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Abstract: Treatment of the #°,55-bis(indenyl)zirconium sandwich complex, (°-CoHs-1,3-(SiMes)2) (17°-CoHs-
1,3-(SiMe3),)Zr, with dialkyl ethers such as diethyl ether, CH;OR (R = Et, "Bu, Bu), "Bu,0, or Pr,0 resulted
in facile C—O bond scission furnishing an #°,°-bis(indenyl)zirconium alkoxy hydride complex and free
olefin. In cases where ethylene is formed, trapping by the zirconocene sandwich yields a rare example of
a crystallographically characterized, base-free #°,7°-bis(indenyl)zirconium ethylene complex. Observation
of normal, primary kinetic isotope effects in combination with rate studies and the stability of various model
compounds support a mechanism involving rate-determining C—H activation to yield an #°,,5%-bis(indenyl)-
zirconium alkyl hydride intermediate followed by rapid $-alkoxide elimination. For isolable #%,15-bis(indenyl)-
zirconium THF compounds, thermolysis at 85 °C also resulted in C—O bond cleavage to yield the
corresponding zirconacycle. Both mechanistic and computational studies again support a pathway involving
haptotropic rearrangement to #°,,5-bis(indenyl)zirconium intermediates that promote rate-determining C—
H activation and ultimately C—O bond scission.
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Figure 1. Bonding description for?®;°-bis(indenyl)zirconium sandwich
compounds.

sandwich complexes. As was computationally prediét¢dese
compounds do not adopt the familiar parallel ring structure
typically associated with bis(cyclopentadienyl)metal sandwich
complexes but rather contain ong® indenyl ring where the
carbocycle is buckled and all nine carbons of the ligand are
coordinated to the zirconiuAt.A more detailed investigation
into the electronic structure of these compou#tas established
a bonding description between two limiting canonical forms.
In one extreme, thg®»n°-bis(indenyl)zirconium sandwich can
be viewed as a Zr(lIl), fspecies with a neutral benzo ligand
while in the other as a Zr(IV), Hcomplex where the benzo
ring is reduced by two electrons to form an iXragment
(Figure 1).

In light of these results, the possibility for these molecules
to serve as sources ofF(CoHs-1,3-Ry)-Zr'"]15 by dissociation
of the benzo portion of thg® indenyl ring has been an area of
considerable experimental and theoretical interest. Both line
broadening and EXSY NMR experiments have established that
the 7°,%-bis(indenyl)zirconium sandwich complexes undergo
facile (AG,o¢" &~ 14—20 kcal/mol) ring interchange in solution,
most likely involving the desiredP-(CoHs-1,3-Ry)Zr'"] inter-
mediate (eq 132 These experiments have been supported by
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computational studies, where a dissociative mechanism generat
ing an f7®-(CoHs-1,3-Ry).Zr'"] (S= 0) species was found to be
the lowest energy pathwd§.

In this contribution, the reactivity of;°#,°-bis(indenyl)-
zirconium sandwich complexes toward dialkyl ethers and THF
is explored both experimentally and computationally. Carbon
oxygen bond cleavage has been observed under mild condition
in solution and was found to proceed through reducjhg®-
bis(indenyl)zirconium intermediates that promote initiat i
activation followed by CG-O bond scission.
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Results and Discussion

Carbon—Oxygen Bond Cleavage in Dialkyl Ethersinterest
in the reactivity ofyy°,5-bis(indenyl)zirconium sandwich com-
pounds with dialkyl ethers stems from the observation of ligand-
induceds® to % haptotropic rearrangement upon addition of
THF or DME (DME = 1,2-dimethoxyethané).Computational
studies suggest that migration of the metal to the benzo rather
than cyclopentadienyl ring allows additional backbonding with
the six-membered ring thereby stabilizing the over then®
haptomef8 In this study, the scope of this transformation was
explored with simple, commercially available dialkyl ethers.

Stirring either of the silyl-substituted;®,75-bis(indenyl)-
zirconium sandwich complexeg,or 2, in diethyl ether at 23
°C resulted in cleavage of the-€D bond to form an equimolar
mixture of the zirconocene ethoxy hydrides;>CoHs-1,3-
(SiMezR),)2Zr(OCH,CHz)H (R = Me, 1-(OEt)H; R = Ph,
2-(OEt)H), and the corresponding ethylene compoungs; (
CoHs-1,3-(SiMeR),)2Zr(7>-CH;=CH;) (R = Me, 1-(%-CH,—=
CHz); R = Ph,2-(;72-CH2=CH2)) (eq 2)

g;iMeZR

\
ZrC H
OEt

RMe,Si

RMe;Si
&sweﬂ
RMe,Si
1-(OEfH: R = Me
RMe,Si”| xs Et;0 2{OEYH: R =Ph
2 Zr _>3 3 +
QZ SiMeR ays g
) SiMeR
SiMe,R RMeSi<X 2
1:R=Me 7 @)
2'R=Ph

RMegSi
SiMe,R

1-(M2-CH,=CH,): R = Me
2-(n2-CHy=CH,): R = Ph

For diethyl ether cleavage with, recrystallization of the
product mixture from pentane at35 °C furnished crystals of
pure 1-(7?>-CH,=CH,). Attempts to isolate the remaining
1-(OEt)H from the mother liquor have been unsuccessful due
to cocrystallization withL-(172-CH,=CH>). The identity of the
zirconocene ethylene compound was further established by
independent synthesis, as treatment afith 1 equiv of CH=
CH, also afforded1-(;7>-CH,=CH,). The IH and 3C NMR
spectra ofL-(172-CH,=CHy,) exhibit the number of peaks for a
C,, symmetric bent zirconocene derivative with two equivalent
n®n°-coordinated indenyl rings. One notable feature of the
benzeneds 'H NMR spectrum of1-(y?-CH,=CH,) is the
observation of a broad singlet centered at 0.87 ppm for the
vinylic hydrogens of the coordinated olefin. Confirmation of
this assignment was provided by the preparatioh-0f2-CD,=
CD,) from the cleavage of diethyl ethéliy or by treatment of

Single crystals ofl-(y>-CH,=CH,) were obtained from a
concentrated pentane solution chilled +@5 °C. Two inde-
pendent, nearly identical molecules were found in the asym-
metric unit, one of which is shown in Figure 2. Selected metrical
parameters are reported in Table 1. Consistent with the solution
NMR data, the indenyl rings ar@ coordinated with a rotational

(17) Bradley, C. A.; Kerestzes, |.; Lobkvosky, E.; Chirik, P.JJAm. Chem.
Soc.2005 127, 10291.
(18) Veiros, L. F.Organometallics2006 25, 4698.

J. AM. CHEM. SOC. = VOL. 128, NO. 51, 2006 16601



ARTICLES

Bradley et al.

