carbon monoXided dinitroger? conocene alkyl hydride (or dihydride) represents an attractive,

S_ynthe3|s of I_ow-valent group 4 metalloc_enes is typically mild alternative for the synthesis of low-valent group 4 transition
achieved by adding strong alkali metal reducing agents such as

. . . ., _~metal dinitrogen complexes. Although reductive elimination
sodium amalgam to the corresponding metall_oceng dichloride, o vtions are ubiquitodfs 23 and mechanistically well-estab-
(R:Cp)MCl,. Despite numerous successes using this approach,
these reactions are often unpredictable and subject to ill-defined 15y manriquez, J. M.; Bercaw, J. B. Am. Chem. Sod974 96, 6229
substituent effects. These complications are particularly relevant
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Figure 1. Molecular structure of Cpif>-CsHz-1,2,4-(SiMe)3)ZrCl, (3-Cly) at 50% probability ellipsoids.

lished*-28 for d® and & late transition metal complexes, reports Cp*CpZr(CH,CHMe)H (Cp = #5-CsHs-SiMes, 1) and
of this transformation in group 4 transition metal chemistry are Cp*Cp’'Zr(CH,CHMey)H (2) which were isolated as yellow oils
sparse. One pathway, referred to as a “ligand-induced” reductive (eq 1).
elimination, involves addition of-donating ligands such as
tertiary phosphines to Ggar(R)H complexes, liberating alkane )ﬁ ﬁ

i -li \ 2 LiCM \
?Fr)lgg)l;c;gmlng the Zr(ll)-ligand adduct, for example, Zp Zr:CC:II .Hzcl;=c;392 . -H : )
Reductive elimination reactions that occur thermally, without RmSiMEs -zLa R%S“‘"es

addition of exogenous ligands, have also been observed. Ther-
molysis of Cp%Zr(CH,CHMe,)H at 74 °C results in smooth,
first-order elimination of isobutane along with a variety of

zirconocene produci8.Other examples of reductive elimination This study also included the highly silylated zirconocene

reactions involving group 4 transition metals have also been isobutyl hydride, Cp*CpZr(CH,CHMex)H (3, Cp"" = 35-CsHo-
reportect’—35 Despite these observations, a detailed understand-, 4-(SiMe)s). Preparation of the requisite zirconocene dichlo-
ing of .the anc@llary ligand effects on this fundamgntal 0rgano- yige complex, Cp*Cp ZrCl, (3-Cl,), was accomplished in 38%
metallic reaction has not been disclosed. In this article, we yield by refluxing LiCp" with Cp*ZrCls for 3 days in THF
describe the first systematic study of reductive elimination in ¢ 5ved by extraction with diethyl ether. Single crystals of air-
early transition metal chemistry and apply the conclusions from oy moisture-stable-Cl, were obtained from slow evaporation
these studies to the synthesis of a side-on bound, paramagnetigy , concentrated solution of the metallocene in a 75:25 diethyl
zirconocene dinitrogen complex. Relative rates of reductive ether:pentane mixture. The solid-state structure3@l,, as
elimination as a function of cyclopentadienyl substitution, yotarmined by X-ray diffraction, is shown in Figure 1 and
mechanistic details, and the scope of the reductive elimination . i~ins two independent, enantiomeric molecules in the unit
process as it applies to dinitrogen activation are described. .o |n both enantiomers, the [SiMegroups are oriented to

Results and Discussion minimize unfavorable steric interactions in the narrow (“back”)
portion of the metallocene wedge and with the chloride ligands.
The desired isobutyl hydride comple®, was prepared by

adding 2 equiv of LICMegto Cp*Cg"'ZrCl,. Samples prepared
using this method are invariably contaminated with the cyclo-
metalated zirconocene, Cpf%CsH2-2,4-(SiM&),-1-71-SiMe,-
CHy)ZrH (3a), resulting from facile reductive elimination of

Synthesis of Zirconocene Alkyl Hydride ComplexesWe
began our investigations of early transition metal reductive
elimination reactions with a family of zirconocene isobutyl
hydride complexes. We recently discovered a convenient method
for their preparatior? illustrated by the efficient synthesis of

(24) Williams, B. S.; Goldberg, K. 1J. Am. Chem. So@001, 123 2576. isobutane (Scheme 1). To obtain pBea low temperature
(gg) (B:rurlnptolrz, IE._ l\é Iggldbelr(g, IK_.EE. G\m. (\Zl\f/lem. ioQOCO'? 122592%.0 synthetic route that suppressed reductive elimination was sought.
(26) Bapiett & L; Goldnerg, K. 1.; Borden, W. . Am. Chem. So200q Insertion of isobutene into the corresponding zirconocene dihy-
(27) ggggett, K. L.; Goldberg, K. I.; Borden, W. Drganometallic2001, 20, dride was an attractive route, as these reactions often proceed
(28) Williams, B. S.; Holland, A. W.: Goldberg, K. I. Am. Chem. S04999 rapidly at low temperaturg. The metastable zirconocene
121, 252. dihydride, Cp*Cp'ZrH; (6), was prepared by adding 1 atm of
(29) Gell, K. I.; Schwartz, JJ. Am. Chem. Sod.981, 103 2687. y 0 P 'd 2 (6), brep i y g
(30) McAlister, D. R.; Erwin, D. K.; Bercaw, J. El. Am. Chem. Sod97§ H2 gas to the mixture 08 and 3a at 22°C. Although stable
100, 5966. i i
(31) Batmann, R.; Stumpf, R.; Davis, W. M.; Liang, L. C.; Schrock, RIR. under an atmosphere of dihydrogen for extended per@ds,
Am. Chem. Sodl999 121, 7822. _ reverts to3a upon removal of the Hatmosphere, precluding
(32) '1"382'193“86%’”' R.H. Tilley, T. D.; Rheingold, A. L1 Organomet. Chem.  efforts to isolate the molecule in the solid state. Despite this
(33) Spence, R. E. V,; Piers, W. E.; Sun, Y. M,; Parvez, M.; MacGillivray, L. ~ complication, preparation of pu@was achieved via addition
R.; Zaworotko, M. JOrganometallics1998 17, 2459. of 1 equiv of isobutene t6 at low temperature (Scheme 1).

(34) Raoult, Y.; Choukroun, R.; Blandy, @Qrganometallics1992 11, 2443.
(35) Casty, G. L.; Lugmair, C. G.; Radu, N. S.; Tilley, T. D.; Walzer, J. F.;

Zargarian, D.Organometallics1997, 16, 8. (37) Chirik, P. J.; Day, M. W.; Labinger, J. A.; Bercaw, J. E.Am. Chem.
(36) Pool, J. A.; Bradley, C. A.; Chirik, P. @rganometallic2002 21, 1271. So0c.1999 121, 10308.

