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Abstract: The synthesis, structural characterization, and reactivity of tantalum complexes with chelating imido

1
amido ligands are reported. The highly bent imido complex Cp*IN(CsHsMe):NSiMe;]Cl (4, Cp* = 15-Cs-
Mes), with a Te=N—C bond angle of 116.3(3)was synthesized from Cp*Tafhnd the lithiated bis(silylamino)-
biphenyl (GHsMe)(NLiSiMes), (3). Compound4 undergoes reactions with electrophiles at the nucleophilic imido

1
nitrogen atom. The methyl derivative Cp*FalN(CsHsMe)NSiMes]Me (5) reacts with xylyl isonitrile to give an
insertion productp, which was structurally characterized. Addition of Mel3@ives a cationic diamide tantalum

[ |
complex, { Cp*Ta[MeN(GH3zMe),NSiMez]Me} 1~ (7), the ionic structure of which was confirmed by X-ray
crystallography. Reactions dfand5 with unhindered silanes result in addition of the silane$ibond across the

Ta=N double bond. Addition of PhSifto 4 and5 gave the hydrides CpI*Ta[PhS;iN(CeHgMe)zll\lSiMes](H)CI (8)

[ |
and Cp*Ta[PhSikIN(CsHsMe),NSiMes](H)Me (9), respectively. The crystal structure &f was determined.
Compounds and9 are unstable and decompose via elimination of HSiMe the presence of Ci€l, and PhSiH,

4 was slowly converted to another hydrido complex, CEp*Ta[PI@E(lEBeHgMe)ZII\ISiPhHCI](H)CI @2). A mechanism

for this transformation, involving a sequence of silane addition/elimination reactions, is proposed. X-ray structural
characterization o012 revealed the presence of a nonclassical bonding interaction between the hydride ligand and a
neighboring silyl group, leading to a short4$i contact of 1.86(4) A and a distorted pentagonal bipyramidal geometry
at silicon. Reactions of PhSg&nd (CH)sSiH; (silacyclobutane) witth follow second-order kinetics, and an inverse
deuterium isotope effect dfu/kp = 0.78(1) for the addition of PhSiHto 5 was observed. The elimination of
HSiMe; from 9 was found to follow a first-order rate law with approach to equilibridfp & 0.025(2) mol/L) and
exhibit an inverse isotope effect &fi/kp = 0.85(2). A study of the temperature dependence of the first-order rate
constant for HSiMe elimination from9 provided the activation parametefdd¥= 25.5(3) kcal/mol andAS" =
—0.3(1.0) cal/(molK). These findings are interpreted in terms of a mechanism involving slow, rate-determining
formation of pentacoordinate silicon intermediates, coupled with a fast hydride shift between Ta and Si.
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metal centers, we have synthesized and studied a number of
complexes with the bis(triisopropylsilyh-phenylenediamido
(0-CsH4(NSIiPr),) ligand27:28 In related efforts, we have been
exploring use ofc,-symmetric bis(silylamido) ligands, derived
from biphenyl and binaphthyl backbones. The use of similar
ligands has recently been reported by Cfkand Lapper#®

One aspect of this work, reported here, concerns a set of
tantalum complexes containing both Cpf*{CsMes) and bis-
(silylamido) ligands. This system is characterized by facile
cleavage of N-Si bonds in the ligand and formation of &l
double bonds with unusually acute =FBl—C bond angles.
While this reactivity implies that these silylamides cannot always
be regarded as innocent spectator ligands, it presents us with
the opportunity to explore the chemistry of a reactifdd=N

bond. The elimination of silyl groups from silylamido com-  syntheses and Characterization of Bent Tantalum Imido
plexes has previously been reported as a limitation in the usecomplexes. Reaction o3 with Cp*TaCl in refluxing benzene
of these types of ligand$;?*and the cleavage of NSibonds  for 4 h yielded a dark red solution. After evaporation of the
has been employed as a route to transition metal imido gplvent and extraction with pentane, compodnatas isolated
species’! 33 However, to our knowledge, the mechanism of in 689 yield as a red crystalline powdelt NMR spectroscopy
this process has not been investigated. Understanding theindicated that loss of one trimethylsilyl group had occurred to
reactivity of metat-heteroatom multiple bonds is a subject of afford a tantalum imido complex, as indicated in eq 2. After 3

both theoretical and practical importance. Transition metal
i =
SMes cotaci, \qy MeMgBr

SiMe3
1) "BuLi
_

2) MesSiCl

"BulLi

imido specie%-3234are involved or suspected as intermediates
in hydrocarbon activatioff;3° catalytic hydrodenitrogenatidi,

and hydroaminatioft Here we describe synthetic and mecha- “NU N=Ta_
nistic studies on the reversible additions of silanes te=Na NL{ -2Licl @ N/ cl
bonds. ) - MegSiCl

SlMeg O \SiMeg
Results and Discussion 3 4

§

Ligand Synthesis. The starting material for the synthesis

of the target silylamine ligand, 2;2liamino-6,6-dimethylbi- =Ta__

phenyl (1), was prepared according to literature proceddtes. O J Me )
N-Silylation of this diamine was achieved via deprotonation of N

1 in THF followed by reaction of the resulting dianion with () SiMes
MesSiCl (eq 1). N,N'-Bis(trimethylsilyl)-2,2-diamino-6,6- 5

dimethylbiphenyl 2) was obtained in 84% vyield as colorless
crystals from pentane. The lithium saB) (was then prepared  h (80 °C, benzenak), the reaction had proceeded *®0%
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1
Figure 1. ORTEP diagram of Cp*TaEN(CsHsMe):NSiMe;|Cl (4).

Table 1. Selected Bond Lengths (A) and Angles (deg) for
Compound4

Ta(l)-Cl(1)  2.344(2)  Ta(1¥N(1)-C(1) 116.3(4)
Ta(l-N(@1)  1.830(5) Ta(l}N(2-C(12)  114.6(4)
Ta(l)-N(2)  1.988(6)  Ta(1¥N(2)-Si(1) 128.9(3)
N(1)—C(1) 1.414(9)  CI(IyTa(l-N(1)  102.6(2)
N(2)—Si(1) 1.779(6)  CI(1yTa(l-N(2)  108.5(2)
N(2)-C(12)  1.450(9)  N(I}Ta(l)}-N(2) 98.8(2)

Si1)-N@2)-C(12)  116.4(4)

bending, giving rise to the relatively wide range of observed
In valence-bond terms, the nitrogen in linear

bond angles.
imidos is sp-hybridized, resulting in a formally triple MN

bond. There are only a few reported examples of strongly bent
imido complexes, and the bending in these is attributed either

to the steric constraints of a chelate rifitf4%or to electronic

effects (in particular the absence of available empty metal
d-orbitals of appropriate symmetry to interact with the nitrogen

lone pair)®%51 In the limiting case of a strongly bent imido
ligand, the N atom would be ybridized with a formally
double M—N bond and a nonbonding electron pair localized

on the nitrogen. There are also a number of linear imidos for

which a formally triple M—N bond would result in a violation

of the 18-electron rule, and such compounds are best describe

as possessing a double-Nl bond#446.:52
To the best of our knowledge, compouddis the most

strongly bent transition metal imido complex reported so far.