Figure 2. Molecular structure of-(72-CH;=CH>) (left) at 30% probability ellipsoids. Hydrogen atoms omitted for clarity. View of the core of the molecule

(right).

Table 1. Selected Bond Distances (A) and Angles (deg) for
1-(7]2-CH2=CH2)

C(19)-C(20) 1.443(5)
Zr(1)—C(19) 2.285(3)
Zr(1)—C(20) 2.278(3)

o 63(3)

slip distortion8 0.100(2), 0.1176(3)
fold angles 3.2(4), 3.3(2)

rotational angle 116.8(3)

a Angle defined by the normals of the-G1—H planes. For definitions
of these parameters, see ref 24.

angle of 116.8(3) As expected for a bent zirconocene deriva-
tive, the ethylene ligand lies in the plane of the metallocene
wedge with a C(19%(20) bond distance of 1.443(5) A and an
o value of 63(3), consistent with the significant contribution
from the zirconacyclopropane descriptor. This view is also
corroborated by théH NMR chemical shift, where the vinylic
protons of the coordinated olefin are substantially shifted upfield
from the typical alkene region of the spectrum.

While implicated as intermediates in zirconocene-promoted
coupling reactions, isolable and crystallographically character-

analysis, and degradation experiments. Similat-{g?-CH,=
CHy), 2-(;7>-CH,=CHy) exhibited a singlet centered at 0.53 ppm
for the vinylic hydrogens of the coordinated ethylene, consistent
with zirconocyclopropane character. On a preparative scale,
recrystallization of the product mixture from pentane-&5

°C yielded pure-(OEt)H, opposite of the purification product
isolated froml. Attempts to isolate purg-(;2-CH,=CH,) have
been unsuccessful due to contamination fre(OEt)H. For
both 1 and 2, attempts were made to detect an intermediate
7% n°-bis(indenyl)zirconocene diethyl ether complex’syNMR
spectroscopy. However, addition of a large excess(equiv)

of Et,O to a benzenés solution of eitherl or 2 produced G-

O cleavage products with no spectroscopic evidence for
intermediates.

Cleavage of the €0 bond in diethyl ether was also
accomplished with the more electron-rich, alkylaigd;>-bis-
(indenyl)zirconium sandwichyf-CgHs-1,3-(CHMe),) (175-CoHs-
1,3-(CHMe),)Zr (5).22 Stirring 5 in neat diethyl ether for 36 h
at 45°C yielded the zirconocene ethoxy hydrid@-CoHs-1,3-
(CHMey)2)Zr(OEt)H (5-(OEt)H) and the metallacyclé-(c-
C4Hsg), arising from coupling of 2 equiv of ethylene (eq 3). A

ized base-free olefin complexes of group 4 metallocenes arep:1 ratio of5-(OEt)H to 5-(c-C4Hs) was consistently observed.

rarel® Despite the absence of a supporting ligand, the carbon
carbon bond distance id-(2-CH,=CH,) is statistically
indistinguishable from the values of 1.451(5) and 1.455(9) A
reported for the base-stabilized complexeg-CoH-).Zr(1?-
CH2=CH2)(THF) and (75—C5H5)22r(772—cH2=CH2)(THF), re-
spectively?? These values are also in agreement wittaaga
zirconocene ethylene hydride anidas well as the permethyltita-
nocene ethylene complex;¥CsMes), Ti(72-CH,=CH).22
Characterization of the diethyl ether cleavage products from
2 was also accomplished by NMR spectroscopy, combustion

(19) For an example of a crystallographically characterized baseafnee
zirconocene alkyne complex, see: Lefeber, C.; Baumann, W.; Tillack, A.;
Kempe, R.; Gds, H.; Rosenthal, UOrganometallics1996 15, 3486.

(20) Fischer, R.; Walther, D.; Gebhardt, P.;r8p H. Organometallics2000
19, 2532.

(21) Lee, H.; Hascall, T.; Desrosiers, P. J.; ParkinJGAm. Chem. S0d.998
120, 5830.

(22) Cohen, S. A.; Auburn, P. R.; Bercaw, J.EAmM. Chem. S0d.983 105
1136.
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Previous studies from our laboratory have demonstrated that
the less sterically congested sandwich compound promotes more
facile coupling of olefins and alkynés.Indeed, addition of

)

CHMe:
Me,HC \ _H 2
Zr
MeoHC OFEt

CHMe;
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5-(c-C4Hg)
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Figure 3. Products of methyl alkyl ether cleavage with

ethylene tdb in benzeneds yielded only5-(c-C4Hg) independent
of the amount of olefin employed. Qualitatively, the rates of
diethyl ether cleavage with and 2 were indistinguishable,
whereas those witb was slower.

The observation of carberoxygen bond cleavage of diethyl
ether to yield well-defined zirconocene products prompted
further exploration into the scope of the reaction. The silylated
sandwich,1, was used for the majority of subsequent studies
due to its relative ease of synthesis and high symmetry. In certain
instances, the chemistry & was also examined due to its
smaller indenyl substituents and more electron-rich zirconium
center?

Methyl alkyl ethers, MeOR (R= Et, "Bu, 'Bu), were initially
studied. Selective €0 bond cleavage of the ethers was

observed when large excesses, either neat solution or 50 equiv

in benzeneds, were stirred withl. In each case, the zirconocene
methoxy hydride compound;$CgHs-1,3-(SiM&),)2Zr(OCHs)H
(1-(OMe)H), was observed along with a corresponding olefin
byproduct (Figure 3).

For MeOEt, the olefin product of €0 cleavage is ethylene
which is readily trapped by free sandwich compound to yield
1-(n?-CH,=CH),). In the case of methyi-butyl ether cleavage,

a thermodynamic mixture of freeis- andtrans-2-butene was
identified by'H NMR spectroscopy. Previous work from our
laboratory has demonstrated tlaisomerizes terminal olefins
to internal olefins, most likely through zirconocene crotyl
hydride intermediate® Once the 2-butenes are formed, the
olefins are sufficiently hindered such that coordination to
zirconium is not observed. This trend also holds for N&©D
(MTBE) cleavage, where 1 equiv of free isobutene was
observed.

Treatment ofl with dimethyl ether produced a different
outcome. Monitoring the addition of 50 equiv of M to a
benzeneds solution of 1 by 'H NMR spectroscopy revealed
approximately 10% conversion to thg 5-bis(indenyl)zirco-
nium dimethyl ether adductl{OMe,) after 15 min at 23°C

(23) The labeling scheme used in this paper is adapted from ref 12.
(24) Bradley, C. A.; Flores-Torres, S.; Lobkovsky, E.; Abauid. D.; Chirik,
P. J.Organometallic2004 23, 5332.

(eq 4). The rest of the material was starting sandwiiciind
excess dimethyl ether.