2242 J. AM. CHEM. SOC. = VOL. 125, NO. 8, 2003



Elimination Reactions in Group 4 Metallocenes ARTICLES

/@ cl 2 LiCMeg ’ﬁ H «@\

Scheme 1

-

r. Zr_ + Zr; +
MegSi SCl -CHp=CMe,  MesSi \—< MegSi A\ _<
- -2 LiCl : SiMe,

SiMe3 SiMeg

SiMe3 SiMe3 SiMe3

3-Cl, 3
1 Ho, HCMe3

/ﬁ,H =< »ﬁ

. Zr; < -~
Me3SI . <0°C Me3SI

-SIMeS SIMeg
S|Me3 SIMe3
3

In a similar procedure, CpBuCp)Zr(CH.CHMey)H (4,

BuCp = #5°CsHs-(CMe3)) was synthesized by adding 1 L H Y
equiv of isobutene to [Cp#BUCP)ZrH;]..28 To complete the \—< ’ rﬁ\ * _< @
series of zirconocene isobutyl hydride complexes, £p* R EMe; R EMe,

(CH.,CHMey)H (5) was also prepared. Although has been

prepared previously by reacting isobutene with &vH,,3° ;: ngw?:?zl—s ;: ng{“f;SEi_ s
addition of 2 equiv of LICMe to Cp*ZrCl, proved to be & 4 R-peoc . 4a R-HE<C

more efficient route. Using this methodology, we prepdéu
92% vyield in a one-pot synthesis in less than 1 h, unlike the
previous multistep procedure which requires several @ays.
Hydrogenation ob to Cp*,ZrH, proceeded in a few minutes
at 1 atm of H and ambient temperature, also a significant

The experimentally determined first-order rate constants
measured at 40C for 1-5 are shown in Table 1. This temper-
ature was selected because each of the reductive elimination
¢ ! reactions occurs at a rate that is convenient to measutél by
improvement over previously reported procedures (e¥ 2). NMR spectroscopy. Rate constants were measured as a function

of temperature for isobutane formation from the thermolysis of

’ﬁm 2 LicMe ,@H Hy ’% 2 over a 58 temperature range (394 °C). An excellent fit to
A<¢ m Z’l_< Thower oy @ the Eyring equation was obtainedR?( = 0.997), yielding

%— -2 LiCl \%— \%— activation parameters dfH* = 25(1) kcal/mol andAS" = 3(3)

eu. The entropy of activation is consistent with a unimolecular

reaction.

Relative Rates of Reductive Elimination.Monitoring the In related processes, the dihydride complexésand
thermal stability of each of the zirconocene isobutyl hydride Cp*Cp’ZrHz (7), underwent loss of dihydrogen and formation
complexes1—4, by 'H NMR spectroscopy revealed that each of the corresponding cyclometalated hydride comple3asnd
molecule undergoes smooth first-order elimination of isobutane 23, respectively. Qualitatively, the rates of reductive elimination
along with formation of a cyclometalated zirconocene hydride. for these complexes follow the same trend as those observed
The observed reactions are best viewed as a composite of dor the isobutyl hydride complex, whefeundergoes more rapid
reductive elimination process liberating alkane followed by expulsion of dihydrogen thai. In both cases, the reductive
oxidative addition of a €H bond of one of the cyclopentadienyl  elimination reactions are substantially faster than those for the
substituents to yield the cyclometalated product. Thiis, alkyl hydride complexes, in contrast to previous reportsSor
converted to Cp*®-CsH-1y1-SiMe,CH,)ZrH (1a) and2reacted ~ and Cp%ZrH,.30:40
to yield Cp*(y°>-CsHs-3-SiMes-n-SiMe;CH;)ZrH (2a) and The kinetic data demonstrate the modest effect of cyclopen-
likewise 3 to 3a (eq 3). Thetert-butyl substituted zirconocene,  tadienyl ligand substitution on the rate of reductive elimination
4, also undergoes thermal reductive elimination of isobutane to of isobutane. The most salient trend is the steady increase
yield Cp*(17®-CsHa-1-CMe,CH,)ZrH (4a) in a first-order observed in the rate constant as [SgMgroups are introduced
process, although other unidentified side products are alsoonto the cyclopentadienyl ligands. For example, addition of one
formed. It is important to mention that, f@& the presence of  [SiMes] group in going from1 to 2 resulted in a 5-fold rate
different diastereotopic [SiMgsubstituents offers the possibility  enhancement, whereas further silylati@tg 3) induced a 40-
of two cyclometalated hydride products. F8r three such fold increase in rate constant. This trend is opposite to those
isomers are possible. In both cases, only one isomer waspreviously reported for olefin insertion agahydrogen elimina-
observed by*H and'3C NMR spectroscopy. Identification of  tion, where increased ancillary ligand substitution results in
the preferred diastereomers and the origin of their formation slower rates of reactioff.
are deferred to a later section in the article.

5

(40) Kraft, B. M.; Lachiotte, R. J.; Jones, W. D. Am. Chem. So001, 123
(38) Chirik, P. J.; Day, M. W.; Bercaw, J. Barganometallics1999 18, 1873. 10973.
(39) Schock, L. E.; Marks, T. J. Am. Chem. Sod.988 110, 7701. (41) Chirik, P. J.; Bercaw, J. BRolym. Prepr.200Q 41, 393.
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Table 1. First-Order Rate Constants for the Series of Zirconocene
Isobutyl Hydride Complexes at 40 °C

compound k(s™) relative rate
1 1.6(3)x 1075 5.0
2 7.8(2)x 1075 24
3 3.1(1)x 1073 970
4 7.7(2)x 106 2.4
5 3.2(5)x 1076 1

Isotopic Labeling Studies. To account for the observed
cyclopentadienyl ligand effects and to elucidate the mechanism
for reductive elimination, a series of isotopic labeling studies
were conducted. The simplest possible mechanism, termed th
“direct pathway”, involves straightforward combination of the
zirconocene hydride and the coordinated alkyl to form theHC
bond of the resulting alkane. To test this possibility, Cp*Zp
(CD2CD(CD3)2)D (2-d10) was prepared in 90% yield arre95%
isotopic purity by addition of LIiC(CE); to a toluene solu-
tion of Cp*Cp'ZrCl,. Thermolysis of2-djp at 40 °C yielded
DC(CD,H)(CDs), and the cyclometalated zirconocene complex
(Scheme 2). Analysis of the resulting zirconocene?{H}

To establish the propensity for [Me] versus [Siiflgroup
participation, isotopic labeling studies were conducted with the
zirconocene dideuteride, Cp*CprD,, (7-dy). Preparation of this
molecule was easily accomplished via addition of 1 atm f D
gas to7 at 22 °C. Instantaneous deuterium for hydrogen
exchange was observed in the metal hydride positions. Con-
tinued monitoring by2H{*H} NMR spectroscopy revealed
deuterium incorporation into the [SiMlesubstituents over the
course 62 h (Scheme 3). ComplementaHd NMR studies
revealed essentially complete deuteration of these groups after
24 h. Significant deuterium incorporation into thesMes] ring
took place only after 3 days at 2Z. The absolute rate of

(?sotopic exchange, not the relative selectivity, is dependent on

the D, pressure employed. Addition of 4 atm of @ a pentane
solution of 7 resulted in slower isotopic exchange than the
corresponding reaction at 1 atm. This concentration effect argues
against o-bond methathesis pathways. Preferential [SMe
isotopic exchange, coupled with the observation that the [§iMe
substituent is the source of hydrogen (or deuterium) for the
liberated alkane, clearly establishes the preference for [§iMe
group activation and cyclometalation over the methyl groups

NMR spectroscopy demonstrated that isotopic exchange hadfrom the [GMes] ligand

occurred in the zirconocene hydride and in all positions of the
cyclometalated [SiMg moiety. Continued thermolysis of the
cyclometalated product resulted in isotopic exchange into the
other [SiMg] group over the course of hours, demonstrating
the kinetic accessibility of the other diastereomeric cyclometa-
lated hydride (vide infra). If the direct mechanism were
operative, only isobutangr and the cyclometalated zirconocene
hydride, free of deuterium incorporation, would be formed. The
observed isotopic exchange definitively excludes this mecha-
nistic possibility.

