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New transition metal silyl amide complexes (Me2N)3Ta[N(SiMe3)2](SiPh2But) (1) and (Me2N)M[N(SiMe3)2]2(SiPh2-
But) (M ) Zr, 2a, and Hf, 2b) were found to undergo γ-H abstraction by the silyl ligands to give metallaheterocyclic

complexes (Me2N)3Ta(NSiMe3SiMe2CH2) (3) and {(Me2N)[(Me3Si)2N]M(NSiMe3SiMe2CH2)}2 (M ) Zr, 4a, and Hf,
4b), respectively. The conversion of 1 to 3 follows first-order kinetics with ∆Hq ) 23.6(1.6) kcal/mol and ∆Sq )
3(5) eu between 288 and 313 K. The formation of 4a from (Me2N)Zr[N(SiMe3)2]2Cl (5a) and Li(THF)2SiPh2But (6)
involves the formation of the intermediate 2a, followed by γ-H abstraction. Kinetic studies of these consecutive
reactions, a second-order reaction to give 2a and then a first-order γ-H abstraction to give 4a, were conducted by
an analytical method and a numerical method. At 278 K, the rate constants k1 and k2 for the two consecutive
reactions are 2.17(0.03) × 10-3 M-1 s-1 and 5.80(0.15) × 10-5 s-1 by the analytical method. The current work is
a rare kinetic study of the A + B f C f D (+ E) consecutive reactions. Kinetic studies of the formation of a

metallaheterocyclic moiety M(NSiMe3SiMe2CH2) have, to our knowledge, not been reported. In addition, γ-H
abstraction by a silyl ligand to give such a metallaheterocyclic moiety is new. Theoretical investigations of the γ-H
abstraction by silyl ligands have been conducted by density functional theory calculations at the Becke3LYP (B3LYP)
level, and they revealed that the formation of the metallacyclic complexes through γ-H abstraction is entropically
driven. X-ray crystal structures of (Me2N)3Ta[N(SiMe3)2](SiPh2But) (1), (Me2N)Zr[N(SiMe3)2]2Cl (5a), and {(Me2N)[(Me3-

Si)2N]M(NSiMe3SiMe2CH2)}2 (M ) Zr, 4a, and Hf, 4b) are also reported.

Introduction

Transition-metal silyl complexes are of intense current
interest.1-3 d0 silyl complexes free of cyclopentadienyl (Cp)

ligands have been studied for their structures and reactivi-
ties.1,3 Cp-free d0 early transition metal complexes are often
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highly electron deficient, and amide ligands such as-NMe2

containing lone-pair electrons enhance the stability of these
complexes through d-p π bonding.2j,k,3e,k,4 Disilylamide
ligand -N(SiMe3)2, as a bulkier and weaker p-d π bond
donor than dialkylamide ligands,5 often displays unique
chemistry. For example, conversion of disilylamide ligands

to the metallaheterocyclic moiety M(NSiMe3SiMe2CH2) is
known.6 To our knowledge,γ-H activation of the-N(SiMe3)2

ligand by a silyl ligand to give a cyclic complex has
not been reported. Here we report the preparation of amide
silyl complexes (Me2N)3Ta[N(SiMe3)2](SiPh2But) (1) and
(Me2N)M[N(SiMe3)2]2(SiPh2But) (M ) Zr, 2a, and Hf,2b)
and their conversion to four-membered metallahetero-

cyclic complexes (Me2N)3Ta(NSiMe3SiMe2CH2) (3) and

{(Me2N)[(Me3Si)2N]M(NSiMe3SiMe2CH2)}2 (M ) Zr, 4a,
and Hf, 4b) throughγ-H abstraction by the silyl ligands.
The Zr and Hf silyl complexes2a,b were found to be too
unstable to be isolated and were observed in-situ by1H NMR
spectroscopy. The formation of the Zr four-membered ring

complex 4a from (Me2N)Zr[N(SiMe3)2]2Cl (5a) and Li-
(THF)2SiPh2But (6) follows consecutive reaction kinetics:
second-order reaction to give2a, followed by first-orderγ-H
abstraction reaction to yield4a. Although there are standard
procedures to study kinetics of two or three consecutivefirst-
order reactions,7 kinetic studies of a second-order reaction,
followed by a first-order reaction, as observed here, are rare.8

In addition, kinetic studies of the formation of metalla-

heterocyclic moiety M(NSiMe3SiMe2CH2) have, to our
knowledge, not been reported.6 An analytical method has
been developed in the current work for such consecutive
reactions. Mathematic models by analytic methods are known
to reveal physics and chemistry behind observed data and
phenomena and are needed for benchmarking and validating
numerical solutions and methods.9 The kinetics of the
consecutive reactions has been studied by both the analytical
method developed in the current work and a numerical
method. Our preparation of the new complexes, the analytical
method for the consecutive reactions, kinetic studies of the
formation of 3 and 4a, and theoretical studies of theγ-H
abstraction by silyl ligands are reported here.

Experimental Section

All manipulations were performed under a dry nitrogen atmo-
sphere with the use of either a drybox or standard Schlenk
techniques. All solvents were purified by distillation from potas-
sium/benzophenone ketyl. Benzene-d6, toluene-d8, and THF-d8 were
dried over activated molecular sieves and stored under N2. TaCl5
(Strem) was used as purchased. ZrCl4 and HfCl4 (Strem) were
freshly sublimed under vacuum. Li(THF)2SiPh2But (6)2m and
(Me2N)3Ta[N(SiMe3)2]Cl (7)6q were prepared according to literature
procedures.1H, 13C{1H}, and29Si{1H} NMR spectra were recorded
on a Bruker AMX-400 spectrometer and referenced to solvent
(residual protons in the1H spectra).29Si chemical shifts were
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referenced to SiMe4. The formation of HSiPh2But in the conversions
of 1 to 3, 2a to 4a, and2b to 4b was confirmed by comparisons
with its standard NMR spectra. Elemental analyses were performed
by Complete Analysis Laboratories Inc., Parsippany, NJ.