J. Am. Chem. Soc., Vol. 119, No. 52, 12833

pentane (eq 2). The ™e group gives rise to a new singlet at
0.72 ppm in théH NMR spectrum and a signal at 39.5 ppm in
the 13C NMR spectrum. Unfortunately, we have not been able
to definitively identify Ta=N stretches in infrared spectra 4f
and 5, presumably because they are coupled with other
vibrations in the molecule®:53

Reactivity of 4 and 5 toward Small Molecules. While
many transition metal imido complexes are stable and unreac-
tive, some exhibit high reactivities toward electrophfi¢&;
nucleophile$? or both324557 Nucleophilic imido ligands tend
to be associated with the early transition metals (and more
strongly polarized M-N bonds), while later transition metals
exhibit more covalent metahitrogen bonding and less nu-
cleophilic imido nitrogen center®:4> In addition, some imido
complexes have been observed to react with unsaturated
substrates, to give [2+ 2] or [2 + 4] cycloaddition prod-
ucts3”41.55and certain 8imido complexes have been found to
activate the GH bonds in hydrocarbor#§:37:3958 |t is expected,
according to the bonding model described above, that bending
of the imido ligand should lead to a reduced metaitrogen
bond order and localization of a lone pair on nitrogen. This
should lead to increased nucleophilicity of the imido nitrogen
atom and increased reactivity of the complex due to a weaker,
and more exposed, FaN bond.

Contrary to these expectations, our studies of compaund
indicate that it is rather stable. This compound does not
decompose in refluxing toluerdy-for 24 h and does not react
with Hy, CO, GH4, PhG=CPh, or M@SiC=CH within 24 h in
refluxing benzenels. The methyl derivativé® also did not react
with H, or MesSiC=CH under similar conditions. Bot#and
5 are inert toward the nucleophiles RPRhPH, andp-(N,N-
dimethylamino)pyridine (24 h, 80C, benzenel). Although
transition-metal imido complexes typically react readily with
organic carbonyl compounds, no reaction was observed
between4 or 5 and benzophenone (4 h, 8C, benzenal).
Benzaldehyde reacted slowly with(ca. 40% conversion after
20 h) and with5 (70% conversion after 24 h) at room
temperature in benzergg-to give a mixture of products.
Complexegt and5 also reacted with weak acids such as PhOH
andp-toluidine (but not with the more sterically hindered,Ph
NH), giving mixtures of products.

Complex5 reacts very slowly with carbon monoxide under
40—80 psi, at 80°C in benzene. However, the accumulation

§f decomposition products prevented us from isolating and

identifying the product of this reaction. Whikedid not react
with xylyl isonitrile, compound was found to undergo a clean
reaction at room temperature to give the insertion product

We attribute the observed bending to the steric restrictions (€d 3), isolated as bright yellow crystals in 68% yield.

imposed on the imido linkage by the chelating biphenyl ligand.

The structure ob was determined by X-ray crystallography

The Ta=N bond is rather long compared to the typical range (Figure 2). Selected bond lengths and angles are listed in Table

1.6-1.8 A for organoimido complexes of tantaléhi2 but is
comparable to the long TN bond of 1.831(10) A found in
Cp*;Ta(=NCgHs)H,**52which is considered to possess aTa
bond order between 2 and 3.

Reaction of4 with MeMgBr in ELO gave the methyl
derivative5, isolated in 85% yield as orange-red crystals from

2. The imido Ta-N(1)—C(1) bond angle of 133.2(3)is
considerably expanded relative to the corresponding value for
4, while the bite angle of the chelating ligand (N{Ija—N(2)

= 94.2(27) is slightly reduced from that id. These metrical
changes may be attributed to the higher coordination number
for the metal center, which leads to increased steric crowding
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46h, 747.
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1
Figure 2. ORTEP diagram of Cp*TafN(CsHsMe),NSiMes][?-(2,6-
M82C5H3)N=CMG] (6)

Table 2. Selected Bond Lengths (A) and Angles (deg) for
Compound6

Ta(1)-N(1) 1.819(4) N(2rTa(1l)-N(3) 89.2(1)
Ta(1)-N(2) 2.105(4) N(2}Ta(1)-C(26)  120.7(2)
Ta(1)-N(3) 2.259(4) N(3)Ta(l)-C(26)  33.5(2)
Ta(1)-C(26) 2.134(5) Ta(BN(1)-C(1)  133.2(3)
Si(1)-N(2) 1.733(4) Ta(1yN(2)-Si(1)  133.8(2)
N(1)—C(1) 1.377(7) Ta(yN(2)-C(8)  111.6(3)
N(2)—C(8) 1.452(6)  Si(1¥N(2)-C(8) 114.5(3)
N(3)—C(18) 1.437(6) Ta(ByN(3)-C(18)  163.6(3)
N(3)—C(26) 1.273(6) Ta(BN(3)-C(26)  67.8(3)
C(26)-C(27) 1.487(7) C(18YN(3)-C(26) 124.2(4)
N(1)-Ta(1)-N(2) 94.2(2) Ta(l}C(26)-N(3)  78.6(3)
N(1)-Ta(1}-N(3)  110.6(2) Ta(1}C(26)-C(27) 152.1(4)
N(1)-Ta(1)-C(26) 95.1(2) N(3}C(26)-C(27) 127.2(4)

in 6 relative to4. The Ta-N(1) bond length, 1.819(4) A, is
slightly shorter than the FaN bond in4, which is consistent
with the greater bond angle at N(1).

N/

SlMe3 A'

()

The nucleophilic properties of the imido nitrogensdirand
5 were demonstrated by their reactions with Mel.
4 did not react with Mel at room temperature in benzege-

and upon heating, the reaction mixture gave a number of

decomposition products. The methyl derivatéyen the other

hand, reacts readily with Mel at room temperature. The product Ta, which prevents coordination of the iodide anion.

of this reaction 7), isolated as yellow crystals in 74% yield, is
highly insoluble in nonpolar organic solvents {8f benzene)
but is soluble in CHCIl,. Reactions of imido complexes with

Compound

Gountcra Tilley

- 1
Figure 3. ORTEP diagram of Cp*Ta[MeN(GHsMe),NSiMes]Me} +1~
(.

Table 3. Selected Bond Lengths (A) and Angles (deg) for
Compound?

Ta(1)-1(1) 5.311(1)  N(LFTa(l)}-N(2) 104.5(4)
Ta(1)-N(1) 1.92(1) N(1}-Ta(1)-C(19)  102.0(5)
Ta(1)-N(2) 1.99(1) N(2}-Ta(l-C(19)  106.3(5)
Ta(1)-C(19)  2.14(2) Ta(1yN(1)—C(1) 101.8(8)
N(1)—C(1) 1.47(1) Ta(1yN(1)-C(15)  147.2(9)
N(1)—C(15) 1.45(2) C(1¥N(1)-C(15) 111(1)
N(2)—C(8) 1.43(2) Ta(1)¥N(2)—C(8) 112.1(8)
N(2)—Si(1) 1.78(1) Ta(1¥N(2)-Si(1) 133.4(6)
Si(1)-N(2)—C(8) 114.5(9)

distance of 5.311(1) A and the undistorted three-legged piano
stool geometry about the metal center confirmed that the iodide
is not coordinated to Ta. The unusually large-N(1)—C(15)
bond angle of 147.2(9)and the small TaN(1)—C(1) angle of
101.8(8y can be attributed to steric crowding caused by the
MeN group interacting with the Cp* ring and probably the
presence of a bonding interaction involving tipso carbon,
leading to a close FaC(1) contact of 2.64(1) A.

ﬁ
’/

SIMes

@ Me @)

—»

SlMea

We attribute the ionic structure @fto steric crowding about
The
stability of the cation can also be rationalized by the possibility
for stabilization by donation ot-electron density from the two
amido nitrogens. While coordinatively unsaturated, cationic

Mel or MeBr have often been observed to result in complete early transition metal complexes are potentially active as olefin

cleavage of the metahitrogen bond to produce ammonium
ions 3455 but spectroscopic characterization bfevealed that
only 1 equiv of Mel had added to the & bond (eq 4).
Furthermore, the insolubility of in nonpolar solvents and the
downfield shifts for theMeN—Ta group in the'H (3.39 ppm)
and 13C (53.4 ppm) NMR spectra suggested tRamight be
cationic, and this formulation was confirmed by X-ray crystal-
lography.