MesSi Me3Si
7\ xs MexO ]
MesSi  7zr*-OMe, _<—o MegSi Zr
S
iM SiMe.
Mes&F SiMes s
1-OMe, 1

(4)

xs Me,O “

SiM
Megsiﬁil °s
ZrZ

“CH,0CHg
&&Mes

1-(CH,OCH3)H

MesSi

Diagnostic resonanc¥sfor z5-indenyl coordination were
observed at 3.36 and 3.55 ppm assigned to a cyclopentadienyl
hydrogen on the® ring and a benzo hydrogen on theligand,
respectively. Over the course of minutes at°Z3 a newCs
symmetric product identified as the zirconocene alkyl hydride,
(7°-CoHs-1,3-(SiMe),)2Zr(CH,0CHg)H (1-(CH,OCH3)H), was
observed (eq 4). This compound arises fromHCactivation
of an ether methyl group and exhibits cyclopentadienyl and
benzo hydrogens in the 6.50 to 7.50 ppm chemical shift region,
indicative of common;®,;° indenyl hapticity. Exposure of the
product mixture to a vacuum resulted in the loss of dimethyl
ether, from either dissociation or reductive elimination, and
allowed isolation of the sandwicH, Warming the reaction
mixture to 85°C for several days produced a complex mixture
of products, the majority of which containégthe correspond-
ing zirconocene cyclometalated hydride ah(CH,OCH3)H.
Importantly, no C-O bond cleavage was observed under these
conditions.

J. AM. CHEM. SOC. = VOL. 128, NO. 51, 2006 16603
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Figure 4. Products of longer chain dialkyl ether cleavage with

Observation of €-H activation with dimethyl ether prompted
more careful monitoring of the addition of other methyl alkyl
ethers tol. Addition of 10 equiv of methyl ethyl ether or 50
equiv of methyln-butyl ether tol in benzeneds allowed
observation of small quantities (330%) of the corresponding
zirconocene alkyl hydride compounds®(CgHs-1,3-(SiMe&)2),-
Zr(CH,OR)H (R= Et, 1-(CH,OEt)H; "Bu, 1-(CH,O"Bu)H),
over the course of minutes at 28 (eq 5).

MesSi
Me-Si SiM63
MesSi” | 3 \
= + CHgOR — - )
~Z SiMes MegSi CHOR
& &—SiM%
SiMes
1 R = Et, 1-(CH,0Et)H

R ="Bu, 1-(CH20"Bu)H

Table 2. Pseudo-First-Order Rate Constants Measured for Et,O
Cleavage with 1 at 45 °C2

equiv of Et,0 Kabs % 10% (s71)
10 1.1(2)
25 1.4(2)
50 2.2(3)
75 4.1(3)

4 aEach experiment was conducted with a 0.03 M solutiohiafbenzene-

6.

Attempts to cleave (MgSi),O were unsuccessful; heatidgo

95 °C in the presence of a large excess of ether produced no
Si—O cleavage products after 2 weeks.

To probe the mechanism of dialkyl ether cleavage, several
kinetic and isotopic labeling experiments were performed. Rate
constants for diethyl ether cleavage byvere measured at 45
°C in benzenads solution by!H NMR spectroscopy with E©

For both zirconocene alkyl hydride compounds, diagnostic excesses ranging between 10 and 75 equiv. Under these
resonances upfield of 0 ppm were observed for the diastereotopicconditions, clean pseudo-first-order processes were obtained (see
hydrogens on the carbon directly bound to the zirconium. No Supporting Information). The observed rate constants from these
benzo or cyclopentadienyl peaks were present between 3 and Experiments are reported in Table 2. The nonlinear, nearly

ppm that are indicative of® indenyl coordination. Additional
evidence for G-H activation was provided by degradation
experiments. Treatment df(CH,OEt)H or 1-(CH,O"Bu)H
with an excess of gaseous deuterium chloride afforded ROCH
and 1-Cl,. No 'H NMR spectroscopic evidence for -
activated products on®,;5-bis(indenyl)zirconium ether com-
plexes was obtained upon treatment.afith a large excess of
methyl tert-butyl or diethyl ether.

Carbon-oxygen bond cleavage in longer chain dialkyl ethers
was also explored. Treatment of a benzdgeelution of1 with
20 equiv of ethyin-butyl ether produced an equimolar mixture
of (7%-CgHs-1,3-(SiM&),)2Zr(O"Bu)H (1-(O"Bu)H) and1-(5*
CH>=CH>) over the course of 3 days at 2& (Figure 4).
Thermolysis with din-butyl ether at 85°C under similar
conditions furnished-(O"Bu)H and a mixture otis- andtrans-
2-butene. Likewise, heating a benzedesolution of 1 to 95
°C in the presence of 25 equiv &¥r,0 yielded {°>-CoHs-1,3-
(SiMe&3)2)2Zr(O'Pr)H (1-(O'Pr)H) after 5 days. The presumed
olefin byproduct, propene, was not detected by NMR
spectroscopy.

16604 J. AM. CHEM. SOC. = VOL. 128, NO. 51, 2006

sigmoidal dependence of the observed rate constant is most
likely a result of competing pathways involving diethyl ether
cleavage and coordination. One path is a productive mechanism
involving initial C—H bond cleavage ultimately leading to-©
scission while the others are most likely due to ligand induced
haptotropic rearrangement to fonyh,;5-bis(indenyl)zirconium
mono- and bis(ether) complexes. Previous studies have shown
that addition of 1 and 2 equiv of THF tbresults in a similar
outcome where both processes are dependent on the THF
concentratiort”

The kinetic isotope effectk(i/kp) for dialkyl ether cleavage
was also measured for both and 2. Using EtO as a
representative substrate, benzelgesolutions ofl or 2 were
prepared with an equimolar mixture of diethyl ether and diethyl
etheréio. A combination oftH and?H NMR spectroscopy was
used to confirm the formation of the expected products:
1-(OEt)H, 1-(OEt-ds)D, 1-(y2-CH,=CHy), and 1-(y2-CDy=
CDy). The kinetic isotope effects were measured by monitoring
the C—0O bond cleavage as a function of time by integration of
the Zr—H resonance ofl-(OEt)H versus the indenyl ring
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Figure 5. Mechanistic possibilities for dialkyl ether cleavage with;®5-bis(indenyl)zirconium sandwich compounds.

protons for both isotopologs of the bis(indenyl)zirconium ethoxy Wolczanski’” and Parkid® have provided a precedent for
hydride(deuteride) compounds. Resonances for the two isoto-y-C—H activation in group 4 transition metal chemistry with
pologs of the ethylene compounds could not be used astitanium amide and zirconium oxo complexes, respectively.

competing isotopic exchange with the [Sifleomplicated the
integration values. A similar control, whereby a benzege-
solution of 1-(OEt)H and 1-(OEt-ds)D was allowed to stand

Other possibilities for €H activation, especially those similar
to Path A, leading to €0 scission are possible fron% indenyl
intermediates, but only one is shown for convenience. The final

at 23°C for several days, produced no isotopic exchange. From mechanism, Path C, involves direct oxidative addition of the
the average of four independent trials, a normal primary isotope C—0 bond to form an intermediate zirconocene alkoxide alkyl

effect ku/kp) of 5.0(5) was measured at 28. A statistically
indistinguishable value dé/kp of 4.7(4) was determined f&

complex which then undergog¢shydride elimination to form
ethylene (trapped b{) and the observed zirconocene ethoxy

from seven independent trials. These data clearly indicate thathydride compound.

a C—H bond cleavage event precedes@ bond scission either
in or prior to the rate-determining step.