Preparation of (Me2N)3Ta[N(SiMe3)2](SiPh2But) (1). To a
mixture of (Me2N)3Ta[N(SiMe3)2]Cl (7, 0.640 g, 1.26 mmol) and
Li(THF)2SiPh2But (6, 0.480 g, 1.51 mmol, 20% excess) was added
hexanes (30 mL) at-50 °C. The solution was warmed to room
temperature and stirred for 4 h. The solution was then filtered,
concentrated, and cooled at-35°C overnight to give brown crystals
of 1 (0.483 g, 0.735 mmol, 58.5% yield):1H NMR (benzene-d6,
400.1 MHz, 15°C) δ 7.82, 7.27 (m, C6H5), 3.17 (s, 18H, NMe2),
1.23 (s, 9H, SiPh2CMe3), 0.11 [s, 18H, N(SiMe3)2]; 13C{1H} NMR
(benzene-d6, 100.0 MHz, 15°C) δ 149.4, 138.8, 138.0, 137.4, 136.5
(C6H5), 48.9 (NMe2), 31.7 (SiPh2CMe3), 26.2 (SiPh2CMe3), 5.8
[N(SiMe3)2]; 29Si{1H} NMR (benzene-d6, 127.1 MHz, 10°C) δ
62.7 (SiPh2But), -2.18 [N(SiMe3)2]. Anal. Calcd for C28H55N4-
Si3Ta: C, 47.17; H, 7.78. Found: C, 46.95; H, 7.92.

Preparation of (Me2N)Zr[N(SiMe 3)2]2Cl (5a). A slurry of ZrCl4
(4.00 g, 17.2 mmol) in THF (30 mL) was treated with 1 equiv of
LiNMe2 (0.876 g, 17.2 mmol) in THF at-30 °C. The reaction
mixture was stirred overnight after the temperature was warmed
to room temperature. A 2 equiv amount of LiN(SiMe3)2 (5.74 g,
34.3 mmol) in THF (30 mL) was added at-30 °C, and the mixture
was stirred overnight at room temperature. All volatiles were
removed in vacuo, and the product was extracted with hexanes (50
mL). The solution was filtered, concentrated, and cooled at-35
°C overnight to give colorless crystals of5a (7.21 g, 14.7 mmol,
85.3% yield): 1H NMR (benzene-d6, 400.0 MHz, 23°C) δ 3.01
(s, 6H, NMe2), 0.33 [s, 36H, N(SiMe3)2]; 13C{1H} NMR (benzene-
d6, 100.0 MHz, 23°C) δ 45.1 (NMe2), 4.7 [N(SiMe3)2]. Anal. Calcd
for C14H42N3Si4ClZr: C, 34.21; H, 8.61. Found: C, 33.95; H, 8.57.

Preparation of (Me2N)Hf[N(SiMe3)2]2Cl (5b). A slurry of HfCl4
(5.00 g, 15.6 mmol) in THF (40 mL) was treated with 1 equiv of
LiNMe2 (0.797 g, 15.6 mmol) at-30 °C. The reaction mixture
was then stirred overnight after it was warmed to room temperature.
A 2 equiv amount of LiN(SiMe3)2 (5.22 g, 31.2 mmol) in THF (30
mL) was added at-30 °C, and the mixture was stirred overnight.
All volatiles were removed in vacuo, and the product was extracted
with hexanes (50 mL). The solution was filtered, concentrated, and
cooled at-35 °C for 1 day to give colorless crystals of5b (7.42
g, 12.8 mmol, 82.2% yield):1H NMR (benzene-d6, 400.0 MHz,
23 °C) δ 3.04 (s, 6H, NMe2), 0.33 [s, 36H, N(SiMe3)2]; 13C{1H}
NMR (benzene-d6, 100.0 MHz, 23 °C) δ 44.0 (NMe2), 5.0
[N(SiMe3)2]. Anal. Calcd for C14H42N3Si4ClHf: C, 29.05; H, 7.31.
Found: C, 28.93; H, 7.47.

Preparation of {(Me2N)[(Me3Si)2N]Zr(NSiMe 3SiMe2CH2)}2

(4a). To a mixture of (Me2N)Zr[N(SiMe3)2]2Cl (5a, 0.707 g, 1.44
mmol) and Li(THF)2SiPh2But (6, 0.459 g, 1.44 mmol) was added
toluene (30 mL) at-30 °C. The mixture was stirred for 4 h after
the temperature was warmed to room temperature. Pentane (20 mL)
was added after volatiles were removed in vacuo. The brown
solution was filtered, concentrated, and cooled at-35 °C overnight
to give colorless crystals of4a (0.451 g, 0.496 mmol, 68.9%
yield): 1H NMR (THF-d8, 400.0 MHz, 23°C) δ 2.99 (s, 6H, NMe2),
0.30 (s, 3H, SiMe), 0.25 (s, 2H, SiCH2), 0.22 [s, 18H, N(SiMe3)2],
0.20 (s, 3H, SiMe), 0.14 (s, 9H, SiMe3); 13C{1H} NMR (THF-d8,
100.0 MHz, 23°C) δ 45.8 (NMe2), 37.2 (SiCH2), 5.7 (SiMe), 5.3
(SiMe3), 5.2 [N(SiMe3)2], 4.9 (SiMe). In benzene-d6 at 23°C, the
CH2 resonance was not resolved in the13C NMR spectrum. When
2 equiv of THF was added into solution, the CH2 peak at 37.3

ppm in 13C NMR spectrum sharpened. Anal. Calcd for C28H82N6-
Si8Zr2: C, 36.95; H, 9.08. Found: C, 36.73; H, 8.98.