An ORTEP drawing of7 is shown in Figure 3, and selected
bond distances and angles are given in Table 3. ThelTa

polymerization catalysts, compouddlid not react with ethene
over 24 h (room temperature, dichloromethahk-

Reactions of 4 and 5 with Silanes.Compounds4 and5
were found to react with hydrosilanes, to form tantalum hydride
complexes via addition of the SH bond across the TN
bond. While the primary silanes PhSiehd PhCHSiH; reacted
at measurable rates at room temperature, reactions with most
secondary silanes (such as PhMegitbuld be observed only
after prolonged heating, which led to decomposition and the
formation of HSiMg (by 'H NMR spectroscopy). The tertiary
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Figure 4. ORTEP diagram of Cp’I*Ta[PhSinI(CeHsMe)zll\lSiMes](H)—
Me (9).

silane MeE4SiH and the sterically hindered primary silane
MesSiH; did not react with4 even at 80°C over 24 h in
benzeneds. Addition of PhSiH to 4 and5 yielded the hydrido
chloride and hydrido methyl complex8sand9, respectively,

as shown in eq 5. The moderate rates of these reactions an
the thermal instabilities of the products required use of neat

J. Am. Chem. Soc., Vol. 119, No. 52, 12835

Table 4. Selected Bond Lengths (A) and Angles (deg) for
Compound9

Ta(1)-N(1) 2.060(3) N(2)¥Si(2-C(17)  113.5(1)
Ta(1)-N(2) 2.028(3) C(15)Si(2)-C(16) 105.8(2)
Ta(1)-H(1) 1.67(3)  C(15)Si(2)-C(17) 105.2(2)
Ta(1)-C(24) 2.213(3) C(16}Si(2)-C(17) 111.8(2)
Si(1)-N(1) 1.731(3) Ta(IyN(1)-Si(1)  136.0(1)
Si(1)-C(18) 1.877(3) Ta(BN(1)-C(1)  113.8(2)
Si(2)-N(2) 1.761(3) Si(IyN(1)-C(1)  109.7(2)
N(1)—C(1) 1.456(4) Ta(BN@)-Si2)  122.9(1)
N(2)—C(8) 1.442(4) Ta(BYN(2)-C(8)  118.2(2)
N(1)-Ta(l)}-N(2)  88.6(1)  Si(2rN(@2)-C(8)  118.3(2)
N(1)-Ta(1}-C(24) 87.8(1) N(L}Ta@d)-H(1)  138(1)
N(1)-Si(1)-C(18) 115.0(1) N(ZTa(l}-H(1)  74(1)
N(2)-Si(2-C(15) 108.0(1) C(24)yTa(l}-H(1) 70(1)
N(2)-Si(2-C(16)  111.9(1)

which it is derived. The TaH(1) bond length i is 1.67(3)

A. Similarly to compound, the angles about N(1) show some
deviation from the expected 12@r sp*-hybridized N, with a
Ta—N(1)—Si(1) angle of 136.0(2)and a Ta-N(1)—C(1) angle

of 113.8(2). This distortion is attributed to steric crowding
associated with the Cp* ring. In contrast, the angles about N(2)
do not deviate significantly from 120

The Ta hydrides88 and9 are stable in the solid state under

diitrogen and in the dark but slowly decompose in solution with

clean elimination of HSiMg (by 'H NMR spectroscopy), to

PhSiH; and mild reaction conditions (room temperature) for 9ive the imido specied0 and11, respectively (eq 5). Other

isolation of the products.

== ="
PhSiH,
N— B\ PhSiH3 SN Ay - HSiMeg
L
N N\
O SiMe3 0 SiMeg

X = Cl (4), Me (5) X = CI (8), Me (9)

qir
(

X = CI (10), Me (11)

©)

The TaH groups i8 and9 appear as singlets in thel NMR

potential elimination products (PhS§HPhSIHCI, PhMeSiH,
MesSiCl, or MeSi) were not observed in these decompositions.
The hydrido chloride8 begins to decompose after several hours
in benzeneads at room temperature, while the methyl hydrigle

is more stable and exhibits a half-life of a few days in benzene-
ds. Identification of 10 and 11 was based on theiH NMR
spectra. Isolation of1 was not possible as the elimination of
HSiMe; from 9 did not go to completion but reached equilib-
rium, and attempts to remove the HSiM=y prolonged reflux

in benzene only resulted in production of a mixture of
decomposition products.

In dichloromethane solution, the reaction4fvith PhSiH;
occurred over 4 days at room temperature, as the color of the
reaction mixture slowly changed from dark red to orange to
light yellow. The isolated pale yellow productd) was found
to possess a hydride ligand, observedi\NMR spectroscopy
as a doublet]= 6.0 Hz) at 14.85 ppm in dichloromethadg-
Structural characterization of2 by X-ray crystallography
revealed the presence of a diamide ligand containing both
—SiH,Ph and—SiHCIPh groups bound to the nitrogens (Figure

spectra, at 20.44 and 17.15 ppm, respectively. The methyl5). Relevant bond lengths and angles are listed in Table 5. The

ligand in 9 gives rise to a doublet in th#d NMR spectrum at
0.88 ppm, with coupling to the hydride ligantly = 1.9 Hz;
coupling was not resolved for the TaH resonance).
significant changes were observed in theNMR spectrum of
9 on cooling to—80°C. The Ta-H stretches in the IR spectra
of 8 and9 are observed at 1790 and 1778 ¢nrespectively,
and the deuteride-ds, prepared frond and PhSiD, exhibits a
Ta-D stretch at 1278 cm. No exchange of the hydride ligand
in 9 was observed upon exposure tg @ atm, 25°C, 24 h in
benzeneds). Compound also did not react with ethene under
similar conditions.

The structure oP was determined by single-crystal X-ray

No

structure ofL2is similar to that of the methyl hydride Again,

due to the steric hindrance of the Cp* ring, the angles at N(1)
show significant deviation from 120 the Ta-N(1)—Si(1) angle

is 140.1(2) and the Ta-N(1)—C(1) angle is 111.7(2) The
hydride ligand, located in the Fourier difference map and refined
isotropically, is 1.83(4) A from tantalum (compared to the-Fa
bond length of 1.67(3) Ai®). In addition, the distance between
H(1) and the neighboring silicon Si(2) ir2, 1.86(4) A, is rather
small and significantly shorter than the sum of the van der Waals
radii (ca. 3.1 A), suggesting the presence of a nonclassical
bonding interaction between these atoms. For comparison, the
distance between the hydride H(1) and the silicon Si(2) of the

crystallography (Figure 4 and Table 4). The tantalum adopts a MesSi group in9 is 2.56(3) A. The TaN(2)—Si(2) angle is

four-legged piano stool coordination geometry, with approxi-
mately equal TaN(amide) distances of 2.060(3) and 2.028(3)
A. The hydride ligand H(1) was located in the Fourier
difference map, and its position was refined. Interestingly, it
adopts a position that isans to the phenylsilyl group from

reduced to 108.8(2) while in complexes4, 6, 7, and 9, the
corresponding TaN—Si angles are greater than 220Further
support for a significant H(2)-Si(2) interaction is found in the
bond distances and angles about Si(2), which suggest a distortion
from tetrahedral geometry. The N@¥pi(2)—C(21) angle of
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Figure 5. ORTEP diagram of Cp*Ta[PhSi(CsHsMe),NSiPhHCI}
(H)Cl (12).