At this point, it is useful to consider possible mechanisms
for dialkyl ether cleavage. Three general mechanistic proposals
are presented in Figure 5 using diethyl ether as a representativ

substrate and as the#®n®-bis(indenyl)zirconium sandwich.
Path A involves G-H activation byl, through a transien®,,°-
bis(indenyl)zirconium sandwich (not shown), to yield a zir-
conocene alkyl hydride complex. Subsequeikoxide elimi-

natior?>28liberates free ethylene which is trapped by unreacted
1 to yield the observed zirconocene ethoxy hydride product.
C—H activation at the position adjacent to the oxygen is shown,
though activation of other positions along the chain are also

plausible. The second pathway involvg$,;®-bis(indenyl)-

zirconium intermediates and must be considered as these species

have been isolated from addition of THF or DME 137 In
Path B, only one possibility involving;® haptomers is il-
lustrated: y-C—H activation promoted by thg® indenyl ligand

followed by proton transfer and haptotropic rearrangement. Both

(25) Strazisar, S. A.; Wolczanski, P. J. Am. Chem. SoQ001, 123 4728.
(26) For examples g8-chloride eliminations in group 4 metallocene chemistry,
see: Stockland, R. A,; Foley, S. R.; Jordan, R1IFAmM. Chem. So@003

125 796.

In an attempt to definitively exclude the possibility of Path
C, the synthesis of a putative zirconocene alkoxy alkyl complex
was targeted. Alkylation of-(OMe)CI, prepared from methyl
vinyl ether addition to1-(H)Cl, with "BuLi yielded the

irconocene methoxy butyl compoung{CoHs-1,3-(SiMe)2) -
r(OMe)'Bu (1-(OMe)"Bu), the requisite intermediate arising
from C—O oxidative addition from Me@Bu cleavage. Heating
a benzenels solution of 1-(OMe)"Bu to 65 °C for 2 days
produced no change in thid NMR spectrum. Recall that
cleavage of Me@Bu occurred at 23C in a similar time frame,
definitely excluding Path C as the mechanism of dialkyl ether
cleavage. The selectivity of the MeOR cleavage reactions is
also inconsistent with a direct-€0 oxidative addition pathway.
Selective formation ofil-(OMe)H would not be expected for
the series of ethers (Figure 3).
The feasibility of the G-H activationS-alkoxide elimination
sequence found in Path A (and possibly in a variant of Path B)
was probed by a series of olefin insertion studfeBhe synthesis
of a stable bis(indenyl)zirconium dihydride complexG-CoHs-

(27) Schaller, C. P.; Cummins, C. C.; Wolczanski, P.JTAm. Chem. Soc.
1996 118 591.

(28) Howard, W. A.; Waters, M.; Parkin, @. Am. Chem. So02993 115 4917.

(29) For synthesis of similar compounds in cyclopentadienyl-based chemistry,
see: Buchwald, S. L.; Nielsen, R. B.; Dewan, JGZganometallicsL998
7, 2324.
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Figure 6. Evaluation ofg3-alkoxide elimination with5-H.
1,3-(CHMe),)2ZrH, (5-Hy), was accomplished by oxidative Because certain donors such as THF and DME are known to

addition of K to 5 at 23°C 3% Importantly, this procedure allows  induce haptotropic rearrangement to form isolah®e;5-bis-
isolation of the dihydride where the benzo rings remain intact (indenyl)zirconium ligand derivatives, pathways that include
and do not undergo hydrogenation to the corresponding tet-such haptomers must be considered. As mentioned previously,
rahydroindeny! derivative. Ring hydrogenation was only ob- the observation af® ;> haptomers arising from-€H activation

served with continued exposure te Bt 45°C. argues against the formation of such species. In addition, the
Addition of 1 equiv of methyl vinyl ether to a benzedg- alkyl-substituted sandwicls, does not coordinate THF to form
solution of5-H, at 23°C immediately yielded-(OMe)H and the 7®n®-bis(indenyl)zirconium THF complex even in neat
free ethylene (Figure 6). These products are a result of olefin THF.17 Initial spectroscopit’ and subsequent computational
insertion into the Z+H bond followed by rapidf-OMe studied® demonstrate that a stronger mej@indenyl interaction

elimination; no resonances for the intermediate zirconocene alkylin the ground state coupled with a weakerZ¥ bond in the
hydride were detected b{H NMR spectroscopy. A similar  product, arising from a more electron-rich metal center,
experiment was also performed with 1-hexenyl methyl ether. decreases the propensity for ligand-induced haptotropic rear-
Addition of 1 equiv of the alkoxy-substituted olefin to a rangement. Becaudeis competent for diethyl ether cleavage
benzen&jﬁ solution 0f5'H2 at 23°C ylE‘ldEd the zirconocene at rates on|y S||ght|y slower thah and 2, it appears thaﬁﬁ-

alkyl hydride complex5-("HxOMe)H immediately upon mix-  haptomers are not a prerequisite forG bond scission. The
ing. No chain running was observed until the solution was heated g|gwer rate observed withis most likely a ground state effect,

to 65°C, whereuporb-(OMe)H and a mixture of 2-hexenes  \yhere a strongen? interaction increases the barrier to access
was observed. These observations demonstratg-thidrogen the intermediate;®,;°-bis(indenyl)zirconium species required
elimination from terminal zirconocene alkyls is poss#land for C—H activation. The observed “leveling” in the rate

continugs until irreversiblﬁ-alkoxide eIiminationl oceurs. Ap constants for diethyl ether cleavage witbuggests that at higher
alternative pathway would involve alkane reductive elimination oiher concentrations formation of an unproductife;®-bis-

to yield 5 followed by methylene €H activation ands-meth- (indenyl)zirconium ether compound competes with formation
oxide elimination. of a productive,®,5-bis(indenyl)zirconium intermediate that

~Based on the experimental data, previous work with bis- s competent for rate-determining-G1 activation followed by
(indenyl)zirconium complexes and computational studies on fast 8-alkoxide elimination.