Preparation of {(Me2N)[(Me3Si)2N]Hf(NSiMe3SiMe2CH2)}2

(4b). A mixture of (Me2N)Hf[N(SiMe3)2]2Cl (5b, 1.29 g, 2.23
mmol) and Li(THF)2SiPh2But (6, 0.459 g, 2.24 mmol) was added
toluene at-30 °C. The reaction mixture was stirred for 4 h after
the mixture was warmed to room temperature. Pentane (20 mL)
was added after all volatiles were removed in vacuo. The brown
solution was filtered, concentrated, and cooled at-35 °C overnight
to give colorless crystals of4b (0.766 g, 0.706 mmol, 63.3%
yield): 1H NMR (THF-d8, 400.0 MHz, 23°C) δ 3.01 (s, 6H, NMe2),
0.25 (s, 2H, SiCH2), 0.24 (s, 3H, SiMe), 0.23 (s, 3H, SiMe), 0.21
[18H, N(SiMe3)2], 0.14 (9H, SiMe3); 13C{1H} NMR (THF-d8, 100.0
MHz, 23°C) δ 45.8 (NMe2), 42.1 (SiCH2), 5.5 (SiMe), 5.4 (SiMe3),
5.3 [N(SiMe3)2], 4.8 (SiMe). Anal. Calcd for C28H82N6Si8Hf2: C,
31.01; H, 7.62. Found: C, 30.83; H, 7.47.

Kinetic Study of the Conversion of (Me2N)3Ta[N(SiMe3)2]-
(SiPh2But) (1) to 3.Complex1 was mixed with an internal standard
4,4′-dimethylbiphenyl in a Young’s NMR tube. The mixture was
frozen in liquid nitrogen as soon as toluene-d8 was added. For
kinetics studies at 288-303 K, the NMR spectrometer was preset
to the temperature, and the NMR tube was briefly thawed shortly
before the NMR tube was inserted to the spectrometer.1H spectra
at 288-303 K were recorded directly on the NMR spectrometer.
For the kinetic studies at 308 and 313 K, the reaction was carried
out in a heating circulation system. The solutions were then placed
in a liquid nitrogen bath to quench the reaction, and the spectra
were taken at 258 K. Rate constants derived from fitting of the
data by first-order kinetics are given in Table 1.10

Kinetic Study of the Formation of {(Me2N)[(Me3Si)2N]-

Zr(NSiMe3SiMe2CH2)}2 (4a) at 278 K.In a typical kinetic study
of the formation of4a, (Me2N)Zr[N(SiMe3)2]2Cl (5a) and Li-
(THF)2SiPh2But (6) were mixed in a 1:1 ratio with an internal
standard 4,4′-dimethylbiphenyl in a Young’s NMR tube. The
mixture was immediately frozen in liquid nitrogen after toluene-d8

was added. The1H spectra were then taken at 278 K on a NMR
spectrometer. In the first run,5a (36.9 mg, 0.0751 mmol),6 (23.9
mg, 0.0751 mmol), and 4,4′-dimethylbiphenyl (11.2 mg, 0.0615
mmol) were mixed to give a solution of 0.558 mL. In the second
run, 5a (36.3 mg, 0.0738 mmol),6 (23.5 mg, 0.0738 mmol), and
4,4′-dimethylbiphenyl (11.7 mg, 0.0642 mmol) were mixed to give
a solution of 0.542 mL. The first step of the consecutive reactions,
the formation of (Me2N)Zr[N(SiMe3)2]2(SiPh2But) (2a) from 5aand
6 (Scheme 2), was found to follow second-order kinetics, and rate
constants of the reaction were directly calculated from the plots of

(10) See Supporting Information for details.

Table 1. Rate Constantsk for the Conversion of1 to 3a

T (K) (k ( δk(ran)) × 105 (s-1)

288( 1 2.98( 0.17
293( 1 5.84( 0.16
298( 1 11.9( 0.3
303( 1 24.50( 0.07
308( 1 47.7( 0.5
313( 1 83.1( 0.4

a The largest random uncertainty isδk(ran)/k ) 0.17/2.98) 5.7%. The
total uncertainty ofδk/k ) 7.6% was calculated fromδk(ran)/k ) 5.7%
and estimated systematic uncertaintyδk(sys)/k ) 5%. The total uncertainty
δk/k and δT ) 1 K were used in the calculations of uncertainties in the
activation enthalpy∆Hq and activation entropy∆Sq by the error propagation
formulas derived from the Eyring equation by Girolami and co-workers.14
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1/[LiSiPh2But] vs t. The second step of the consecutive reactions,
the conversion of2a to give cyclic4a, was found to follow first-
order kinetics, as discussed below. Two different methods were
employed to calculate the rate constantk2 for the second step
(Scheme 2): (1) fitting of the data by an analytical method directly
derived from consecutive reactionssa second-order reaction fol-
lowed by a first-order reaction; (2) a numerical method. The JMP
program version 5.0.1 (SAS Institute Inc., Cary, NC) was used for
data fitting and simulation by the analytical method. In the
numerical method, the Gepasi program (version 3.30) was used,
and the fitting method was conducted by the Levenberg-Marquardt
method with maximum of 500 iterations and 0 tolerance.11