Because the thermolysis @fd; and literature precedefit
suggested the participation of the cyclopentadienyl ligand
substituents in the reductive elimination process, additional
isotopic labeling studies were conducted. Reaction of gp*(
CsH3-1,3-(Si(CDy)3)2)ZrD, (vide infra) with 1 equiv of isobutene
afforded Cp*¢®-CsHz-1,3-(Si(CD2)3)2)Zr(CH,CDMey)D (2-po)-
in >95% isotopic purity ¥H and ?H NMR) (Scheme 3).
Warming benzenés solutions of the complex to 4 induced
reductive elimination, forming DC(C#D)(CHz), and the cy-
clometalated zirconocene with no isotopic exchange (eq 4).
Because direct reductive elimination has been previously ex-
cluded, this result clearly establishes the [SiMgroups as the
source of hydrogen (or deuterium) for the-8 bond forming
reaction.

;; \, -D
CH2CD(CHg)a

~
(cog)ss%*Si(CDs)s

2-dy

40°C

\ D_D

Ve + DC(CHD)(CHa)
7 oo
(CDg)sSi Si(CDg)e

(4)

Previous work with5 suggested that the mechanism for
reductive elimination proceeds by initial zirconium-to-ring
hydrogen transfer followed by rate-determining oxidative ad-
dition of a cyclopentadienyl methyl group (Scheme¥4The
isotopic labeling studies witB are consistent with this general
process, although chemically inequivalent cyclopentadienyl rings
complicate the mechanism for reductive elimination, as each
may have its own preference for hydrogen transfer and cyclo-
metalation.

2244 J. AM. CHEM. SOC. = VOL. 125, NO. 8, 2003

Selectivity in the zirconium-to-ring hydrogen transfer step
(i, Scheme 4) is also complicated with mixed-ring zirconocene
complexes. Formally, this process may be considered a reductive
elimination reaction providing a zirconium(ll) complex contain-
ing a neutral cyclopentadiene ligand. As a result of the formal
two-electron reduction at the metal, the hydrogen migration may,
therefore, be viewed as a proton-transfer reaction. Protonation
of the [GMes] over the [CP] ring would be expected because
it is well established that silylated cyclopentadienes are more
acidic than their alkylated counterpaffs.

Identifying the rate-determining step for the alkane elimina-
tion-cyclometalation process is essential to understanding the
origin of the observed substituent effects. Although the identity
of this transformation has been the subject of speculation, it
has yet to be experimentally verified. To address this issue, the
kinetic isotope effect for reductive elimination was measured
using two independent methods. For these experiments, the
isotopically labeled zirconocene, Cp¥CsH3-1,3-(Si(CLy)3)2)-
Zr(CH,CHMey)H (2-d1g), was prepared via the synthetic route
shown in Scheme 5. Deuteration bfvith D, gas followed by
treatment with DCI afforded the deuterated zirconocene dichlo-
ride, Cp*@®-CsHz-1,3-(Si(CD)3)2)ZrClo. Subsequent treatment
with 2 equiv of LICMe; yielded2-d;s. A primary isotope effect
(ku/kp) of 3.3(3) was measured at 8C using the average of
five independent trials for the reductive elimination of b@th
and 2-d;s. Measurement of the isotope effect using a more
reliable internal competition experiment, whereby an equimolar
mixture of 2 and 2-d;5 was thermolyzed at 6€C, provided a
similar value of 3.6(3). A primary isotope effect arising from
introduction of isotopic labels into the [SiMesubstituents
suggests that reductive elimination proceeds via rapid zirconium-
to-ring hydrogen transfer followed by rate-determining cyclo-
metalation (ii, Scheme 4).

Knowledge of the rate-determining step allows for the
explanation of the observed substituent effects on the rate of

isobutane reductive elimination. Because cyclometalation of a

(42) Edelman, M. A.; Hitchcock, P. B.; Lappert, M. F.; Liu, D. S.; TianJS.
Organomet. Cheni998 550, 397.
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~D
Me3Si %sn\ﬂe3 (CD3)3S%Si(CDa)3
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tion observed foB as compared t@. The additional silylation
may serve to provide a conformer with accessibteHCbonds
for oxidative addition (vide infra, Scheme 6).

One final point regarding the mechanism proposed in Scheme
4 concerns the possibility of transferring the hydrogen to the
same ring that undergoes cyclometalation. If this were the case,
the rate of reductive elimination f@and Cf»Zr(CH,CHMey)H
(8) would be similar, because the other “innocent” cyclopen-
tadienyl group should have little effect on the rate. As will be
presented later in the articl®,undergoes more facile reductive
elimination than2, suggesting that this mechanism is not
operative.

Solution Structures of the Cyclometalated Hydride Com-
plexes 2a and 3aAs mentioned previously, reductive elimina-
tion of isobutane fron® can afford, in principle, two diaster-
eomeric cyclometalated hydride complexa,and2b (eq 5).

\ \,
Zr\’\ - z,-j
Ha. X
MeSSi%’S'Mez Megsi%&"""2
During the course of isobutane reductive elimination fram

cyclopentadienyl subsu_tuent |s_the sloyv step, zirconocenes SUChonIy one isomer 23 is observed by'H and 3C NMR
as 1 and 4 that contain readily available -€H bonds for

— . ) spectroscopy. Continued thermolysis at°C4for several days
oxidative addition are expected to undergo more facile alkane - L .

L X . allows for the observation of significant quantities40%) of
elimination as compared t& The modest increase in the rate

of reductive elimination of as compared t6 may be attributed 2b.

to the known preference for oxidative additionybéilicon C—H @( ﬁ ’@(
v _H - HCMeg

bonds over purely alkyl substituerffs. 712 2t 20\
Comparing the relative rates df and 2 demonstrates that @smg M%S‘Egismﬁe M%S'wglsmz

the presence of additional [SiMlegroups results in more facile

reductive elimination reactions. This moderate enhancement may

be attributed to a statistical effect, whe2esimply has more DiastereomeRawas identified using a combination of NOE
C—H bonds available for rate-determining oxidative addition. difference and NOESY NMR spectroscopy in benzeggrable
However, this explanation does not account for understanding 2). Correlation between the zirconium hydride and the doublet
the nonlinear, 40-fold increase in the rate of reductive elimina- centered at-4.20 ppm identifies this resonance as the syn
(relative to the zirconium hydride) ZCH, hydrogen. No
correlation is observed between the zirconium hydride and the

(43) Crabtree, R. HChem. Re. 1985 85, 245.
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Megsﬁéx.ma