Table 5. Selected Bond Lengths (A) and Angles (deg) for
Compoundl12

Ta(1)-CI(1) 2.378(1)  N(I}Ta(l)-H(1)  139(1)
Ta(1)-N(1) 2.015(33) N(2}Ta(l-H(1)  67(1)
Ta(1)-N(2) 2.016(3)  N(1}Si(1)-C(15)  113.0(2)
Ta(1)-H(1) 1.83(4)  CI(2¥rSi(2-N@)  103.1(1)
Cl2)-Si(2) 2.149(2)  CI(2)¥Si(2-C(21)  100.5(1)
Si(1)-N(1) 1.756(4)  N(2¥Si(2-C(21)  120.2(2)
Si(1)-C(15) 1.877(4)  CISi(2-H@41) 95(2)
Si(2)-N(2) 1.723(3) CRLSi(2-H@L) 112(2)
Si(2)-C(21) 1.873(4)  N(}Si(2-H(41) 119(2)
Si(2)-H(41) 1.36(5)  CI(2}Si(2-H(@1)  174(1)
Si(2)-H(1) 1.86(4)  Ta(l}N(1)-Si(l)  140.1(2)
N(1)—C(1) 1.450(5) Ta(yN(1)-C(1)  111.7(2)
N(2)—C(8) 1.433(5)  Si(IYN@)-C(1)  108.1(3)
Cl(1)-Ta(l)-N(1) 92.29(9) Ta(IyN(2)-Si(2)  108.8(2)
Cl(1)-Ta(1)-N(2) 123.89(9) Ta(I}yN(2-C(8)  123.7(2)
N(1)-Ta(l-N(@2) 89.4(1)  Si2FN@2)-C(@B)  127.4(3)
Cl(1)-Ta(l)-H(1) 76(1)

120.2(2} is consistent with the nitrogen and the phenyl group
occupying equatorial positions in a distorted trigonal bipyramid.
The chlorine atom appears to occupy an axial site, with
CI(2)—Si(2)—-N(2) and CI(2)-Si(2)—C(21) angles of 103.1(1)
and 100.5(19. The Si(2)}-ClI(2) bond length of 2.149(2) A is
also rather long, approaching values observed for axial chlorine
in pentacoordinate silicon compourfs.Similar nonclassical

bonding interactions have been characterized for a number of

transition metal hydrido silyl complexé%;57 based on short
Si—H distances and distorted geometries at silicon. Such
complexes can be viewed as exhibiting three-centerHv Si
bonding with limiting metal silyl hydride ang?-H—Si reso-

(59) Corriu, R. J. P.; Young, J. C. [Fhe Chemistry of Organic Silicon
CompoundsPatai, S., Rappoport, Z., Eds.; Wiley: New York, 1989; Vol.
2, p 1241,

(60) Nikonov, G. |.; Kuzmina, L. G.; Lemenovskii, D. A.; Kotov, V. V.
J. Am. Chem. So0d.995 117, 10133.

(61) Nikonov, G. I.; Kuzmina, L. G.; Lemenovskii, D. A.; Kotov, V. V.
J. Am. Chem. S0d.996 118 6333.

(62) Spaltenstein, E.; Palma, P.; Kreutzer, K. A.; Willoughby, C. A.;
Davis, W. M.; Buchwald, S. LJ. Am. Chem. S0d.994 116 10308.

(63) Jiang, Q.; Carroll, P. J.; Berry, D. Krganometallics1991, 10,
3648.

(64) Schubert, U.; Miler, J.; Alt, H. G.Organometallicsl987, 6, 469.

(65) Schubert, U.; Ackermann, K.; Wle, B. J. Am. Chem. S0d.982
104, 7378.

(66) Colomer, E.; Corriu, R. J. P.; Marzin, C.; Vioux, korg. Chem.
1982 21, 368.

(67) Schubert, UAdv. Organomet. Cheni99Q 30, 151.
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nance structuré®. The bonding situation in compouri® is
different, since the silyl group is not directly bonded to the metal.
Thus, the bonding inl2 is probably best described by the
resonance structures shown in Scheme 1, involving a pentaco-
ordinate Si center in one of the canonical forms. This interaction
may also be differentiated from those found in a number of
B-Si—H agostic complexé&-71 in which an Si-H o-bond is
coordinated to the metal, without an increase of the coordination
number at the silicon.

The existence of a bonding interaction between the hydride
ligand and the neighboring silicon atomi@ may also account
for the low Ta—H stretching frequency (1678 vs 1790778
cm1for 8,9, and16). Finally, evidence for such an interaction
is seen in the unusually largél NMR coupling constant (6.0
Hz) between H(1) and H(41) (the hydrogen bonded to Si(2)),
which are otherwise separated by four bonds. The magnitude
of this coupling and the appearance of the spectrum do not
observably change on cooling t680 °C (in dichloromethane-
dy). In the?®Si (*H coupled) NMR of12, the PISH(CI)N silicon
appears as a doublet a66.8 ppm {Jsiy = 272 Hz) and the
PhSiH,N silicon gives rise to a triplet a+26.9 ppm sy =
208 Hz). Unresolved couplingl & 6—7 Hz) to hydrogens of
the phenyl groups was observed for both resonances, and this
effect on the line width appears to obscure coupling to the
hydride ligand.

The formation ofl2 apparently involves a series of addition
and elimination steps, combined with partial chlorination of a
silicon atom. A possible mechanism is given in Scheme 2.

Monitoring the reaction byH NMR spectroscopy provided
evidence for some of the intermediates in this scheme. When
4 was reacted with excess PhQib0 equiv) in dichloro-
methaned,, compound was observed to form as an intermedi-
ate (the main TaH-containing species after 12 h) and then
gradually disappear (complete conversioriifafter 2 days).
This reaction also produced M&Cl and HSiMg in a 1.2:1
ratio (by 'H NMR integration). Another tantalum hydride
signal, observed to grow and then decay during the reaction, is
tentatively assigned to intermedial8 (vide infra). Reaction
of isolated8 with PhSiH; in dichloromethanel, (24 h, room
temperature) also producd@, along with HSiMeg, MesSiCl,
and CHDCI, identified by IH NMR spectroscopy. The
formation of CHDQCI indicates that solvent is the source of the
silicon-bound chlorine inl2. Compoundl10 was observed
independently as resulting from the elimination of HSiNtem
8 (benzenads, room temperature), but the formation of both
HSiMe; and MgSiCl suggests the intermediacy df in an
alternative pathway when the reaction occurs in dichloromethane
(see Scheme 2). While a number of RiSsignals are observed

(68) Lichtenberger, D. L.; Rai-Chaudhuri, A. Am. Chem. Sod.99Q
112 2492.

(69) Procopio, L. J.; Carroll, P. J.; Berry, D. BL. Am. Chem. S04994
116 177.

(70) Herrmann, W. A.; Huber, N. W.; Behm, Ghem. Ber1992 125
1405.

(71) Herrmann, W. A.; Eppinger, J.; Spiegler, M.; Runte, O.; Anwander,
R. Organometallics1997 16, 1813.
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during the transformation (some associated Witkand13), it

is not possible to unambiguously assign resonances to species

such asl4 and 15.