Determination of X-ray Crystal Structures of (Me2N)3Ta-
[N(SiMe3)2](SiPh2But) (1), (Me2N)Zr[N(SiMe 3)2]2Cl (5a), and

{(Me2N)[(Me3Si)2N]M(NSiMe3SiMe2CH2)}2 (M ) Zr, 4a, and
Hf, 4b). The data for the crystal structures of these complexes were
collected on a Bruker AXS Smart 1000 X-ray diffractometer with
Mo radiation, equipped with a CCD area detector and fitted with
an upgraded Nicolet LT-2 low-temperature device. Suitable crystals
were coated with paratone oil (Exxon) and mounted on a hairloop
under a stream of nitrogen gas at 173(2) K. The structure of5a
was solved by Patterson method while the others were solved by
direct methods. In all cases the non-hydrogen atoms were refined
with anisotropic displacement coefficients. All hydrogen atoms were
included in the structure factor calculation at idealized positions
and were allowed to ride on the neighboring atoms with relative
isotropic displacement coefficients. Empirical absorption correction
was performed with SADABS.12aAll calculations were performed
using SHELXTL (version 5.1) proprietary software package.12b

Computation Details.Density functional theory calculations at
the Becke3LYP (B3LYP) level have been used to perform the
geometry optimizations for reactants, transition states, and products
studied here. Frequency calculations at the same level of theory
have also been performed to identify all stationary points as minima
(zero imaginary frequency) or transition states (one imaginary
frequency). The effective core potentials (ECPs) of Hay and Wadt
with double-ú valence basis set (LanL2DZ)13awere used to describe
Ta and Si. For all other atoms, the standard 6-31G basis set was
used. Polarization functions have been added for Si [ú(d) ) 0.262]
and for the H atom [ú(p) ) 1.1] involved in theγ-H abstraction
process. To examine the basis set dependence, we also performed
single-point energy calculations with a better basis set. In the better
basis set, instead of 6-31G, 6-31G** was used for C, N, and H
atoms. With the smaller basis set, the relative energies forA, TS,

andB are 0.0, 36.5, and-1.5 kcal/mol, respectively. With the better
basis set, the relative energies forA, TS, andB are 0.0, 36.0, and
-1.5 kcal/mol, respectively. These additional calculations suggest
that the basis set used is appropriate. Here,A andB are the model
complexes of1 and3, respectively. Their structural details can be
found in the section Computational Studies of theγ-H Abstraction
Process. All calculations were performed with the use of the
Gaussian 98 package13b on Silicon Graphics Indigo workstations
and PC Pentium IV computers.

Results and Discussion

Synthesis of Ta Amide Silyl Complex (Me2N)3Ta-
[N(SiMe3)2](SiPh2But) (1) and the Kinetic Study of Its
Conversion to Metallaheterocycle Complex (Me2N)3-

Ta(NSiMe3SiMe2CH2) (3). Treatment of (Me2N)3Ta-
[N(SiMe3)2]Cl (7) with 1 equiv of Li(THF)2SiPh2But (6)
leads first to the silyl complex1 (Scheme 1).1 was found
to be unstable and to convert to the metallaheterocycle
complex 3 through a first-order kinetic process to be
discussed below.3 was reported earlier and prepared by
either the reaction of7 with 1 equiv of LiN(SiMe3)2 or the
reaction of Ta(NMe2)3Cl2 with 2 equiv of LiN(SiMe3)2.6q In
the current formation of3 from 1, the silyl ligand abstracts
a γ-H atom from the-N(SiMe3)2 ligand, giving silane
HSiPh2But and the-CH2-Ta moiety in a four-membered
cyclic structure. NMR spectra reveal a Berry pesudorotation
process in 1.10 The peaks of the-SiPh2But and the
-N(SiMe3)2 ligands in the1H NMR spectra of1 split into
two sets of peaks when the temperature was cooled below
the coalescence temperature of 213 K.

The kinetics of the conversion of1 to 3 was studied
between 288 and 313 K.10 A plot by the Eyring equation
(Figure 1) gives activation parameters∆Hq ) 23.6(1.6) kcal/
mol and∆Sq ) 3(5) eu. The activation enthalpy∆Hq is in
the range observed for other reactions involving C-H bond
cleavage. The activation entropy∆Sq is small for thisγ-H
abstraction process.

Synthesis and Characterization of Metallaheterocycle

Complexes {(Me2N)[(Me3Si)2N]M(NSiMe3SiMe2CH2)}2

(M ) Zr, 4a, and Hf, 4b). NMR spectra of the reaction of
5a with Li(THF)2SiPh2But (6) were found to slowly give a
set of new peaks, which were assigned to the silyl complex
(Me2N)Zr[N(SiMe3)2]2(SiPh2But) (2a). Subsequently two
new sets of NMR peaks, identified to be those of the
metallaheterocycle complex4aand HSiPh2But, respectively,

(11) (a) Gepasi 3.30, 2002 (http://www.gepasi.org/). (b) Mendes, P.Comput.
Appl. Biosci.1993, 9, 563. (c) Mendes, P.Trends Biochem. Sci.1997,
22, 361.

(12) (a) Sheldrick, G. M.SADABS, A Program for Empirical Absorption
Correction of Area Detector Data; University of Göttingen: Göttingen,
Germany, 2000. (b) Sheldrick, G. M.SHELXL-97, A Program for the
Refinement of Crystal Structures; University of Göttingen: Göttingen,
Germany, 1997.