R = CHoCHMe,

Scheme 6

Zr—R <=—= MenSi ZIr—R =—= Zr—R = Me-Si Zr—R T—= Zr—R
% S35l Me3Si Saol Me3Si
Me3Si SiMe3 SiMeg Me;Si
SiMe3 SiMe3
H :f:H H %H H
’4\ \ R ’4\ \_R \ R
Zré Me-Si Zr—H ZrA MoxSi Zr—H MeaS Zr—H
N e2Si : N e3Si i
€30l
l l SiMe, l l SiMe, l SiMe,
2a 2a 2b 2b 2b

Table 2. Select NOE and NOESY Data for 2a in Benzene-ds 6). As with 23, only one was detected by and 13C NMR

1.22 spectroscopy. Addition of aqueous DCI to a benzégsslution
%'g‘_ 420 of 3a and analysis of the resulting zirconocene dichloride by
5.49 7t | 2H{'H} NMR spectroscopy provided a single resonance at 0.43
518 — \%, — 589 ppm corresponding to the equivalent (rather than unique)
0.35 —» Me;Si SiMez <— 0.19,050 [SiMes] groups of3-Cl,. Similarly, addition of 1 atm of Bgas
f placed the isotopic label only in the equivalent [SHl/groups.
6.86 From these experiments, cyclometalation of the unique [giMe
2a

group is excluded, thus eliminating the possibility3affor the

peak irradiated (ppm)

peak enhanced (ppm)

synZr—CH, (—4.20)
Zr—H (5.89)
Cp (6.86)

Cp (5.49)

Zr—H (5.89), Cp (6.86), Z+CH, (1.22),
SiMe; (0.19)

Cp (6.86), ZrCH; (—4.20), SiMe (0.19),
SiMe; (0.35)

Zr-H (5.89), SiMe (0.19), SiMe (0.35),
Zr—CHa (—4.20)

SiMe (0.50), Cp (5.18)

observed cyclometalated hydride.

\Z < +

T

MegSi ¥( MegSi M938|
SiMey S'Me2 MegSi

SiMeg

_-HCMeg

+
Me3Si
SlMez MegSi S'MeZ

As with 2a, NOE difference NMR spectroscopy was em-

ployed to differentiate between the diastereom&ssand 3b.
anti Zr—CH, doublet centered at 1.22 ppm. Both the zirconium Correlation between the cyclopentadienyl multiplet at 8.05 ppm
hydride and the syn methylene hydrogen correlate with only and both [SiMg] substituents allows for the assignment of this
one of the cyclopentadienyl hydrogens (6.86 ppm), which itself resonance to the Cp hydrogen between these groups. This
does not correlate with any other Cp peaks. These data, alonghydrogen also correlates with the zirconocene hydride peak (6.17
with other supporting correlations (Table 2), demonstrate that ppm) as well as one methyl group of the cyclometalated [giMe
the isomer formed i2a rather thar2b. moiety. On the basis of these data and on other more subtle
A mechanism that accounts for the possibility of different NOE enhancements, we tentatively assign the observed isomer
diastereomeric cyclometalated compounds is shown in Schemeas 3a.
6. Oxidative addition from different conformers of the [Sifjte Application of Reductive Elimination to Dinitrogen Acti-
substituted cyclopentadienyl ring accounts for the formation of vation. The observed rate enhancement provided by the incor-
the different diastereomers. Conformers that ultimately lead to poration of [SiMe] substituents suggested that highly silylated
2aorient the [SiMg] substituents toward the metallocene wedge, zirconocenes may undergo facile reductive elimination and
thus avoiding unfavorable inter-ring steric interactions. Isotopic coordination of dinitrogen. Such methodology may allow for
labeling experiments (Scheme 2) along with thermolysis studies the preparation of zirconium dinitrogen complexes inacces-
indicate that diastereom@b is kinetically accessible. sible by traditional alkali metal reduction routes as well as
The cyclometalated hydride3§), arising from reductive provide a reproducible and relatively mild protocol for the
elimination of isobutane frorB, has three possible isomers (eq preparation of N complexes. For these reasons, the synthesis
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Figure 2. Molecular structure 0@ with 30% probability ellipsoids. Selected
bond distances (A): N(BN(1A) = 1.47(3); Zr(1}-N(1) = 2.118(16);
Zr(1)—N(1A) = 2.110(19). Selected angles (deg): N(¥&r—N(1) =
40.6(9); N(1A-N(1A)-Zr(1A) = 70.0(14); N(1A}N(1A)-Zr =
69.4(12); Zr(1A-N(1)—Zr(1) = 139.4(9).

of 8 and the chemistry arising from reductive elimination of
isobutane were pursued.

Addition of 2 equiv of LiCMe to Cp',ZrCl, resulted in facile
extrusion of isobutane and allowed for the isolation of dark pur-
ple crystals, identified as the dinitrogen complex, Tefr] .-
(212, 7%-Np) (9), albeit in low (10%) yield (eq 7). Single-
crystal X-ray diffraction on purple needles ®fobtained from

pentane revealed a dimeric structure with a bridging, side-on

dinitrogen fragment contained in a planarl¥s core (Figure
2). Side-on coordination of the Nigand in 9 is noteworthy

ARTICLES
Scheme 7
Me3Si Me;3Si
@&Mes @SlMea
/Cl LiCMeg
<10°C
Me;Si SiMe; ~H2C=CMez g s %‘&Me3

LiCMe
HCl 3
T HCI ‘\C l >10°C
-HCMe3
s|Me2 MesSi
S|M63
MesSi < HOMes
MegSi SlMe3 MeSS%‘SIMeS
10
l bG (2g) l DCI (aq)
MesSi Me;Si

2 @
@\SlMeQ(CHQD) SiMeg

212C /C'

Cl é
Meﬁi@SlMeg Me3Si SiMe3

(Evans method) yields a magnetic moment of 2uBE3 con-
sistent with a ground-state triplet containing two formally
Zr(Ill), d* centers. The ZrZr distance of 3.996 A is in accord
with the observed magnetism because such a distance is outside
the range typically observed for bimetallic antiferromagnetic
coupling®?

Elucidating the Origins of 9. Several experiments were
conducted to elucidate the origins @f Addition of tolueneels
to a mixture of Cf,ZrCl, and 2 equiv of LiCMg at —78 °C

+ HC(CHD)(CHa)p

because this once rare coordination mode is now emerging asesulted in formation of CpZr(H)CI,3 free isobutylene, and

the preferred bonding arrangement in zirconium dinitrogen
complexe% and has also been observed in several similar
lanthanide N compound$#46 Side-on coordination of the
dinitrogen ligand appears to be important for the reduction of
the dinitrogen ligand because the-N bond distance of 1.47
(3) Ain 9is the longest observed in any metallocene dinitrogen
complex and is comparable to the—N bond length in
hydrazine and other zirconium amido-phosphine ligated
compounddg’~49 It should be noted that in one side-on bound
dinitrogen complex, [Cp3Smb(uz, 72, 7?-Ny), an anomalously
short N-N bond length is observed.