In an attempt to isolate some of the intermediates in Scheme
2, and also to gain information concerning the silicon-chlorina-
tion step, the reaction @ with PhSiH; in benzene (3 days at
room temperature) was examined. Removal of the volatiles
from the resulting dark yellow solution and recrystallization of
the residue from pentane afforded a yellow solid. THANMR
spectrum (500 MHz, benzerdg} of this product mixture

revealed a set of signals which represent a major component of

the mixture and appear to be associated WiBhthe expected
final product in the absence of GEl,. The Tad in 13 appears

as a singlet at 19.76 ppm. One of the RSjroups gives rise

to two doublets{Jnn = 10.1 Hz), while a set of signals assigned
to the other Ph$l, group (two doublets of doublets) exhibits
further small splittings of 3.1 and 1.5 Hz, presumably due to
coupling to the TH hydride ligand. Other resonances i3
were obscured by signals from other species. The elimination
product10 was also identified in this spectrum. Addition of
dichloromethanel, to this intermediate mixture resulted in its
complete conversion td2 after 16 h at room temperature,
implying that13 lies on the reaction pathway. Finally, a facile
ligand exchange between Ta and Si via a pentacoordinate Si
intermediate can be invoked to explain the migration of chlorine
from tantalum to silicon. Evidence for the involvement of such
intermediates in this system also comes from kinetic studies on
the silane addition/elimination process (vide infra).

Kinetic Studies of the Silane Addition/Elimination Reac-
tions. The kinetics of the PhSikhaddition to the tantalum imido
complex5 were studied byH NMR spectroscopy at 35.2C
(benzeneds solvent). The disappearance ®fn the presence
of a large excess of the silane (280 equiv) was found to be
first order in5, as shown by the linear decay of IB[ 5]o) vs
time. A plot of the observed pseudo-first-order rate constants
kobs VS PhSiH concentrations (Figure 6) established a second-
order rate law for the reaction and a rate constankwpf=

J. Am. Chem. Soc., Vol. 119, No. 52, 12837
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Figure 6. Observed pseudo-first-order rate constant for disappearance
of 5 (keb9 as a function of the phenylsilane concentration.

5.57(6) x 1075 L/(mol-s). The measured rate constakypd
was not affected by addition of 1 equiv of the produ@k (

To gain more insight into the mechanism of the reaction of
5 with PhSiH;, the H/D kinetic isotope effect was measured.
The second-order rate constant for the reactidnwith PhSiD;,
measured under the same conditionkpis= 7.15(10)x 107°
L/(mol-s), which corresponds to a kinetic isotope effect (KIE)
of ku/kp = 0.78(1). This inverse isotope effect suggests that
the rate-determining transition state does not involve significant
breaklng or making of bonds to hydrogen. Although it has been
showrf2 that primary isotope effects can be very small or even
inverse in cases of extremely exo- or endothermic reactions,
this does not seem likely for the reaction under consideration.
Inverse KIEs are usually secondary in nature and associated
with changes in the bond strengths and the vibrational frequen-
cies of bonds to H/D in the transition stafg* We propose
that the formation of an intermediate adduct, involving a
pentacoordinate Si center, is the rate-determining step in the

(72) Melander, L Acta Chem. Scand.971, 25, 3821.

(73) Streitwieser, A., Jr.; Jagow, R. H.; Fahey, R. C.; Suzuki. $m.
Chem. Soc1958 80, 2326.

(74) Melander, L.; Saunders, W. Reaction Rates of Isotopic Molecules
Wiley: New York, 1980.
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addition of the silane to the Ta imido compl&xas indicated that silacyclobutane, (CHSiHy, reacts wittb much faster than

in Scheme 3. Analogous pentacoordinate silicon species havePhSiH;, in contrast to other secondary silanes which were
often been invoked as intermediates in nucleophilic substitution unreactive even at elevated temperatures. The disappearance
at silicon®%757%and the formation of such intermediates has of 5in the presence of excess silane was followedthNMR

been shown in some cases to be the rate-determining’’step. spectroscopy, and the reaction was again found to follow a
While no bonds to H/D are formed or broken in this step, an second-order rate law with a rate constint 1.23(2) x 1072
increase in the SiH out-of-plane bending frequencies in the L/(mol-s) at 35.0°C, which is 220 times greater than that for
pentacoordinate Si intermediate relative to the free silane can . . . ! .

lead to a larger zero-point energy difference between the PhSik. The product of this reaction, Cp*Ta[(GHSIHN(CeHs-
proteated and the deuterated species in the transition stateMe),NSiMe;](H)Me (16), was isolated and characterized. Its
relative to the zero-point energy difference in the reactants. SuchlH and3C NMR spectra suggest a structure analogous to that
an increase in the SH bending force constants can be for 8, with the strained silacyclobutane ring remaining intact.
explained by the increased “tightness” of the transition state The higher reactivity of this silane is therefore not due to release
relative to the reactants. The resulting lower activation barrier of ring strain in the reaction, but rather to the more favored
for the deuterated species is consistent with the observed inversgormation of the intermediate with pentacoordinate silicon,
KIE. Related arguments have been used to explain thewhich can readily accommodate an imposed B6nd angle
secondary isotope effects in the very extensively studig®* S between axial and equatorial substituents in a trigonal bipyramid.
type reactions at electrophilic 3| centers, which proceed The lower kinetic barrier for addition of (C#SiH, (com-
through a five-coordinate transition stdte’*"®’® We are not  pared to PhSik) also results in relatively facile elimination of
aware, however, of a similar observation of inverse secondary sjjacyclobutane fronl6. For comparison, compour@ther-
isotope effects for nucleophilic substitution reactions of hy- majly decomposes exclusively via HSiMelimination and no
drosilanes, although very small{1.3) primary kinetic isotope  phsiH, was detected. Fai6, two competitive decomposition
effects have been reported for nucleophilic substitution of the pathways were observed. Heatid§ for 4 h at 80°C in
hydrogen in tertiary silanes with organolithium reag€efits. penzeneds resulted in about 50% decomposition 16 to 17
Formation of the pentacoordinate Si intermediate is probably and5 in a ratio of 1.1:1 (eq 6; identification df7 is based on
give product9. The observation of an +tSi bonding inter-  sjjacyclobutane could be detected in the reaction mixture,

action in the related compled further supports the idea that  presumably due to its high reactivity leading to further reactions.
such a hydride shift can occur without a significant energy

barrier, and thus cleavage of the-$1 bond is not a rate-

determining step. Species analogoud 2@robably lie on the ‘@’ CSiH D ‘@l’

reaction coordinate of this migration. N—Ta 2 ﬁ‘\ Ta. - HSiMe3
An alternative, one-step mechanism can also be envisaged, // “Me — N/ \"Me —

involving a concerted [2+ 2] addition of the Si-H bond to N, 0 N H

the Te=N bond, with a transition state resembling the structure O SiMe; 0 ‘SiMea

of 12. Such a mechanism, however, would be difficult to

reconcile with the observed inverse isotope effect, since it would 5 16

involve weakening of the bonds to H in the rate-determining

transition state. Eéi ‘@’
Additional evidence for rate-determining formation of a HN\

(75) Sommer, L. HStereochemistry, Mechanism and SilichttGraw-
Hill: New York, 1965.
(76) Corriu, R. J. PJ. Organomet. Chen1.99Q 400, 81.

weTa

pentacoordinate silicon intermediate comes from the observation O N / ~Me

/ N 6)
(77) Corriu, R. J. P.; Henner, B. J. 1. Organomet. Cheni.975 102, 17

407.
78) Glad, S. S.; Jensen, &. Am. Chem. S0d.997, 119 227. L . N
g7gg Poirier, R. A.; Wang, Y.; Westaway, K. G.Am. Chem. S02994 The kinetics of the HSiMgelimination from9, presumed to

116, 2526. occur via the mechanistic reverse of silane additioB, tavere
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40 tive, rate-determining step (with an early transition state), and
a3 : 91’1. a small negativ_e entropy changg for the_ preeq_uilibrium _(more
T 30 fe o HSiMe, restricted rotation about the N\&i bond in the intermediate
é ° e Q compared to that in the starting material).