(13) (a) Hay, P. J.; Wadt, W. R.J. Chem. Phys.1985, 82, 299. (b) Frisch,
M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.;
Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov,
B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C.
Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.;
Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. A.Gaussian 98,(revision A.9); Gaussian,
Inc.: Pittsburgh, PA, 1998.

Scheme 1. Preparation of1 and3
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appeared and grew slowly. These observations suggest that
2a is unstable and, as an intermediate, it converts to4a and
HSiPh2But. The changes of concentrations of6, 2a, and the
product HSiPh2But vs time are shown in Figure 2. The
concentration of2a reaches its maximum and then decreases.
The conversion of2a to the metallaheterocycle complex4a
and HSiPh2But is a γ-H abstraction process from the
-N(SiMe3)2 ligand by the silyl ligand. In the reaction of5b
with Li(THF)2SiPh2But (6), a similar conversion gives the
metallaheterocycle complex4b. 1H-coupled13C NMR spectra
of 4a,b confirmed the presence of the-CH2- moiety.

Kinetics of Consecutive Reactions Involving a Second-
Order Reaction as the First Step.The first step in the
consecutive reactions in Scheme 2 to give (Me2N)Zr-
[N(SiMe3)2]2(SiPh2But) (2a) was found to follow second-

order kinetics, and its rate constantk1 could be obtained
directly from the following integrated rate law: 1/[6] - 1/[6]0

) k1t. The second step of the consecutive reactions, the
formation of cyclic4a from 2a, follows first-order kinetics.
Two different methods were employed to calculate the rate
constantk2 for the second step (Scheme 2): (1) fitting of
the data by an analytical method directly derived from
consecutive reactionssa second-order reaction followed by
a first-order reaction; (2) a numerical method. Kinetic studies
by these methods are discussed here.

(a) Analytical Method. There have been few kinetic
studies of the A+ B f C f D (+ E) consecutive reactions
involving a second-order reaction, followed by a first-order
reaction.8,15 We thus decided to derive the kinetic formula
for such consecutive reactions. From eq 1

B-D are concentrations of5a (and 6), 2a, and 4a (and
HSiPh2But), respectively. The formation of2a follows
standard second-order kinetics. Thus, the integrated rate law
is

Fitting 1/B (i.e., 1/[6]) vs t by eq 2 thus gives the values of
k1. From eq 1,C, the concentration of the intermediate2a
follows eq 3.

This is a dy/dt + ay ) Q type differential equation. The
solution of such an equation is given in eq 4, and the details

(14) Morse, P. M.; Spencer, M. D.; Wilson, S. R.; Girolami, G. S.
Organometallics1994, 13, 1646.

(15) Pseudo-first-order approximations for the second-order step in con-
secutive reactions A+ B f C f decompositions have been used to
simplify the calculations. See, e.g.: Grimley, E.; Gordon, G.J. Phys.
Chem.1973, 77, 973.

Figure 1. Eyring plot of the conversion of1 to 3.

Figure 2. Kinetic plots of the formation of4a in Scheme 2 in the two
runs at 278 K.

Scheme 2. Preparation of4a,ba

a k1 andk2 are the rate constants of the conversions of5a to 2a and2a
to 4a, respectively.

1/B ) k1t + 1/B0 B ) B0/(k1tB0 + 1) (2)

dC
dt

) k1B
2 - k2C

dC
dt

+ k2C )
B0

2k1

(B0k1t + 1)2
(3)
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of the solution are given in the Supporting Information.10

In the current case, the solution to eq 3 is thus

Using the Taylor expansion and integrating eq 5 gives eq 6
as an infinite series. This series is convergent as the ratio
test confirmed.10,16

In the current work, kinetic studies were conducted at 278
K. Plots of concentrations of6, 2a, and HSiPh2But (B-D,
respectively) vst are given in Figure 2. Fitting of eq 2 gives
the rate constantk1 ) 2.17(0.03)× 10-3 M-1 s-1 for the
first step in eq 1. The first 7 terms in eq 6 and values ofk1

andB0 were used in the fitting by the JMP program (version
5.0.1) to give the rate constantk2 ) 5.80(0.15)× 10-5 s-1

for the second step in eq 1. The value ofk2 by this analytical
method was then compared with that derived by a numerical
method, which is discussed below.

(b) Numerical Method. In this approach, the differential
equation eq 3 was solved to givek2 by a numerical method
using the rate constantk1 derived from fittingB by eq 2.
The Gepasi program (version 3.30)11 was used in the studies
to givek1 ) 1.89(0.02)× 10-3 M-1 s-1 andk2 ) 5.32(0.20)
× 10-5 s-1. Both values are close to those calculated by the
analytical method.

The rate constantk2 of γ-H abstraction by a silyl ligand
to give the Zr cyclic complex4a at 278 K, the second step
in Scheme 2, is similar tok ) 2.98(0.17)× 10-5 s-1 at 288
K for the similar reaction in Scheme 1 to give the Ta cyclic
complex3. As discussed below, theoretical studies show that
the formation of the metallacyclic complexes throughγ-H
abstraction is entropically driven.