Me3Si MesSi SiMeg
\ _cl 2 LiCMeg, Np
zr” z N— SiMe (7)
~al HZC-CMez = Zr SiMes °
MegSi %—S"\/‘ea 2 L|CI Meﬁn%‘s""‘% SiMes

Unlike previously reported dimeric zirconocene dinitrogen
complexes9 is paramagnetie? Solution magnetic susceptibility

(44) Evans, W. J.; Ulibarri, T. A.; Ziller, J. WJ. Am. Chem. Sod.988 110,
6877.

(45) Evans, W. J.; Allen, N. T.; Ziller, J. WJ. Am. Chem. SoQ001, 123
7927

(46) Evan's, W. J.; Allen, N. T.; Ziller, J. WAngew. Chem., Int. EQ002 41,

47) Fryiuk, M. D.; Love, J. B.; Rettig, S. J.; Young, V. 6ciencel997, 275,
1445,

(48) Cohen, J. D.; Mylvaganam, M.; Fryzuk, M. D.; Loehr, T. 4Am. Chem.
S0c.1994 116, 9529.

(49) Cohen, J. D.; Fryzuk, M. D.; Loehr, T. M.; Mylvaganam, M.; Rettig, S. J.
Inorg. Chem.1998 37, 112.

excess LiCMe As determined by variable temperatéirfeNMR
spectroscopy, these products persisted until the sample was
warmed to 10C, upon which a second alkylation, accompanied
by isomerization, occurred formirin near quantitative yield
(Scheme 7). At temperatures below?Z2 8 is stable for several
minutes, eventually undergoing reductive elimination of isobu-
tane and forming a cyclometalated zirconocene hydrid®. (

As with 2a and 3a, two diastereomers are possible, although
the reactivity of this molecule has precluded structural assign-
ment. Simply mixing Cf,ZrCl, and 2 equiv of LiCMeg at 22

°C and following the course of the reaction at short time
intervals by'H NMR spectroscopy produced similar observa-
tions. At 22°C, the conversion 08 to 10 with concomitant
formation of isobutane takes place with a rate constant of 2(2)
x 1074 s,

The instability of both8 and 10 prompted several additional
experiments to further establish their identity. Addition of excess
HCI (as a 2.0 M solution in diethyl ether) to a mixture®é&nd
10 afforded isobutane (1 equiv per equiv 8f along with
analytically pure C3,ZrCl, (Scheme 7). No other zirconocene
complexes or organic products were observed. In a similar
experiment, aqueous DCI was added to the same mixture,
resulting in formation of HC(CED)(CHs). and the zirconocene
dichloride. Deuterium incorporation into the [SiMeroups of
the ligand array was confirmed Bi#{*H} NMR spectroscopy
arising from the fraction of the mixture present&s(Scheme

(50) Jeffery, J.; Lappert, M. F.; Riley, P.J. Organomet. Chen1979 181,
25—-36.
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7). Also in accord with this observation, addition of HCI to a
benzeneads solution of 10 resulted in clean formation of
Cp'2ZrCl, with no other detectable products. Although dihy-
drogen was anticipated, the dilute conditions (0.02 M) under
which these experiments were performed have not permitted
its detection. Exposure of the mixture 8and10to 1 atm of
hydrogen gas resulted in immediate formation of isobutane
accompanied by decomposition of the zirconocene. This facile
decomposition pathway, in conjunction with the poor solubility
of N, in organic solvents such as pentane, may explain &hy
is isolated in such poor yield. Several attempts were made to
either isolate or observe CgZrH,, all of which have been
unsuccessful. Likewise, attempts to isolate either 10in the

solid state by removing the toluene in vacuo resulted in increased

rates of decomposition.

Exposing toluene solutions oi0 to an atmosphere of
dinitrogen at—35 °C resulted in formation of the dinitrogen
complex,9. Becaus® forms over several days at35 °C and
the lifetime of8 under the same conditions is only a few hours,
the dinitrogen complex does not form directly from reductive
elimination of isobutane fror8 but rather from the reaction of
N2 with the cyclometalated hydridelO (eq 8). Thus, the
cyclometalated hydridel0, provides a masked-form of low-
valent zirconium that can activate dinitrogen.

Me;Si SiMeg

i SiMey "
SiMe; @\ ﬁs:Mea %
ﬁ\zl,,H ® -HoMey MesSi \ZrJ N2 \ N
b ., —_— Zr=_ 3 ==7r _SiMeg (®)
% H N SiMes
MesSi SiMeg Meﬁi%‘s"‘/‘es MesSi SiMes @SM%
8 10 9

Scope of Dinitrogen Activation with Cyclometalated Zir-
conocene Hydride ComplexesBecause the cyclometalated
hydride, 10, provided a unique entry into the zirconocene
dinitrogen chemistry, the related complexds—4a, were
evaluated for similar reactivity. Allowing pentane solutions of
la—4ato stand under an atmosphere ofai—35 °C or ambient
temperature did not result in the formation of the corresponding
dinitrogen complexes over the course of weeks. However,
addition of 1 atm of carbon monoxide to a benzelesolution
of 2aresulted in clean and quantitative formation of Cp*Zp
(CO), (2-(C0O)y). Thus, addition of a ligand that is effective in
stabilizing Zr(ll) demonstrates th&g, like 10, may serve as a
masked source of low-valent zirconium. Addition of CO to the
isobutyl hydride,2, resulted in a mixture of products arising
from both carbon monoxide insertion and ligand-induced
reductive eliminatiort!

\

Z[;\

MesSi SiMes

2a

Although2amay serve as a source of Zr(Il), it is still curious
why this molecule and the other mixed-ring cyclometalated
zirconocene hydrides are unreactive toward dinitrogen. One
important observation is that in the absence ¢f N, unlike
la—4a, undergoes decomposition, demonstrating the inherent

(51) Pool, J. A.; Chirik, P. J., unpublished results.
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Table 3. Infrared Stretching Frequencies for Relevant
Zirconocene Dicarbonyl Complexes in Pentane Solution?
V(CO)gym Y(CO)asym ¥(CO)ay
complex (cm™) (cm™) (cm™)
Cp*, Zr(CO)°? 1946 1853 1900
Cp*Cp'(CO), 1954 1865 1910
Cp'2Zr(CO)? 1967 1881 1924
11-(CO)°2 1969 1883 1926
13-(CO), 1967 1888 1928

a Previously reported values were taken from ref 52.

instability of this molecule relative to other cyclometalated
zirconocene hydrides.

The origin of the ground-state destabilizationldf relative
to la—4amay be rationalized on the basis of cyclopentadienyl
electronic effects. The electron donating ability of theN@s]
ligand relative to [Cf}] provides electronic stabilization of the
Zr(IV) ground state for the mixed ring complexes, increasing
the barrier toward B activation. Recent studies by Parkin
corroborate these findings. Infrared stretching frequencies of
the zirconocene dicarbonyl complex were found to be an
effective measure for assaying the electronic environment
imparted by the cyclopentadienyl substituents. The pentane
solution carbonyl stretching frequencies for the zirconocenes
relevant to this study are contained in Table 3. The zirconocene
with the most electron donating ligand set, GPH{CO),,52
displays CO stretching frequencies at 1946 and 1853'cm
suggesting substantial electron donation from thd/€s ] rings
resulting in stabilization of the Zr(IV) ground state. For the
silylated zirconocene, CpZr(CO),, values of 1967 and 1881
cm~1 were reported? demonstrating an electronically destabi-
lized ground state relative to [CgZr]. The mixed ring com-
plex, Cp*Cp'Zr(CO),, displays intermediate stretching fre-
guencies of 1954 and 1865 ch suggesting one [§Mes]
provides sufficient ground-state stabilization to inhibip N
activation.