C—0O activation for related THF compounds (vide infra), Path
A is the favored mechanism for dialkyl ether cleavage. Previ-
ously our laboratory has demonstrated that tjfe;5-bis-
(indenyl)zirconium sandwicHl,, promotes the €H activation

of N,N-dimethylaminopyridine (DMAP), demonstrating that
such species are capable of-8 activation!! In addition, . . o
solution NMR2 and computation&t16studies demonstrate that and_2-bute_nes would require e'th‘?'?e‘ activation of a more
dissociation of the;® indenyl ring to form a transieny,5- sterically hindered methylene position along the butyl chain or

bis(indenyl)zirconium sandwich is energetically feasible at 23 ox@anve gddltlon of the terminal methyl group followed by
°C. Moreover, C-H activation of the methyl groups of several chain running. Both of these processes are expected to have
ethers to yieldf5-CoHs-1,3-(SiMe).),Zr(CH,OR)H complexes higher barriers than those of the first pathway, _and hence
have been observed. These compounds are not on the reaction”(O"BUH and1-(7CH,=CH,) are formed exclusively.
coordinate for GO bond cleavage, gé-alkoxide elimination Carbon—Oxygen Bond Cleavage of THFAlthough#> ;>

is not possible. Importantly, these compounds are models for bis(indenyl)zirconium intermediates are favored for dialkyl ether
the C—H activation products of the longer alkyl chain. NMR cleavage, the possibility of-©0 bond activation from isolable
spectroscopy has clearly establism&dndenyl ligand coordina- 7% n°-bis(indenyl)zirconium ligand complexes was also explored.
tion in the ¢°-CoHs-1,3-(SiMe),)2Zr(CH,OR)H derivatives, Thermolysis of a benzergs-solution of §5-CoHs-1,3-(SiMe)2)-
suggesting that productive-€H activation ultimately leading (7°-CgHs-1,3-(SiMe)2)Zr(THF) (1-THF) at 85°C for several

The observed selectivity in EfBu cleavage is also readily
accommodated by mechanism A in Figure 5. Preferential C
H activation of the terminal methyl group of the ethyl chain
leads to rapid, irreversiblg-alkoxide elimination to form the
observed products. The alternative pathway to far(@®Et)H

to S-alkoxide elimination also proceeds througf,;5-bis- days resulted in clean and quantitative formation of the ring-
(indenyl)zirconium haptomers. opened productyf-CoHs-1,3-(SiMe)2)-Zr(cyclo-OCHy(CH,) -
CH,) (1-c-O(CHy)4) (eq 6). The zirconocene alkoxy alkyl
(30) ngidé%)(/)'aCizlg; G'X%EZKOVS"% E.; Keresztes, I.; Chirik, P.JJAm. Chem. complex,1-c-O(CH>)4, was characterized by multinuclear NMR
(31) (a) Brgwn, H.C.; Lynch, G. 3. Org. Chem1981, 46, 531. (b) Newcomb, spectroscopy, combustion analysis, and degradation experiments.
(32) SR - e . CTeshesren L1930 264, Treatment with excess DCI producetiCly and O-4-dn-
Soc.1999 121, 10308. butanol, identified by*H and?H NMR spectroscopy.
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Carbon-oxygen bond cleavage in THF was also explored
with zirconocene sandwich complexes that do not form isolable
(or even observable)®,;5-bis(indenyl)zirconium-THF deriva-
tives. Recall that the purely alkyl substitutécddoes not form
any detectable quantity &-THF, even in THF solutiord?
Thermolysis of5 at 85°C in the presence of an excess of THF
resulted in complete conversion t9>CgHs-1,3-(CHMe),),-
Zr(cyclo-OCH,(CH,)2CH,) (5-c-O(CHy),) after 3 days (eq 7).

MesHC
/ﬁ:HMez
Me,HC Z|r 85 °C Me,HC \Zro -
Q/ CHMe, xs THF Me,HC $ (¢]
Qé? &—CHMeZ
CHMeg

5 5-c-0(CHj),

The ring opened produch;c-O(CH>)4, was characterized by
multinuclear NMR spectroscopyH{, 13C), combustion analysis,
and X-ray diffraction. Representations of the solid-state structure
are presented in Figure 7. The overall molecular geometry of
the compound is typical for a bent zirconocene derivative with
two 7° indenyl rings with a rotational angle of only 11.6{3)
placing one benzo substituent over the metallocene wedge
similar to the geometry observed in a related crotyl hydride
compound? The six-membered metallacycle adopts a chairlike
conformation with zirconiurcarbon and zirconiumoxygen
bond distances of 2.3007(11) and 1.9180(8) A, similar to those
in the related permethylated zirconocene complgxJsMes),-
Zr(cyclo-O(CHy)4), prepared by treatment of the zirconocene
dichloride with BrMgCH(CH,),CH,OMgBr .33

Mechanistic Studies for THF Cleavage.As with diethyl
ether cleavage, kinetic studies were performed on the ring
opening of THF withl. Experiments were performed at 836
with excesses of THF ranging between 10 and 75 equiv. The

pseudo-first-order rate constants are presented in Table 3 and

were determined from monitoring the conversiorleTHF to

1-c-O(CHy)4 by ™H NMR spectroscopy as a function of time.
The data compiled in Table 3 clearly establish that the rate

of C—0 bond cleavage is independent of the THF concentration.

We have previously measured both the equilibrium and rate

constants for THF coordination th'” In benzeneds at 23°C,

the equilibrium constant for the addition of THF1ds 22 M1,

Table 3. Observed Pseudo-First-Order Rate Constants for C—O
Bond Cleavage in THF with 1 at 85 °C2

equiv of THF kons % 10° (s77)
10 1.8(1)
50 1.9(1)
75 1.8(1)

aEach experiment conducted at 0.031IMn benzeneds.

while the first-order rate constant for THF dissociation is 31
s71 (eq 8). Comparing the latter value to the rate constants

Me3Si MegSi

= 2> 3

il k 7\
MesSi 7. + THF =—==  MesSi z+—THF (8)
A SiMes kg

KTne = 22 M1 (23 °C)
k.;=31sec™ (23 °C)

M&'SIMG{;
measured for THF cleavage demonstrates that THF dissociation
to generate the®,n°-bis(indenyl)zirconium sandwich is fast and
reversible relative to the €0 bond cleavage reaction.

Kinetic isotope effects for THF scission were also measured.
Competition experiments were conducted, whereby benzene-
ds solutions of 1 were heated to 92C with excesses of
equimolar mixtures of THF and TH#s. The conversion was
monitored as a function of time by integrating thé¢ NMR
resonances of the indenyl ring protons relative to the metallo-
cycle. This procedure yielded a valuelgfikp of 3.5(3) at 92
°C as the average of five independent trials. The control
experiment wheréd.-c-O(CD;)4 was heated to 92C for 12 h
was conducted and produced no isotopic exchange into the
[SiMeg] substituents. As with diethyl ether cleavage, the
observation of a normal, primary kinetic isotope effect estab-
lishes a C-H bond-breaking step along the reaction coordinate
either in or before the rate-determining step.