; 25 S 0000000000000000000000
% 20 TmITNC00000e0000000a0000n Conclusions
§ 15 oZZZZoooooooo:ocooooo In our exploration of the chemistry of some Ta complexes
‘g’ 10 gg%b_-' with Cy-symmetric silylamido ligands, we have observed
© 5 cleavage of the NSi bond and loss of a silyl group, to form

3 ',: Ta=N multiply bonded species. These highly bent tantalum

imidos are rather stable, but react with silanes via an interesting
two-step process involving an intermediate which features a
pentacoordinate silicon center. Thus, the bending of an imido
Figure 7. Plot of concentrations ¢j, 11, and HSiMg vs time for the  |igand in this system appears to enhance the nucleophilicity of
elimination of HSiMe from 9 (Q = [11)[HSiMes)/[]). the nitrogen center. Formation of pentacoordinate intermediates
has often been invoked for reactions of silanes with nucleo-
philes5%75-77 but this is the first documented example of the
involvement of such species in the addition/elimination reactions
of silanes with transition metal imidos. The mechanism of these
transformations appears to reflect the tendency of silicon to
easily expand its coordination sphere and is thus rather different
from that of C-H bond activations by zirconium or tantalum
imidos 3539 as might be expected in view of the fundamental
differences between carbon and silicon. The tendency of silicon
to expand its coordination sphere is also exhibited in the
nonclassical bonding interaction found in compodr&d The

loss of silyl groups in such tantalum complexes seems to be

the forward reaction. The rate constant, calculated from the facilitated by the sterically crowded coordination environment

average of five measurements, was found tébe 1.09(2) x created by the chelating I|gand3 and this steric qrowdmg is also
10451 reflected in the ease of formation of the cationic complex

0 . 1 I L 1 .
0 10000 20000 30000 40000 50000
Time / s

also studied by'H NMR spectroscopy. Figure 7, which is a
plot of reactant and product concentrations and the ratlg [
[HSiMe3)/[9] as a function of time, shows that an equilibrium
is established after about 7 h. From data taken during the time
frame 8-14 h, the equilibrium constant was estimated to be
Ky = 0.025(2) mol/L. Note that a more accurate determination
of Ky is not possible due to the slow decompositiord hfwhich

is reflected in an estimated systematic erroKjnof ca. 10%.
For an initial period (20063000 s at 60.6C), the plot of In-
[91/[9]o vs time gave a straight line with a slope independent of
the initial concentration 09 over a broad concentration range
(0.0052-0.041 mol/L). This implies a first-order rate law for

The first-order rate constant for elimination of DSiMeom
9-d; at 60.6°C was measured to dg = 1.28(2)x 104 s?!
(average of five runs); therefore, the deuterium KIE for this General. All reactions with air-sensitive compounds were performed
reaction iskuy/ko = 0.85(2). This inverse isotope effect again under dry nitrogen, using standard Schienk and glovebox techniques.
suggests that no bonds to H/D are being broken in the rate- Reagents were obtained from commercial suppliers and used without

determining step, which is consistent with our hypothesis of an further purification, unless otherwise noted. O_Iefln-_free pentane,
benzene, and toluene were prepared by pretreating with concentrated

intgrmediate per_ltacoordinat_g S_i spec_ies. Such an interme_diatq_bsom 0.5 N KMnOy in 3 M H,SQ,, NaHCQ, and finally anhydrous

is likely formed in a pree.qumbrlum W|th.the starting mat_er.lal MgSQ:. Solvents (pentane, diethyl ether, benzene, toluene, and
(9), by a rapid hydride shift from Ta to Si. A rate-determining  tetrahydrofuran) were distilled under nitrogen from sodium benzophe-
cleavage of the NSi bond to liberate HSiMgwould thenlead  none ketyl. Benzends was distilled from Na/K alloy. Dichlo-

to product (see Scheme 3). Deuterium substitution appears toromethaned, was distilled under nitrogen from calcium hydride.
shift the preequilibrium toward the intermediate, as a result of Commercial silanes were distilled and dried over molecular sieves
the stronger SiH (vs Ta—H) bond. Thus, the difference in  before use. PhSiwas prepared by reduction of Ph&j@iith LIAID 4
relative zero-point energies for the-9D and Si-H (vs the Ta-D ~ (Aldrich, 98% D). "BulLi :Né}s used Egs além ?Ogﬂti)on i?dh‘eﬁangsg and
and Ta-H) bonds results in an equilibrium isotope effect. The MeMgBras a 1.4 M solution in &D, as supplied by Aldrich. 2,
secondar;z isotope effect for the SSiMﬁssociatiorE step, which  Diamino-6,6-dimethylbiphenyl {)** and Cp*TaCl*® were prepared

. . according to published literature procedures. NMR spectra were
is expected to be normal and small, apparently does little t0 . qed at 300 or 500 MHZH) with Bruker AMX-300 and DRX-

offset the preequilibrium isotope effect. The net resultis again 5o spectrometers, at 100 MHEG{H}) with an AMX-400 spec-

a lower activation energy for reaction of the deuterated species,irometer, or at 99.4 MHz2{Si) with a DRX-500 spectrometer, at

in agreement with the observed inverse KIE. The equilibrium ambient temperature and in benzefeunless otherwise noted. Signal
constant for the reaction was estimated tokee= 0.026(3) multiplicities are reported as follows: s, singlet; d, doublet; t, triplet;
mol/L. While it can be expected that deuterium substitution g, quartet; gn, quintet; m, multiplet. Elemental analyses were performed
will shift the equilibrium towardl1 + DSiMes, the difference by the Microanalytical Laboratory at UC Berkeley. Infrared spectra
betweenKy andKp is clearly within experimental error, and ~ Were recorded with' a Mattsqn Instruments Galaxy Series FTIR
we are therefore prevented from drawing further quantitative SpeNC:\rl?g;tgrri'ma:ﬂ:\;‘l‘éﬁLI;”;”23, VC\il:glmci:nscl) g'zte;n?;t";‘];;?;]gﬁyleg
conclusions about the eqm!lbnum isotope effect or the isotope To a cold (0°C) solution of1 (7.75 g: 36.5 mmol) in THF (100 mL)
effect for the reverse reaction.

. was added dropwise 48 mL (76.8 mmol) of 1.6"BuLi. A white
Th_e t_emperature (_:iependence on_the flr_st-order rate ConStE"‘nft)recipitate formed initially but dissolved completely after all of the
for elimination of HSiMe from 9 was investigated by conduct-  ngyj had been added. The solution was stirred 4C0for 2 h and
ing the reaction at five different temperatures between 25.0 andwas then allowed to warm to room temperature, resulting in a color
75.0°C. A plot of In(k/T) vs 1/T produced a straight line from  change from pale yellow to green. M8iCl (10.2 mL, 80.4 mmol)
which the activation parametersH* = 25.5(3) kcal/mol and was then added dropwise. A white precipitate formed immediately,
AS = _0'3(1'.0) (.:all(mOIK) Wer? eXt.raCted' The \_/ery small (80) Yasuda, H.; Okamoto, T.; Nakamura, A. @rganometallic
entropy of activation can be rationalized as resulting from the SyntheseEisch, J. J., King, R. B., Eds.; Academic Press: New York, 1965;
combined influences of a small positive value for the dissocia- Vol. 4, p 22.