Elucidation of the mechanism for reductive elimination
(Scheme 4) and the origin of dinitrogen activationly(eq 8)
allows for the explanation of the relative stabilities of other
zirconocene alkyl hydride and dihydride complexes. For exam-
ple, the monomeri@ansazirconocene dihydriderac-Me,Si-
(75-CsH2-2-(SiMe3)-4-CMe3)ZrH, (11), was shown, albeit
serendipitously, to undergo facile extrusion of dihydrogen and
activation of dinitrogen to affordac-[Me;Si(;°-CsH,-2-(SiMe)-
4-CMe3)2Zr]a(uz, 7%, n%-Ny) (12) (Figure 3)°2 We recently
reported a related zirconocen®r,Si(;°-CsH,-3,4-(SiMe)2)-
(7°-CsH3-3-(SiMe3))Zr(CH,CHMey)H (13), that is stable to
reductive elimination even at temperatures of@®° Compar-
ing the carbonyl stretching frequencies for J}8&;°-CsH-2-
(SiMe3)-4-CMe;),Zr(CO), (11-(CO),, 1969 and 1883 cni)?
and iPrzsi(ns-C5H2-3,4-(SiMQ)z)(ﬂS-C5H3-3-(SiMeg))ZF(CO)z
(13-(CO), 1967 and 1888 cmt) reveals that the electronic
environment imparted by the ancillary ligands is essentially
identical and is similar t@. However, each complex displays
different reactivity toward M This difference is attributed to
the accessibility of the substituent-E1 bonds for oxidative
addition. Forl1, incorporation of [SiMg] groups adjacent to

(52) Zachmanoglou, C. E.; Docrat, A.; Bridgewater, B. M.; Parkin, G. E.;
Brandow, C. G.; Bercaw, J. E.; Jardine, C. N.; Lyall, M.; Green, J. C;
Keister, J. B.J. Am. Chem. So2002 124, 9525.

(53) Chirik, P. J.; Henling, L. M.; Bercaw, J. BDrganometallics2001, 20,
534.
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MegSi SiMeg
) Zr/H iPr,Si \Zr’H
Me,Si ~u 2 ~CH,CHMe,
SiMeg
Me3Si : SiMes
11 13

slow reductive elimination
no Ny activation observed

fast reductive elimination
N, activation

reported chemical shifts are relative to TMS uslhiy(residual) or3C

NMR chemical shifts of the solvent as a secondary standelrtiiMR
spectra were recorded at 61.354 MHz on a Varian VXR-400 spec-
trometer and referenced with an internal benzeésnstandard. Single
crystals of 3-Cl, and 9 suitable for X-ray diffraction data were
coated with polyisobutylene in the drybox and quickly transferred
onto the goniometer head of a Siemens SMART CCD area detector
system equipped with a fine-focus molybdenum X-ray tube=
0.71073 A). Preliminary data revealed the crystal system. A hemisphere
routine was used for data collection and determination of lattice

constants. The space group was identified, and the data were processed
Figure 3. Relative rates of reductive elimination and dinitrogen activation using the Bruker SAINT program and corrected for absorption using
as a function of ligand array fansazirconocenes. SADABS. The structures were solved using direct methods (SHELXS)
completed by subsequent Fourier synthesis and refined by full-matrix
the ansabridge provides €H bonds that are in proximity to  |east-squares procedures. Magnetic susceptibility was determined by
the vacant 1amolecular orbital required for cyclometalation. Evans methott using CpFe as a standard in benzegesolution.
For 13, where sluggish rates of reductive elimination are ob- Robertson Microlit Labs, Inc., Madison, New Jersey, carried out
served, the [SiMg groups are oriented away from the metal- €lemental analyses.
locene wedge, providing a high activation barrier for oxidative ~ Preparation of Cp*C@&rCl,* 2,* 2a, Cp*ZrCls*® 4,% LiCH-
addition. CHMe,,%" and LiCp"#? were accomplished as described previously.
Preparation of LiC(CB)s was accomplished using a modified proce-
duré®” for LiCMe3 with CIC(CDs); purchased from Cambridge Isotope

. L . . Laboratories. CpZrCl, was purchased from Strem Chemicals, and
The rate of reductive elimination for a family of zirconocene ; 5 LiCMe; in pentane and 1.6 M LICKCH,CH,CHs in hexane

alkyl hydride complexes was measured and found to increaseyyere purchased from Acros Organics. These reagents were used as
with incorporation of substituents that undergo facile cyclo- received. Isobutylene was purchased from Aldrich Chemical Co., dried
metalation. Isotopic labeling studies firmly establish that the over activatd 4 A molecular sieves, and vacuum transferred prior to
mechanism of these reactions proceeds via reversible zirconium-use.

to-ring hydrogen transfer followed by rate-determining oxidative  Preparation of Cp*Cp'Zr(CH :CHMe2)H (1). In the drybox, a 20
addition of a cyclopentadienyl ligand substituent. Application mL scintillation vial was charged with 0.108 g (0.249 mmol) of

of this mechanistic data has led to the preparation of a highly CP*CPZrCl, and approximately 10 mL of toluene. The clear yellow
silylated zirconocene isobutyl hydride complex that undergoes solution was frozen in the cold well. To the thawing stirrgd so!ution
facile thermal reductive elimination and coordination of dini- Was slowly added 334L (0.498 mmol) of 1.5 MBuLI solution via

- . - - microsyringe, and the reaction mixture was warmed to room temperature
trogen. More detailed experiments indicate that the dinitrogen . . ! : ; -
o . . . and stirred for 5 min. The resulting yellow reaction mixture was filtered
activation occurs from reaction of ;Nwith a destabilized

: . . . through Celite leaving 0.094 g (90%) @fas a yellow oil.*H NMR
cyclometalated zirconocene hydride rather than resulting directly (henzenedy): 9 = —2.21 (d, 1H, @,CH(CHy)2), —2.18 (d, 1H,
from reductive elimination of the alkyl hydride. These results cH,CH(CH),), 0.37 (s, 9H, SWles), 0.95, 0.99 (d, 6H, CHCH(CH3),),
provide one of the first examples of mechanistically well- 1.86 (s, 15H, @\es), 2.39 (m, 1H, CHCH(CHs),), 5.06, 5.18, 6.10,
established activation of dinitrogen by a group 4 transition metal 6.33 (m, 4H, Cp), 5.25 (s, 1H, ZH). 3C NMR (benzenek): 6 =
compound and may result in the synthesis of new ligand motifs 0.60 (SMes), 12.46 (GMes), 28.13 (CHCHMe,), 29.69 (CHCHMe,),
that allow predictable and reproducible entry into the rich 33.80 (CHCHMe,), 91.32 CH,CHMe,), 109.51, 111.80, 112.58,
chemistry of low-valent zirconocenes. 113.87, 114.93 (Cp), 117.1Z¢Mes).