Molecular Structures of (Me2N)3Ta[N(SiMe3)2](SiPh2But)
(1), (Me2N)Zr[N(SiMe 3)2]2Cl (5a), and{(Me2N)[(Me3Si)2N]-

M(NSiMe3SiMe2CH2)}2 (M ) Zr, 4a, and Hf, 4b). Crystal
data for these complexes are given in Table 2. The crystal
structure of 1 (Figure 3) showed a distorted trigonal
bipyramidal configuration with the-SiPh2But and the
-N(SiMe3)2 ligands in the axial positions and three-NMe2

ligands in the equatorial positions. The equatorial-NMe2

ligands are slightly tilted toward the-SiPh2But ligand,
although the-SiPh2But ligand is sterically more demanding
than the-N(SiMe3)2 ligand. This is perhaps a result of the
d-p π bonding between Ta and the-N(SiMe3)2 ligand,
leading to a shorter, stronger Ta(1)-N(4) bond and pushing
the equatorial ligands away. The N(1)-Ta(1)-N(3) angle
[142.11(10)°] is close to that [157.24(7)°] of N(4)-Ta(1)-
Si(1). The NMR spectra of1 indicate that the silyl-SiPh2But

and amide-N(SiMe3)2 ligands are involved in a Berry
pseudorotation process as discussed earlier. For the two
-SiMe3 groups in the-N(SiMe3)2 ligand, the Ta(1)‚‚‚C(7)

(16) Arfken, G.Mathematical Methods for Physicists,3rd ed.; Academic
Press: Orlando, FL, 1985; pp 282-283.

Table 2. Crystallographic Data

1 5a 4a 4b

formula C24H55N4Si3Ta C14H42ClN3Si4Zr C28H82N6Si8Zr2 C28H82N6Si8Hf2

fw 712.98 491.52 910.13 1084.67
temp (K) 173(2) 173(2) 173(2) 173(2)
cryst system monoclinic monoclinic triclinic triclinic
space group P21/c P21/c P1h P1h
a (Å) 9.771(3) 10.229(3) 10.172(6) 10.151(4)
b (Å) 33.042(8) 29.358(8) 14.421(9) 14.368(5)
c (Å) 12.751(3) 18.166(5) 18.947(12) 18.921(7)
R (deg) 90 90 105.425(10) 105.330(6)
â (deg) 124.894(15) 105.498(5) 99.529(10) 99.331(6)
γ (deg) 90 90 105.110(10) 105.157(6)
V (Å3) 3376.6(15) 5257(3) 2503(3) 2488.2(16)
Z 4 8 2 2
D(calcd) (g/cm3) 1.403 1.242 1.208 1.448
µ (mm-1) 3.384 0.705 0.632 4.386
F(000) 1464 2080 968 1096
θ range (deg) 2.04-28.34 1.35-28.43 1.15-28.61 1.61-22.55
completeness (%) 96.3 97.2 92.2 99.3
no. of unique reflcns 8104 12873 11837 6503
no. of params varied 380 443 439 423
R indicesa (RwF2) 0.0261 (0.0560) 0.0535 (0.1160) 0.0346 (0.0775) 0.0331 (0.0789)
goodness-of-fit onF2 1.198 1.022 0.967 0.848

a R ) Σ||Fo| - |Fc||/Σ|Fo|; Rw ) (Σ[w(Fo
2 - Fc

2)2]/Σ[w(Fo
2)2])1/2.

y ) e-at∫eatQ dt + Ke-at (4)

C ) e-k2t∫0

t
ek2t

k1B0
2

(B0k1t + 1)2
dt ) k1B0

2e-k2t∫0

t ek2t

(B0k1t + 1)2
dt

(5)

C ) B0e
-k2t

B0

k1B0t + 1
+

k2

k1
e-(k2t+(k2/k1B0)) ln(k1B0t + 1) +

k2
2t

k1
e-(k2t+(k2/k1B0))

+
k2

4k1
(k2

2t2 +
2k2

2

k1B0
t)e-(k2t+(k2/k1B0)) +

k2

18k1
[(k2t +

k2

k1B0
)3

- ( k2

k1B0
)3]e-(k2t+(k2/k1B0))

+
k2

96k1
[(k2t +

k2

k1B0
)4

- ( k2

k1B0
)4]e-(k2t+(k2/k1B0)) + ... (6)
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and Ta(1)‚‚‚Si(2) distances of 3.37 and 3.21 Å are shorter
than the Ta(1)‚‚‚C(12) and Ta(1)‚‚‚Si(3) distances of 3.89
and 3.47 Å, respectively. The Si(2)-N(4)-Ta(1) bond angle
of 113.90(12)° is significantly smaller than that of Si(3)-
N(4)-Ta(1) [130.55(13)°]. These observations suggest
agostic Siâ-Cγ interaction17 in the Ta-N(4)-Si(2)-C(7)
moiety.

The structure of5a adopts a distorted tetrahedral config-
uration (Figure 4). The steric shielding of the two bulky
-N(SiMe3)2 ligands prevents dimerization of this complex,
as observed in [Zr(NMe2)3(Cl)]2(THF).18 Except for the
N(3)-Zr(1)-Cl(1) angle, other angles around the Zr atom
in 5a are close to the tetrahedron angle of 109.5°. The
Zr(1)‚‚‚C(7) and Zr(1)‚‚‚Si(2) distances of 3.06 and 3.13 Å
are significantly shorter than other Zr(1)‚‚‚C (3.30-3.96 Å)

and Zr‚‚‚Si (3.24-3.41 Å) distances, respectively. The
Si(2)-N(2)-Zr(1) and N(2)-Si(2)-C(7) bond angles of
110.29(17) and 108.22(19)° are smaller than those of
Si(1)-N(2)-Zr(1) [126.94(19)°] and N(2)-Si(1)-C(4)
[111.95(19)°]. These observations suggest agostic Siâ-Cγ

interaction between Zr(1) and the Zr-N(2)-Si(2)-C(7)
moiety. The Zr(1)‚‚‚C(12) and Zr(1)‚‚‚Si(4) distances of 3.30
and 3.24 Å are also shorter than the Zr‚‚‚C(9) (3.66 Å) and
Zr‚‚‚Si(3) (3.40 Å) distances, respectively, suggesting agostic
Siâ-Cγ interaction in the Zr-N(3)-Si(4)-C(12) moiety as
well, although the shortenings are not as significant as in
the Zr-N(2)-Si(2)-C(7) moiety.