The synthesis of potential intermediates from olefin insertion
with the bis(indenyl)zirconium dihydrid®-H, was also ex-
plored. Treatment of5-H, with excess £25 equiv) 2,5-
dihydrofuran at—78 °C followed by warming to ambient
temperature yielded the zirconocene alkyl hydride comphéo¢
OC4H7)H, where the zirconium has migrated to the carloon
to the oxygen atom (eq 9). Théd NMR spectrum of5-(c-

CHM
MegHC’g o2

O

Zr,
MeoHC “H
o

SiMe3

o
MezHcﬁ:HMe2 (xs) § ] + exo-isomer
o _— 5-c-(OC4Hy)H

~

Zr.
MeoHC H
CHM62

5-H,

©)

ﬁ:HMEQ
MGQHC

\

Zr\O )

MeoHC %
&—oweg

5.c-O(CHy),

OC4H7)H exhibits the number of resonances consistent with a
near equimolar mixture of endo and exo isomers, where the
endo isomer is defined as the one in which the oxygen atom of
the ring is coordinated in the central position of the zirconocene
wedge. Catalytic isomerization of the bulk 2,5-dihydrofuran to
the 3,4 isomer occurred immediately upon additiorbtél,.

(33) Mashima, K.; Yamakawa, M.; Takaya, Bl. Chem. So¢Dalton Trans.
1991 2851.
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Figure 7. Molecular structure ob-c-O(CHy)4 at 30% probability ellipsoids (left). Hydrogen atoms omitted for clarity. Top view of the molecule with
hydrogens and isopropyl methyl substituents removed for clarity (right).

Confirmation of the position of the zirconium atom on the ring catalyst, [(COD)Ir(PP$)(py)]PF (COD = 1,5-cyclooctadiene,

was accomplished by treatment with DCI, which yielde€l, py = pyridine). Using this procedure, less than 5% deuterium
with deuterium exclusively in the positiam to the oxygen. incorporation into the positions adjacent to the oxygen was
Over the course of hours at 28 in a benzenas solution, detected by?H NMR spectroscopy. Other catalysts such as

5-(c-OC4H7)H gradually converts to the product of THF scission (PhsP):RhCI produced higher levels of isotopic scrambling.
5-c-O(CH>)4. Unfortunately attempts to gain more mechanistic ~ Addition of 3,4-d,-THF to a benzenes solution of1 afforded
insight by treating5-D, with 2,5-dihydrofuran have been the 55,°bis(indenyl)zirconium-THFd, complex, 1-THF-d,.
unsuccessful as the isotopic labels are rapidly washed into theTwo isomers (one with the deuterium atoms syn toithéng,
excess olefin required for synthesis. Despite this limitation, these the other with the deuteria anti) are most likely formed; however
results demonstrate that an observableHCactivated product  they are not resolved bYH NMR spectroscopy in part due to
leads to C-O bond cleavage under mild conditions. the rapid dissociation and recoordination of the Tejfigand!’
Failure to add an excess of either 3,4- or 2,5-dihydrofuran to Thermolysis ofl-THF-d, at 85°C for 3 days resulted in ring
5-H; produced a different outcome. Under these conditions, opening to yield the oxozirconacycle without scrambling of the
bimetallic insertion/ring opening to the bridging alkoxy alkyl deuterium positions as judged By and'3C NMR spectroscopy
zirconocene hydride complex was observed (eq 10). Treatment(eq 11). The assignment of tA&C NMR spectrum (Figure 8)

MegSi .
ﬁHM82 3! ﬁSMeg
Me,HC \ i

D
_H ) 85 °C MesSi \ D
2 Z MesS Zr—Od zrg
MesHC é “H % 'g 3days  MegSi $r/o§/
CHMe, &—SiMea
SiMes
MesSi

5-Ha + isomer 1-c-O(CH,CH(D)CH(D)CHo)
1-THF-d,

(o) (o) (11)
@ or Q (10) xsHCI | - 1-Cly
ﬁHMGZ MGQH(%\ H/O
Me,HC CHMe,

/O\/\/\
_Zr D

Me,HC CHMe.
Qé CHMe, 2 , , , ,
MeHC was accomplished by comparison of chemical shifts to known

bis(indenyl)zirconium compounds as well as witlg4lSQC
of this compound with 1 atm of dihydrogen at 48 yielded experiment. The appearance of two triplets in {Hel}13C

the bis(tetrahydroindenyl)zirconocene dihydri@eTHI-H ,3° experiment for the carbons labeled “2” and “3” is consistent
and the alkoxy hydride5-(O"Bu)H. with selective deuterium incorporation. Degradation of the
The C-O bond cleavage of 3,d>THF with 1 was also labeled ring opened product with excess HCI was consistent

explored. This substrate was prepared in a straightforward with this observation yieldingl-Cl, and 2,3d,-butan-1-ol
manner by [ addition to 2,5-dihydrofuran using Crabtree’s exclusively (eq 11).
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Figure 8. Partial{H}13C NMR spectra of (a)l-c-O(CH2)4 and (b)1-c-O(CH,CH(D)CH(D)CH ) in benzeneds.

The results of the isotopic labeling experiment with 3,4-THF- (WI)3® also support this trend as the-Zrl has a value of 0.481
dy, establish that chain running via reversibiehydrogen in TSag and 0.776 irB; the C—H bond has a value of 0.383 in
elimination to the 3 or 4 position of the THF ring, while  TSpg and 0.037 irB. The Zr—O bond is maintained throughout
plausible from the model studies, is not a prerequisite fooC the course of the reaction as evidenced by the bond distances:
bond cleavage. If this were the case, deuterium scrambling intodz—o = 2.32, 2.34, and 2.30 A, iA, TSag, andB, respectively.
the 1 and 4 positions (Figure 8) would be expected. This interaction becomes progressively stronger along the
Computational Studies.The mechanism of both-€H and reaction coordinate (Wj-o = 0.239, 0.263, and 0.285, by the
C—0 bond activation of THF by bis(indenyl)zirconium sand- same order). Perhaps most significantly; € activation from
wich complexes was also investigated with DFT calculafibns A is endergonic withAG = 8.0 kcal/mol and a rather high
using model complexes, whereby the 1,3-disubstituted indenyl activation energy oAG* = 26.7 kcal/mol.