Preparation of Cp*Cp""'ZrCl ; (3-Cl,). A 250 mL round-bottomed
flask was charged with 0.883 g (3.13 mmol) ofHz(SiMe;3); and 100

General Considerations All air- and moisture-sensitive compounds mL. of THF. The solution was chilled in the cold well, and 2.0 mL of
P 1.6 M "BuLi was added dropwise via pipet. The resulting reaction

were manipulated using a standard vacuum line, Schlenk and cannula

techniques, or in an M. Braun drybox under an atmosphere of purified mixture was warmed to room temperature and stirred for 5 h, after
: ques, ) Y OSP orp which time 1.319 g (3.96 mmol) of Cp*Zrglwas added in small
nitrogen or argon. The M. Braun drybox was equipped with a cold

. - LI .~ portions. The reaction mixture was refluxed for 3 days under Ar, and
well designed for freezing samples in liquid nitrogen. Solvents for air-

and moisture-sensitive reactions were dried and deoxygenated usin fhe THF was removed _in vacuo. The resulting oily S(.)”d. was dissolved
literature method® Benzeneds, tolueneek, and deuterium gas were %n p_entane, and.the white precipitate was _remove_d via filtration through
purchased from Cémbridge Is;)tope Labc;ratories The bertemes Celite. The Celite was washed several times with fresh pentane. The

- : ’ solvent was removed in vacuo leaving a yellow solid, upon which
distilled from sodium metal under argon and storedr@v& molecular recrystallization from pentane afforded 0.697 g (38%) of CH*(Cl,
sieves, whereas the toluedg-was stored over sodium metal and Anal. Calcd for ZiCauHaCloSis: C, 49 74', H 7.66. Found: C. 49 '41,
vacuum transferred immediately before use. Both hydrogen and argon, - '69 iH NMR (benzenek): 6 =’O 2'5 (é 9’H .Si/lleg) 0 45 (S’ 18i-| '
gas were purchased from Airgas Inc. and passed through columns of 4Si’Mé3) '1 93 (s, 15H, Mey) '7 07 ('S 2H, Cp513C NMR (ber;zene’-
A molecular sieves and Ridox before admission into a high vacuum d): 0 L i44 2 16 (éMeg) i3 -29 (Q’,\A%), 114.94 A
system. Celite was purchased from Aldrich, stored at°itand dried 1625 31 12696 .(Cp) i I SRS AR
for124 h under high vacuum at 15C. . Preparation of Cp*Cp'"'Zr(CH ;,CHMe,)H (3). In the drybox, a

H NMR spectra were recorded on a Varian Inova 400 spectrometer 20 mL scintillation vial was charged with 0.105 g (0.181 mmol) of

operating at 399.860 MHz, where# NMR spectra were recorded ' ’
on a Varian VXR-400 spectrometer operating at 100.511 MHz. All

Concluding Remarks

Experimental Section

(55) Imori, T.; Tilley, T. D. Polyhedron1994 13, 2231.

(56) Wolczanski, P. T.; Bercaw, J. Brganometallics1982 1, 793.

(54) Pangborn, A. B.; Giardello, M. A,; Grubbs, R. H.; Rosen, R. K.; Timmers, (57) Kamienski, C. W.; Esmay, D. L1. Org. Chem196Q 25, 1807.
F. J.Organometallics1996 15, 1518. (58) Sur, S. KJ. Magn. Reson1989 82, 169.
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3-Cl; and approximately 10 mL of toluene. The clear yellow solution
was frozen in the cold well. To the thawing stirred solution, 242
(0.363 mmol) of 1.5 MBuLi solution was slowly added via microsy-

deuterium daily. The reaction was monitored'byNMR spectroscopy
to demonstrate complete deuteration of the [SiMeibstituents. The
reaction was then quenched by addition of 300f 37% DCI in D,O

ringe. The reaction mixture was warmed to room temperature and stirred (w/w) via microsyringe. Upon addition, formation of a white precipitate

for 5 min. The resulting yellow reaction mixture was filtered through

was observed. The solvent was removed in vacuo, leaving a white solid

Celite, and solvent was removed in vacuo leaving 0.090 g of an orange which was then dried at 100C under vacuum for 12 h yielding 376

oil that is a mixture of3 and3a. The resulting oil was dissolved in
benzeneds and placed in a J. Young NMR tube. On the vacuum line,

mg (56.3%) ofiy>-CsHs-1,3-(Si(CD),)ZrCl. 2H{*H} NMR (toluene):
0 = 0.35 ppm. All other spectral features were identical to those

the tube was degassed, and 1 atm of hydrogen gas was added. Thereviously reported for the protio isotopomer.
tube was allowed to warm to room temperature and shaken vigorously  Preparation of Cp*55-CsHs-1,3-(Si(CDs)2)Zr(CH ,CDMe,)(D). In

for 5 min. After this time, the tube was reattached to the vacuum line,
degassed at-196 °C, and approximately 2 equiv of isobutene was
added. The tube was then thawed and shakémNMR (benzeneds):

0 = —2.32 (dd, 2H,CH,CHMe,), 0.26 (s, 9H, ¥e;), 0.37 (s, 9H,
SiMes), 0.48 (s, 9H, ¥le;), 1.04 (d, 3H, CHCHMe,), 1.09 (d, 3H,
CH.CHMe), 2.01 (s, 15H, 6Mes), 2.62 (m, 1H, CHCHMey), 5.47
(m, 1H, Cp), 5.55 (m, 1H, Cp), 7.14 (s, 1H,ZH). 13C NMR (ben-
zeneds): 0 = 1.70 (SMe&), 2.63 (SMe3), 2.75 (SMes), 13.33 (GMes),
28.01 (CHCHMe,), 29.93 (CHCHMe,), 35.17 (CHCHMe,), 95.34
(CH,.CHMe,), 118.24 (GMes), 122.16, 125.83, 128.68, 131.03,
132.22 (Cp).

Preparation of 3a. In the drybox, a 20 mL scintillation vial was
charged with 0.105 g (0.181 mmol) @Cl, and approximately 10
mL of toluene. The clear yellow solution was frozen in the cold well.
To the thawing stirred solution was slowly added 242(0.363 mmol)
of 1.5 M 'BuLi solution via microsyringe. The reaction mixture was
warmed to room temperature and stirred for 2 h. The resulting yellow
reaction mixture was filtered through Celite, and the solvent was
removed in vacuo leaving 0.076 g (83%) of a thick yellow oil.
Treatment of the oil with 2 equiv of ethereal HCI provides analytically
pure 3-Cl,. 'H NMR (benzenedg): 6 = —2.32 (d, 1H,CH,SiMe),
—1.88 (d, 1H,CH;SiMe), 0.24 (s, 9H, SVe3), 0.28 (s, 9H, Mes),
0.49 (s, 3H, Sley), 0.60 (s, 3H, ey, 1.98 (s, 15H, eMes), 6.08,
8.05 (m, 2H, Cp), 6.17 (s, 1H, &H). 13C NMR (benzened): 6 =
0.74 (SMe3), 2.36 (SMe3), 3.31 (Me:Si), 4.51 Me:Si), 12.96 (GMes),
33.62 (MeSiCH,Zr), 119.46 CsMes), 111.54, 113.28, 114.94, 120.69,
131.29 (Cp).