The Zr and Hf complexes4a,b are isomorphous. The
structures of4a,b are shown in Figure 5 and the Supporting
Information,10 respectively. Electron deficiency and open
coordination sphere lead to dimerization of the monomer

“(Me2N)[(Me3Si)2N]M(NSiMe3SiMe2CH2)” in the solid state.
It is interesting to note that the dimerization is achieved
through the bridging-CH2- moiety rather than an amide
ligand which often donates its lone-pair electrons to bridge
with another metal atom.4 If the terminal amide ligands fully
donate their lone-pair electrons to the metal atoms through
the p-d π bonds in the structures of4a,b so that there are
14e in the valence shells for each metal atom, the 3-center-
2-electron bonding in the-CH2- bridges in4a-A in Chart
1 is expected to further alleviate electron deficiency in these
complexes. In other words, a structure with bridging amide
ligands (4a-B, Chart 1) would not take the advantage of the

(17) (a) Koga, N.; Morokuma, K.J. Am. Chem. Soc.1988, 110, 108. (b)
Eisch, J. J.; Piotrowski, A. M.; Brownstein, S. K.; Gabe, E. J.; Lee,
F. L. J. Am. Chem. Soc.1985, 107, 7219. (c) Jeske, G.; Schock, L.
E.; Swepston, P. N.; Schumann, H.; Marks, T. J.J. Am. Chem. Soc.
1985, 107, 8103. (d) Den Haan, K. H.; De Boer, J. L.; Teuben, J. H.;
Spek, A. L.; Kojic-Prodic, B.; Hays, G. R.; Huis, R.Organometallics
1986, 5, 1726.

(18) Wu, Z.-Z.; Diminnie, J. B.; Xue, Z.-L.Inorg. Chem.1998, 37, 2570.

Figure 3. Molecular drawing of1 showing 30% probability thermal
ellipsoids. Selected bond distances (Å) and angles (deg): Ta(1)-N(1)
1.987(2), Ta(1)-N(4) 2.073(2), Ta(1)-Si(1) 2.9164(10); N(4)-Ta(1)-Si(1)
157.24(7), N(2)-Ta(1)-N(3) 105.21(10), N(1)-Ta(1)-N(2) 108.96(10),
N(1)-Ta(1)-N(3) 142.11(10).

Figure 4. Molecular drawing of5a showing 30% probability thermal
ellipsoids. Selected bond distances (Å) and angles (deg): Zr(1)-N(1)
2.024(3), Zr(1)-N(2) 2.056(3), Zr(1)-Cl(1) 2.4321(14); N(1)-Zr(1)-N(2)
107.70(14), N(1)-Zr(1)-N(3) 100.84(14), N(2)-Zr(1)-N(3) 114.26(13),
N(1)-Zr(1)-Cl(1) 100.63(11), N(2)-Zr(1)-Cl(1) 101.55(10), N(3)-
Zr(1)-Cl(1) 129.57(10).

Figure 5. Molecular drawing of4a showing 30% probability thermal
ellipsoids. Selected bond distances (Å) and angles (deg): Zr(1)-N(1)
2.096(2), Zr(1)-N(2) 2.128(2), Zr(1)-N(3) 2.018(2), Zr(1)-C(1) 2.467(3),
Zr(1)-C(15) 2.471(3), Zr(2)-C(1) 2.474(3), Zr(2)-C(15) 2.474(3), Si(1)-
C(1) 1.870(3), Si(1)-N(1) 1.731(3); N(1)-Zr(1)-C(1) 74.43(10), Si(1)-
N(1)-Zr(1) 99.28(11), N(1)-Si(1)-C(1) 100.76(13), Si(1)-C(1)-Zr(1),
83.65(12), Zr(1)-C(1)-Zr(2) 93.11(11), C(1)-Zr(1)-C(15) 82.92(10).

Chart 1
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3-center-2-electron bonding and is perhaps less preferred.
In the structures of4a,b, the three cycles defined by N(1)-
M(1)-C(1)-Si(1), M(1)-C(15)-M(2)-C(1), and C(15)-
Si(5)-N(4)-M(2), respectively, are almost coplanar. The
Zr(1)‚‚‚C(7) and Zr(1)‚‚‚Si(3) distances of 3.16 and 3.22 Å
are shorter than those of Zr(1)‚‚‚C(11) (3.98 Å) and Zr(1)-
Si(4) (3.44 Å). The Si(3)-N(2)-Zr(1) and N(2)-Si(3)-
C(7) bond angles of 113.06(12) and 108.47(14)° are both
smaller than those of Si(4)-N(2)-Zr(1) [125.18(13)°] and
N(2)-Si(4)-C(11) [113.99(13)°], respectively. These ob-
servations suggest agostic Siâ-Cγ interaction in4a as well.

Computational Studies of theγ-H Abstraction Process.
Kinetic studies discussed above show that the conversion
from 1 to the metallacyclic complex3 (Scheme 1) is a first-
order reaction, suggesting that theγ-H abstraction is an
intramolecular process. To understand how1 undergoes the
γ-H abstraction, we carried out theoretical studies with the
aid of B3LYP density functional theory calculations.