ligands were replaced with the parent indenyl anionHf . The C-0O bond breaking pathway from also proceeds by
The possibility of both bond activation reactions from #f3g;®- a single-step process. In this case, the product is the zirconacycle
bis(indenyl)zirconium THF complex,nf-CoH7)(175-CoH7)Zr- (C) with #® and 5° bound indenyl ligands. In this case, a
(THF) (A) was initially computed. The free energy proffle  dissociative mechanism is clearly operative as the new(Zr

for these processes is presented in Figure 9. bond has not started to form in the transition staiSa¢) as

The mechanism for €H bond breaking fromA (left side, dz—c = 3.44 A. Importantly, G-O bond breaking in THF is
Figure 9) follows a single-step pathway. The reaction profile far advanced with an elongated bond length of 2.02 A and
corresponds to the oxidative addition of one & bond to the weaker WI (Wk—o = 0.355) than those of the reactadt(o
zirconium, forming the zirconocene alkyl hydride complBy, =1.47 A, Wi—o = 0.826). Although the reaction is computed
where they®,;° hapticity of the indenyl rings is maintained. In  to be significantly exergonic?\G = —34.9 kcal/mol, it involves
the transition statel Sag, the scission of the €H bond is just a high activation barrier oAG* = 22.1 kcal/mol.
started, while the formation of the ZH bond is nearly complete The values obtained for both-@4 and G-O bond cleavage

with a Zr—H distance of 1.87 A, only slightly longer than the  from A as well as the experimental results prompted an
value of 1.82 A found in the final produBt The Wiberg indices

(36) (a) Wiberg, K. B.Tetrahedron1968 24, 1083. (b) Wiberg indices are

(34) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and Molecules electronic parameters related to the electron density in between atoms. They
Oxford University Press: New York, 1989. can be obtained from a Natural Population Analysis and provide an
(35) All AG values were calculated at 298.15 K. indication of the bond strength.
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Figure 9. Free energy profile for the mechanism of-@ (left) and G-O (right) bond activation, starting from;§-CgH7)(175-CoH7)Zr(THF) (A). The
minima and the transition states were optimized (B3LYP/VDZP), and the obtained structures are presented. The free energies)kealfelative toA,
and the values in italics represent energy barriers. The most relevant atoms in each step are highlighted.
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Figure 10. Free energy profile for the conversion gf{CoH7)(7°-CoH7)Zr(THF) (A) into (175-CoH7)2Zr(THF) (G) by a dissociative mechanism. The minima
and the transition states were optimized (B3LYP/VDZP), and the obtained structures are presented. The free energies!|kual ralaitive toA, and the
values in italics represent energy barriers. The most relevant atoms in each step are highlighted.

investigation into alternative mechanistic possibilities. In these Rotation of the indenyl ligands yields the gauche conformer,

cases, the starting zirconium compound is #fgy>-haptomer
of A, namely (°-CoH-)2Zr(THF) (G). Therefore, the reaction
of convertingA to G was initially studied (Figure 10). There
are two likely possibilities for this transformation. One is
intramolecular with a direct shift of the hapticity of thg
indenyl to#°. The other possibility is dissociative, involving
initial loss of THF to generate thg?,;5-bis(indenyl)zirconium
sandwich, §°-CoH7)(%-CoH7)Zr (E), whereby readdition of
THF yields ¢5-CoH7)2Zr(THF) (G).

The dissociative conversion éfto G occurs in four discrete
steps. The first two convert thg,;° complex,A, into they°,,°
bis(indenyl)zirconium sandwichy{-CoH7)(17°-CoH7)Zr (E). The
first step is THF loss fron& to produce % CoH7)(175-CoH7)Zr

(D), where the indenyl rings adopt an anti conformation.

16610 J. AM. CHEM. SOC. = VOL. 128, NO. 51, 2006

E, which converts to gauchenp¥CoH7)Zr (F) by benzo
dissociation. FinallyF coordinates THF through a transition
state TSgg) with the two molecules loosely boundz—o =
4.07 A). The overall activation free energy for this entire four-
step process is 12.0 kcal/mol, well below the value computed
(22.8 kcal/mol) for the intramoleculaf to »° shift!® and much
lower than those computed for-& and C-O activation from
A (Figure 9).

The DFT computed free energy profile for THF cleavage from
the 5%,55-bis(indenyl)zirconocene THF addu&, is presented
in Figure 11. The left side of the figure corresponds to direct
C—0 bond cleavage in the reacta@t, yielding the metallacycle
(7®-CgH7)2Zr(0-c-(CHy)4) (H) in a single step. Similar to the
mechanism fromA, C—O bond cleavage is well advanced in
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Figure 11. Free energy profile for the mechanism of-8 bond activation (right, two steps) and directO bond breaking (left, one step), starting from
(7°-CgH7)2Zr(THF) (G). The minima and the transition states were optimized (B3LYP/VDZP), and the obtained structures are presented. The free energies
(kcal mol) are relative tog8-CoH7)(17°>-CoH7)Zr (A), and the values in italics represent energy barriers. The most relevant atoms in each step are highlighted.

the transition statede—o = 1.91 A, Wic—o = 0.422). This
process G to H) is thermodynamically favorable withG =

kinetic isotope effect of 3.5(3) at 9L for THF versus THF-
ds cleavage. Moreover, the initial dissociation of THF from the

—51.0 kcal/mol and has an accessible activation free energy of®5%-bis(indenyl)zirconium THF compound to form the sand-

AG* = 14.0 kcal/moB”

wich is followed by recoordination to yield the,»°-haptomer

The right side of Figure 11 corresponds to a two-step pathway prior to the rate-determining step and produces the overall zero-

involving initial C—H activation to yield an intermediatg,,°-
bis(indenyl)zirconium alkyl hydride complek)(that undergoes
subsequent €0 bond cleavage to yield the final metallacycle
product, J. The difference betweeil and J is simply the
rotational conformation of the two indenyl ligands, and these
rotamers are expected to interconvert readily in solutfdA.
The first step in the path leading fro@ to J is analogous to
the corresponding €H activation step from thg®,,5-haptomer,

A (Figure 9, left). In the transition stat& $g,), the Zr—H bond

is practically formed dz—n = 1.89 A, Wh,—y = 0.418), and
the C—H bond is still considerabled¢—y = 1.41 A, Wic—y =
0.466). The conversion ofto J is concerted, and thus the-C

O bond is weakened in the transition staf&,) with dc—o =
2.19 A and Wt—o = 0.280 as compared fo(dc—o = 1.49 A,
WIlc—o = 0.805). The incipient €H bond is nearly formed in
TS (de—n = 1.93 A, Wie—o = 0.231), and both the carbon

order dependence on THF concentratior-HCbond cleavage
from the position adjacent to the oxygen without rearrangement
to the-position is also in agreement with the cleavage of 3,4-
do-THF.