Preparation of Cp*Cp'"'ZrH ; (6). In the drybox, a J. Young NMR
tube was charged with 20 mg 8f and the sample was dissolved in

the drybox, a J. Young NMR tube was charged videhand dissolved

in benzeneads. On the vacuum line, the tube was degassed, and 1 atm
of deuterium was added at78 °C. The tube was warmed to room
temperature and shaken thoroughly. The reaction was monitored by
IH NMR spectroscopy to demonstrate complete deuteration of the
[SiMe;] groups. After this, 1 equiv of isobutene was added via a
calibrated gas bulb affording the desired product which was character-
ized by comparison with authentic samples2of

Identification of Cp'">Zr(CH,CHMez)H (8). In the drybox, a
J. Young NMR tube was charged with 26 mg (0.045 mmol) of
Cp'2ZrCl; and 6 mg (0.090 mmol) of solid LICMeOn the vacuum
line, the tube was degassed, and approximately 0.50 mL of toldgene-
was added by vacuum transfer-at8 °C. The resulting solution was
maintained at-78 °C until insertion into a precooled NMR probg
NMR (benzeneds): 6 = 0.254 (s, 18H, Jiles), 0.275 (s, 18H, Iiles),
—0.80 (m, 2H, Zr&,CHMe,), 0.68 (d, 6.5 Hz, 3H, ZrCkCHMe,),

2.91 (m, 1H, ZrCHCHMey), 4.71 (s, 1H, ZH), 5.43 (m, 2H, Cp), 5.82
(m, 2H, Cp), 6.20 (m, 2H, Cp).

Preparation of [Cp"2Zr] 2(u2, 72, 7>Nz) (9). In the drybox, a
250 mL round-bottom flask was charged with 0.526 g (0.906 mmol)
of Cp',ZrCl; and dissolved in approximately 100 mL of toluene. The
clear yellow solution was chilled in the cold well until frozen. To the
thawing solution, 1.2 mL of 1.5 MBuLi (1.8 mmol) was added. The
reaction mixture was stirred for 5 min and then filtered through a pad
of Celite. The toluene was removed in vacuo leaving a brown oil.
Recrystallization from pentane at35 °C affords 0.046 g (10%) of
dark purple crystals identified & Anal. Calcd for ZgCasSigHgaN2:

C, 50.39; H, 8.08; N, 2.67. Found: C, 49.95; H, 7.99; N, 2.48.
NMR (benzeneds): 6 = 2.30 ppm (broad singlet, 80 Hz). Mag-

benzeneds. On the vacuum line, the tube was degassed, and 1 atm of netic susceptibility: uer = 2.73 uB using CpFe as a standard in

dihydrogen was admitted at196 °C. The tube was warmed to room
temperature and shaken thoroughig. NMR (benzeneds): 6 = 0.18
(s, 9H, SMe3), 0.34 (s, 18H, 9Wes), 2.10 (s, 15H, GMes), 6.91 (s,
2H, Cp), 6.94 (s, 1H, ZH). *C NMR (benzenelk): 6 = 1.10 (SMey),
2.28 (SMe3), 13.97 (GMes), 120.40 CsMes), 127.05, 127.40, 131.70
(Cp).

Preparation of Cp*,Zr(CH ,CHMez)H (5). A 50 mL round-
bottomed flask was charged with 0.560 g (1.30 mmol) of £Zp€l,,
and approximately 25 mL of toluene was added. While the mixture
was stirred at 22C, 1.73 mL (2.60 mmol) of 1.5 M LiCMgin pentane
was added dropwise. The reaction mixture was stirred for 10 min,

benzeneds.

Addition of HCI to 10. In the drybox, a 20 mL scintillation vial
was charged with 27 mg (0.047 mmol) of 'G@rCl, and approximately
10 mL of toluene. To the stirred solution, 60 of 1.5 M 'BuLi solution
was slowly added via microsyringe. The reaction mixture was warmed
to room temperature and stirred for 5 min. The resulting yellow reaction
mixture was filtered through Celite, and the solvent was removed in
vacuo. The resulting blue oil was dissolved in benzésnand placed
in a screw cap NMR tube. Via microsyringe, G0 of a 2.0 M solu-
tion of HCI in diethyl ether was added resulting in immediate forma-
tion of a clear solution. Analysis bjH NMR spectroscopy reveals

filtered through a pad of Celite, and the toluene was removed in vacuo that Cpy',ZrCl, was the sole product produced.

leaving 0.478 g (88%) of yellow solid identified &son the basis of
comparison to known spectral défa.

Preparation of Cp*,ZrH,. A 25 mL round-bottom flask was
charged with 0.150 g (0.358 mmol) & and 10 mL of pentane. A

Addition of HCI to 8 and 10. In the drybox, a screw cap NMR
tube was charged with 26 mg (0.045 mmol) of "efxCl,, and a
scintillation vial was charged 6L of 1.5 M solution of LICMe,. The
pentane from the LiCMgsolution was removed in vacuo, and both

180 needle valve was attached, and 1 atm of dihydrogen was admittedthe NMR tube and the vial were charged with small portions of benzene-

on the high vacuum line. The reaction mixture was stirred vigorously
for 1 h, after which time the solvent was removed leaving a white solid.
Recrystallization from pentane at35 °C afforded 0.115 g (89%) of
Cp*»ZrH; on the basis of the known spectral déta.

Preparation of Cp*#5-CsH3-1,3-(Si(CDs)2)ZrCl ,. In the drybox, a
50 mL round-bottom flask was charged with 650 mg (1.32 mmol) of
2 and approximately 20 mL of toluene. On the vacuum line, the flask

ds. The two solutions were combined in the NMR tube, and after about
5 min, the tube was taken outside of the drybox, anduR5of a
2.0 M solution of HCI in diethyl ether was added via microsyringe.
Analysis of the reaction mixture b{H NMR spectroscopy revealed
that Cp'2ZrCl,, isobutane (1 equiv), and isobutene (1 equiv) were
formed as compared to authentic samples.

Addition of DCI to 8 and 10. In the drybox, a screw cap NMR

was degassed, and 1 atm of deuterium gas was added. The reactiotube was charged with 26 mg (0.045 mmol) of "g@Cl, and
mixture was allowed to stir for 12 days, degassing and adding fresh approximately 0.5 mL of toluene. To the tube was addedl6®f a
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1.5 M solution of LiCMe, and after about 5 min outside of the drybox, versus 1T resulted in a slope ckH¥*/R and an intercept of {S/R) +

30uL of 37% DCl in DO (w/w) was added via microsyringe. Analysis  23.76].

of the product by?H{*H} NMR spectroscopy reveals a singlet at
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at regular intervals over the duration of 3 half-lives. Peak intensities distanceS, and ang|es_ Representative NMR Spectroscopic and

of the reactant and product were measured. The observed rate constaniginetic data (PDF). This material is available free of charge via
were obtained from slopes of plots of In[Cp*(CpRr(CH.CHMe;)- the Internet at http://pubs.acs.org.

(H)] versus time. Activation parameters were obtained by measuring
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