Experimental Section
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and the evolution of heat was observed. AReh of heating at reflux,

the solution was stirred overnight at room temperature. The THF was

removed under vacuum to give an oily white solid. Extraction with

pentane (2x 100 mL) gave a bright yellow solution which was

concentrated in vacuo until crystals appeared and then cooled8o

°C. The resulting crystalline product was recrystallized from pentane

and dried to afford 10.93 g (30.6 mmol, 84% vyield) of the product as

colorless crystals, mp 66:%7.5°C. 'H NMR: ¢ 7.15 (t, overlaps

with solvent peak,) = 7.8 Hz), 6.87 (d, 2 HJ = 7.8 Hz), 6.77 (d, 2

H, J = 7.5 Hz biphenyl H’s), 3.53 (br s, 2 H,), 2.02 (s, 6 HMe),

0.06 (s, 18 H, es). BC{'H} NMR: ¢ 146.3, 138.7, 129.2, 125.2,

120.5, 113.5 (aromatic C's), 20.8¢), 0.2 (SMes). IR (Nujol, cnm):
3371 (m), 1579 (m), 1301 (s), 1252 (s), 962 (m), 868 (s), 840 (s),

773 (m), 750 (m). Anal. Calcd for 8H3N:Six: C, 67.35; H, 9.04;

N, 7.85. Found: C, 67.15; H, 9.21; N, 7.78.

Li(Me sSi)N(CsH3sMe).N(SiMe3)Li (3). To a solution of 10.87 g
(30.48 mmol) of2 in 150 mL of pentane at 0C was added dropwise
40.0 mL (64.0 mmol) of 1.6 MBuLi. Formation of a white precipitate
was observed within 1 h. The mixture was allowed to warm to room
temperature and was stirred overnight, during which time the precipitate
gradually dissolved. The slightly cloudy solution was filtered, con-
centrated in vacuo, and cooled+t@8 °C to afford 5.02 g of the product
as white crystals (mp 120125 °C, dec). Concentration and cooling
of the filtrate afforded another 2.02 g of product, for a total yield of
63%. *H NMR: 0 6.98 (t, 2 H,J = 7.7 Hz), 6.71 (d, 2 H) = 7.8
Hz), 6.61 (d, 2 HJ = 7.3 Hz, biphenyl H's), 1.75 (s, 6 HVle), 0.06
(s, 18 H, SMej). *C{'H} NMR: ¢ 159.4, 139.2, 133.6, 130.1, 127.1,
120.6 (aromatic C's), 21.Me), 3.7 (SMe3). IR (Nujol, cnT?): 3053
(m), 1571 (s), 1562 (s), 1269 (s), 1255 (s), 1245 (s), 1038 (s), 958 (s),
856 (s), 825 (s), 793 (s), 746 (s), 582 (m), 569 (m), 472 (m), 455 (m).
Anal. Calcd for GoH3zoN2SioLi,: C, 65.18; H, 8.21; N, 7.60. Found:

C, 63.84; H, 8.94; N, 5.76. Satisfactory elemental analysis data could

not be obtained, even after repeated recrystallization of the spectro-

scopically pure compound.

1
Cp*Ta[=N(CsHsMe),NSiMe;|CI (4). Cp*TaCl, (3.43 g, 7.48

mmol) and3 (2.76 g, 7.48 mmol) were dissolved in 150 mL of benzene,

and the mixture was heated at reflux for 4 h, resulting in a dark red

Gountcra Tilley

(m), 756 (m), 728 (m). Anal. Calcd forf&HsdN,SiTa: C, 54.89; H,
6.42; N, 4.57. Found: C, 54.24; H, 6.47; N, 4.21.

Cp*Ta[=N(CgsHsMe) NSiMes][n*-(2,6-MeCeHz)N=CMe] (6). A
solution of xylyl isonitrile (0.12 g, 0.92 mmol) in 20 mL of pentane
was added to a solution &f(0.57 g, 0.92 mmol) in 40 mL of pentane.
The red, transparent solution was stirred for 12 h at room temperature,
resulting in the formation of a bright yellow, crystalline precipitate
which was filtered and dried in vacuo. Cooling the filtrate-t@8 °C
afforded a second crop of crystals, giving a total yield of 0.47 § of
(68% yield). The product was purified by recrystallization frordt
which results in incorporation of 0.5 equiv of solvent in the crystals
(mp > 180°C, dec). *H NMR (400 MHz): 6 7.35 (m, 1 H), 7.21 (m,

1 H), 7.03 (m, 2 H), 6.85 (m, 2 H), 6.80 (m, 1 H), 6.52 (d, 1 H), 6.18
(d, 1 H, aromatic H's), 3.25 (q, 2 H, /), 2.18 (s, 3 HMe), 2.16 (s,

3 H, Me), 2.05 (s, 3HMe), 1.94 (s, 15 HMesCs), 1.86 (t, 3 H,Me),
1.26 (s, 3 H, N=C-Me), 1.11 (t, 3 H, E4O), 0.03 (s, 9 HMesSi). 1°C-
{*H} NMR: 6 255.0 (N=C-Me), 158.2, 154.7, 145.8, 138.5, 136.1,
135.8, 131.7, 129.9, 129.3, 129.0, 128.5, 127.1, 126.9, 126.6, 125.3,
125.2,120.5, 116.8, 112.1 (aromatic C’s), 66.2(8t 23.1, 22.0, 21.3,
19.9,19.2, 15.9, 12.3V€'s), 5.2 MesSi). IR (KBr, cm2): 3043 (w),
2953 (m), 2916 (M), 157%f=c, M), 1446 (s), 1313 (s), 864 (s), 837
(s), 773 (m). Anal. Calcd for £Hs3N3OpsSiTa: C, 59.99; H, 6.84;
N, 5.38. Found: C, 59.88; H, 7.01; N, 5.18.

{Cp*Ta[MeN(C ¢HsMe).NSiMez]Me} 1~ (7). To a solution of5
(0.46 g, 0.75 mmol) in 20 mL of E® was added 3 mL of Mel at
room temperature. The mixture instantly became cloudy. After the
mixture was stirred for 24 h, the yellow precipitate was filtered off,
washed with 20 mL of EO and then 20 mL of pentane, and finally
dried under vacuum to afford 0.42 g (74% vyield; mp 2433 °C,
dec, subl) of7 as a yellow, microcrystalline powder!H NMR
(dichloromethaneak): 6 7.52 (m, 2 H), 7.39 (m, 1 H), 7.29 (m, 1 H),
7.21 (m, 1 H), 6.99 (m, 1 H, aromatic H's), 3.39 (s, 3MEN), 2.19
(s, 15 H,MesCs), 2.16 (s, 3 HMe), 2.10 (s, 3 HMe), 0.78 (s, 3 H,
TaMe), —0.08 (s, 9 HMe&sSi). ¥3C{*H} NMR (dichloromethanel,):

0 141.1, 138.5, 138.4, 135.0, 134.2, 132.3, 131.7, 131.3, 131.0, 130.0,
128.8, 127.4, 124.0 (aromatic C's), 55MeTa), 53.4 MeN), 21.4 Me),
20.4 Me), 12.4 MesCs), 1.5 MesSi). IR (KBr, cnt?): 2953 (m), 2916

solution. After being cooled to room temperature, the solvent was (M), 1581 (w), 1443 (m), 1381 (w), 1250 (m), 839 (s). Anal. Calcd
removed under vacuum and the residual solid was extracted with aboutfor CaoHa2N2ISi;Ta: C, 46.16; H, 5.61; N, 3.71. Found: C, 45.81; H,
200 mL of pentane until the extracts were colorless. The dark red 5.59 N, 3.75.