It should be noted that previous computational studieave
identified the spin triplet form ofif>-CoH7)Zr(THF) as being
more stable by 2.8 kcal/mol than the singlet compléx,
Numerous attempts were made to find a plausible mechanism
on the triplet spin surface, but all cases studied involved
conversion to the singlet specie§, through the know#
crossing point, 3.2 kcal/mol above the triplet state itself. It should
be pointed out that the computational studies were conducted
on model compounds that lacked the sterically demanding 1,3-
substituents, and these are known to attenuate the sirgjséet
gaps!6

and oxygen atoms remain coordinated throughout the conversionConcluding Remarks

from | to J (dz—o = 1.95-2.33 A, dz,—c = 2.12-2.31 A. The
transformation ofG to J is thermodynamically favored with
AG = —51.7 kcal/mol, and both steps have low activation free
energiesAG* = 13.3 and 11.3 kcal/mol, respectively). Pathways
involving C—H activationa to the oxygen were most favorable
while those relying on activation of thfeC—H bond were found

to be much higher in free energy.

The computational studies demonstrate that the most favorabl
pathway for CG-O bond cleavage in THF fronA follows a
multistep mechanism involving conversion of th&;5-bis-
(indenyl)zirconium THF compound into thg®n>-haptomer
followed by C—H activation and finally G-O bond breaking.

The rate-determining step for the entire transformation is the

C—H activation step @ — |, AG* = 13.3 kcal/mol) and is
consistent with the experimentally observed normal, primary

(37) All energies are relative to the initial reactaft,

€ o

This study has demonstrated thyd;5-bis(indenyl)zirconium
sandwich complexes are effective for-O bond cleavage in
dialkyl and cyclic ethers under mild conditions in solution to
yield well-defined organic and organometallic products. Prepa-
ration of model compounds, in combination with kinetic,
isotopic labeling, and computational studies, has established that
the C-0O activation reaction involves initial conversion of the
1%n°-bis(indenyl)zirconium sandwich to reducing,;® inter-
mediates that promote €H activation. In the dialkyl ether
examples, subsequefit-alkoxide elimination generates the
observed products. For isolahj&s;®-bis(indenyl)zirconium THF
compounds, dissociation of the oxygen donor followed by
haptotropic rearrangement yields the active species for rate-
determining C-H activation followed by C-O bond cleavage.

In these reactions, isotopic labeling studies have eliminated
competitive chain running during the course of THF opening.
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These studies highlight the potential of isolab}&5-bis-
(indenyl)zirconium sandwich compounds to mediate formal two-
electron reduction chemistry by accessifop®-intermediates
generated by facile benzo ring dissociation.

Experimental Section 38

Diethyl Ether Cleavage with 1. A 25 mL round bottomed flask
was charged with 250 mg (0.41 mmol) band approximately 10 mL
of diethyl ether. The reaction mixture was stirred at ambient temperature
for 3 days. The solvent was removed in vacuo, and the resulting red
foam was extracted into pentane. Analysis of the products by NMR
spectroscopy revealed formation of a near equimolar mixtute(gf-
CH;=CH,) and 1-(OEt)H. Analytically pure1-(>CH,=CH,) can
be isolated by successive recrystallizations (typically two) from pentane
at —35 °C. However, attempts to obtailv(OEt)H free from 1-(p?>
CH2;=CH;) have been unsuccessful.

Characterization of (75-CgHs-1,3-(SiM&)2)2Zr(17?-CoHa) 1-(1%-
CH2;=CHy). Anal. Calcd for GzHseSisZr: C, 60.21; H, 7.90. Found:
C, 59.89; H, 7.89H NMR (benzeneds): 6 = 0.12 (s, 36H, IVey),
0.87 (br s, 4H, GH,), 6.67 (s, 2H, Cp), 7.07 (m, 4H, Benzo), 7.65 (m,
4H, Benzo)® C NMR (benzeneds): 6 = 1.34 (SMes), 94.64 (GH,),
110.03, 124.97, 125.26, 127.01, 136.27 (Cp/Benzo).

Characterization of (%-CqHs-1,3-(SiMe&),)2Zr(OCH ,CHz)H (1-
(OEt)H). *H NMR (benzeneds): ¢ = 0.46 (s, 18H, We;), 0.49 (s,
18H, SMej), 0.78 (t, 6 Hz, 3H, OCKCHg,), 3.37 (q, 6 Hz, 2H, O8,-
CHg), 5.16 (s, 2H, Cp), 5.23 (s, 1H, ZH), 6.74 (t, 8 Hz, 2H, Benzo),
6.81 (m, 2H, Benzo), 7.32 (d, 11 Hz, 2H, Benzo), 7.53 (d, 11 Hz, 2H,
Benzo). 1°C NMR (benzenedk): 6 = 1.76, 1.86 (9Vles), 23.06
(OCH,CHg), 67.29 (CCH,CHs), 108.72, 123.46, 124.11, 124.93, 125.09,

and 100uL of a 0.031 M benzenes solution containing sublimed
ferrocene. The appropriate amount (typicaltyZs uL) of dialkyl ether
was then added by a microliter syringe, and benz&neas added to
bring the total volume to 0.5 mL. The tube was then quickly shaken
and frozen in liquid nitrogen. The tube was then transferred to a
preheated NMR probe at the appropriate temperature (45 6CR5
and the disappearance of starting material and the appearance of product
were measured in an arrayéid NMR experiment. Typically the time
interval between data collection was-2 min depending upon the
reaction rate. Spectra were integrated versus the ferrocene standard.
Three runs at each dialkyl ether concentration were performed.
Typical Procedure for Kinetic Isotope Effect Determination. A
flame-dried J. Young NMR tube was charged with 3000of a 0.04
M benzeneds stock solution ofl and 100uL of a 0.031 M benzenes
solution containing sublimed ferrocene. 25 (>25 equiv) of an
equimolar solution of THF/THFKs or diethyl ether/diethyl ethedo
was added to the tube. Dialkyl ether cleavage was then performed under
typical conditions. The solvent was removed in vacuo on a vacuum
line, and the samples were redissolved in 0.5 mL of benzgne-
Integration of théH NMR resonances of the resulting cleavage products
relative to ferrocene provided the kinetic isotope effects for the
reactions.
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Supporting Information Available: Additional experimental

125.25, 128.70, 133.83 (Cp/Benzo). One Cp/Benzo resonance notprocedures, computational details, and spectral characterization.

located.
General Kinetics Procedure.A flame-dried J. Young NMR tube
was charged with 30QL of a 0.05 M benzenels stock solution ofl

Crystallographic data fot-(2-CH,=CH,) and 5-c-O(CHy)4
and all atomic coordinates for optimized species. This material
is available free of charge via the Internet at http://pubs.acs.org.

(38) General considerations and additional experimental procedures are reported

in the Supporting Information.
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