Figure 6 shows the potential energy profile calculated for
the conversion of complexA, a model complex of1, to
complexB, a model complex of3. The activation free energy
is calculated to be 35.0 kcal/mol. The activation energy (36.5
kcal/mol) differs only slightly from the activation free energy
because the reaction is an intramolecular process. The
activation free energy is at the lower end of those reported
for γ-H abstraction mediated by group 4 transition metal
complexes.19 The calculated activation energy is, however,
much greater than the experimentally measured∆Hq value,
likely due to the gas-phase model employed in our calcula-
tions. The reaction energy is calculated to be-1.5 kcal/mol
while the reaction free energy is-16.7 kcal/mol, indicating
that theγ-H abstraction is entropically driven. This result is

consistent with early experimental findings that the entropy
contribution is crucial in the formation of actinacyclobutanes
throughγ-H abstraction in complexes of the type Cp2Th-
(CH2CMe3)2.20

The calculated structures of model complexesA and B
(Figure 7) reproduce well the experimental structures of1

(19) (a) Wu, Y.-D.; Peng, Z.-H.; Chan, K. W. K.; Liu, X.; Tuinman, A.
A.; Xue, Z. Organometallics1999, 18, 2081. (b) Wu, Y.-D.; Peng,
Z.-H.; Xue, Z.J. Am. Chem. Soc.1996, 118, 9772.

(20) (a) Fendrick, C. M.; Marks, T. J.J. Am. Chem. Soc.1986, 108, 425.
(b) Bruno, J. W.; Marks, T. J.; Morss, L. R.J. Am. Chem. Soc.1983,
105, 6824.

Figure 6. Potential energy profile for theγ-H abstraction process. Relative
free energies (in kcal/mol) are given together with the relative energies
(the values in parentheses).

Figure 7. B3LYP/LANL2DZ-optimized structures for species shown in
Figure 6. Selected bond distances (Å) calculated for the species are given.
The values in parentheses were taken from the X-ray crystal structures of
1 and3. For the purpose of clarity, the H atoms of some methyl groups are
omitted.
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and3, respectively, suggesting that the level of theory used
is appropriate. Examining the TS structure, we find that it is
a typical 4-center transition state commonly observed in
σ-bond metathesis mediated by d0 early transition metal and
rare-earth metal systems.21 In the transition state, there is a
strong interaction between Ta and the migrating H atom,
suggesting that the metal center plays an important role in
the abstraction process. This is a result of 4-center-4-electron
bonding interaction.21

As mentioned above, NMR spectra reveal a Berry pseudo-
rotation process in1. One may wonder if it is possible for a
pathway having theγ-H abstraction with an equatorial
-N(SiMe3)2 ligand. Our model calculations showed that the
activation free energy for such a pathway was 50.0 kcal/
mol, significantly higher than that for the pathway discussed
above. The reason for having such a high barrier is explained
as follows. With the complex having the-N(SiMe3)2 ligand
in the equatorial plane, theγ-H abstraction occurs through
a transition state structure in which the metal center cannot
have an interaction with the migrating H atom due to the
small angle formed between the equatorial-N(SiMe3)2 and
axial silyl ligands. In other words, the metal center does not
play a role in stabilizing the transition state in such a
pathway. Therefore, the corresponding transition state struc-
ture is highly unstable.

It should be noted that in our calculations SiH3 is used to
model the-SiMe3 ligand. One may question whether the
agostic feature of the SiMe3 ligand is well modeled. We did
a testing calculation on a model by replacing SiH3 with SiMe3

in A. The SiMe3 model calculated does not differ much from
A. Except for a slightly longer Ta-Si bond (2.805 Å in
comparison to 2.759 Å inA), the differences for all other
bonds are within 0.01 Å. The distances between Ta andâ-H
atoms in the SiMe3 model calculated are greater than 3.9 Å.
Clearly, no agostic C-H interactions can be found in the
Ta-SiMe3 moiety. The strong Ta-N π interactions probably
prevent the formation of the agostic C-H bonds in these
complexes. Although there are no clear signs of agostic C-H
interactions in the Ta-SiMe3 moiety, agostic Siâ-Cγ inter-

actions in the Ta-N(SiMe3)2 moieties exist in the crystal
structure of1, as mentioned above. In the calculated model
complexA where the disilylamide ligand was modeled by
N(SiH3)(SiH2Me), close contacts can be found between Ta
and the Siâ-Cγ bond. The Ta‚‚‚Cγ and Ta‚‚‚Siâ distances
calculated forA are 3.68 and 3.40 Å, respectively, compa-
rable to the experimental findings, although they are slightly
longer due to the model ligands used in the gas-phase
structure calculations.

Summary

In the current work, new Zr, Hf, and Ta silyl complexes
were prepared and novel reactions of silyl ligands,γ-H
abstraction to give a metallaheterocyclic moiety, were
investigated. An analytical, kinetic formula for consecutive
reactions involving an initial second-order reaction followed
by a first-order reaction is derived. This new analytical
method and a numerical method were used in this work to
study the kinetics of the formation of the silyl complex2a
and then its first-orderγ-H abstraction to give metallacyclic
complex4a. Theγ-H abstraction reaction of Ta silyl complex
1 to give3 was found to follow first-order kinetics with∆Hq

) 23.6(1.6) kcal/mol and∆Sq ) 3(5) eu between 288 and
313 K. The theoretical calculations here show that formation
of the metallacyclic complexes throughγ-H abstraction is
entropically driven. The transition state for theγ-H abstrac-
tion is a 4-center TS, similar to those commonly observed
in σ-bond metathesis of other d0 metal systems.
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