pentane solution was concentrated to about 70 mL, which caused

precipitation of red, prism-shaped crystals. After being cooled78

°C, the solution was filtered and the isolated crystals were washed with
pentane and dried under vacuum to afford 3.21 ¢ (§8%, mp 176
179°C). H NMR: 6 7.26 (m, 1 H), 7.02 (m, 1 H), 6.91 (m, 1 H),
6.65 (m, 2 H), 6.58 (m, 1 H, aromatic H’s), 2.04 (s, 3Me), 2.04 (s,

3 H, Me), 1.89 (s, 15 HMesCs), 0.04 (s, 9 HMesSi). 3C{*H} NMR
(dichloromethanelk,): 6 156.7, 140.1, 138.7, 135.9, 135.4, 128.1, 127.5,
127.3,127.1,123.5,121.5, 121.2, 113.3 (aromatic C's), M) /¢),
11.6 MesCs), 1.8 (MesSi). IR (KBr, cnil): 3049 (w), 2953 (m), 2916
(m), 1574 (m), 1446 (m), 1250 (s), 1211 (m), 1012 (m), 945 (m), 900
(m), 854 (s), 769 (m), 727 (m). Anal. Calcd fop#3sN-CISiTa: C,
51.23; H, 5.73; N, 4.43. Found: C, 51.21; H, 5.90; N, 4.34.

Cp*Ta[=N(CsHsMe),NSiMez]Me (5). To a solution of4 (1.01 g,

1.59 mmol) in diethyl ether (80 mL) was added 1.20 mL of 1.4 M
MeMgBr (1.68 mmol) at room temperature. The color of the solution
gradually changed from dark red to light red-orange, with formation
of a white precipitate. After being stirred for 5 h, the solvent was
removed in vacuo and the residue was extracted with about 100 mL of
pentane, until extracts were colorless.
concentrated to less than 10 mL and leftat8 °C for 12 h, to obtain
0.83 g of5 as a bright red-orange crystalline powder (85% yield, mp
114-118°C). *H NMR: 6 7.28 (m, 1 H), 7.05 (m, 1 H), 6.98 (m, 1
H), 6.69 (m, 2 H), 6.59 (m, 1 H, aromatic H's), 2.09 (s, 3Mk), 2.05

(s, 3 H,Me), 1.78 (s, 15 HMesCs), 0.72 (s, 3 HMeTa), —0.08 (s, 9

H, MesSi). 3C{H} NMR: ¢ 159.2, 140.1, 139.5, 135.9, 133.5, 130.6,

The pentane solution was

Cp*Ta[PhSiH N(CeHaMe),NSiMes](H)CI (8). A solution of 4
(0.56 g, 0.88 mmol) in 1.5 mL of neat PhSiias stirred at room
temperature. The inhomogeneous red mixture turned light yellow after
1 day. The volatile material was removed under vacuum, the resulting
residue was washed with pentane X220 mL) and extracted with
toluene (about 70 mL). The toluene solution was concentrated to 10
mL and cooled to-78 °C, and the resulting precipitate was washed
with pentane, to obtain 0.39 g 8f(in two crops, 60% vyield) as a pale
yellow powder (mp 138141 °C, dec). The product is weakly light-
sensitive and is best kept in the dadd NMR: 6 20.44 (s, 1 H, TH)),

7.76 (m, 2 H), 7.60 (m, 1 H), 7.08 (m, 5 H), 6.95 (m, 1 H), 6.80 (m,
2 H, aromatic H's), 5.46 (d, 1 HJuny = 9.8 Hz, {Jusi = 195 Hz,
PhSHzN), 4.80 (d, 1 H,ZJHH = 9.8 Hz, 1\]HSi = 201 Hz, PhS'i'lzN),
2.10 (s, 3 HMe), 2.04 (s, 3 HMe), 2.02 (s, 15 HMesCs), 0.03 (s, 9

H, MesSi). 33C{H} NMR: ¢ 156.9, 151.5, 138.6, 136.8, 136.0, 135.7,
134.2, 130.4, 129.7, 128.9, 127.3, 127.1, 126.6, 126.3, 126.1, 123.7,
121.0 (aromatic C's), 21.4Me), 20.7 Me), 13.3 MesCs), 4.7 Mes-

Si). IR (KBr, cnml): 3055 (w), 2987 (m), 2916 (m), 2216 and 2150
(vsi-n, S), 1790 {ra—n, m), 1564 (m), 1433 (s), 1238 (s), 1213 (s),
1111 (m), 955 (m), 910 (m), 850 (s). Anal. Calcd fog844NCISix-

Ta: C, 53.47; H, 5.98; N, 3.78. Found: C, 53.84; H, 6.10; N, 3.73.

Cp*Ta[PhSiHN(CeHaMe),NSiMes](H)Me (9). A solution of 5
(0.37 g, 0.60 mmol) in 0.5 mL of neat PhSjldas stirred at room
temperature for 1 day. The clear, bright red-orange mixture gradually
turned pale yellow, with the formation of a precipitate. The volatile
material was removed under vacuum, and the residue was extracted

128.8, 127.6, 127.4, 124.9, 120.9, 117.9, 113.6 (aromatic C's), 39.5with Et,0 (80 mL). The extract was filtered, concentrated to about 10

(MeTa), 21.5 Me), 21.3 (Me), 11.4 MesCs), 1.9 MesSi). IR (KBr,
cm1): 3045 (w), 2954 (m), 2912 (m), 1571 (m), 1446 (s), 1377 (w),
1281 (s), 1250 (s), 1207 (m), 1041 (w), 945 (w), 903 (m), 845 (s), 771

mL, and cooled te-78 °C. The resulting white crystalline precipitate
was isolated, recrystallized again from@®&t washed with cold pentane,
and dried under vacuum to obtain 0.25 ¢9a68%; mp 148-149°C,
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dec). The product is weakly light-sensitive and is best kept in the dark. (m), 2154 ¢si—n, W), 1780 ¢ra—n, M), 1566 (w), 1437 (m), 1236 (s),

IH NMR: 0 17.15 (s, 1 H, TH), 7.49 (m, 2 H), 7.10 (m, 5 H), 6.98 1118 (m), 916 (s), 841 (s). Anal. Calcd fog847N.Si;Ta: C, 54.37;

(m, 1 H), 6.94 (m, 1 H), 6.83 (M, 2 H, aromatic H's), 5.29 (d, 1 H, H, 6.92; N, 4.09. Found: C, 54.59; H, 7.23; N, 4.12.

2Jun = 9.6 Hz,Jysi = 179 Hz, PhSi;N), 4.68 (d, 1 H2y = 9.6 X-ray Structure Determinations. X-ray diffraction measurements

Hz, Wusi = 184 Hz, PhSi;N), 2.11 (s, 3 HMe), 2.08 (s, 3 HMe), were made on a Siemens SMART diffractometer with a CCD area

1.91 (s, 15 HMesCs), 0.88 (d, 3 H.2Jun = 1.9 Hz,Me€Ta), 0.00 (s, 9 detector, using graphite monochromated Ma iadiation. Details of

H, M&sSi). BC{*H} NMR: ¢ 156.3, 153.4, 138.3, 137.3, 136.6, 135.5, the crystal structure determinations are given in the Supporting

134.7, 134.3, 130.2, 128.5, 127.1, 126.6, 126.6, 126.2, 125.2, 124.6,Information.

116.2 (aromatic C's), 48.MgTa), 21.5 Me), 21.0 Me), 12.7 MesCs), Kinetic Measurements. Reactions were monitored 4 NMR

4.6 Me&sSi). IR (KBr, cnml): 3057 (w), 2958 (m), 2922 (m), 2214  spectroscopy, with a Bruker AMX300 spectrometer, using 5 mm

and 2150 ¥si—n, M), 1778 ¢rra—n, M), 1564 (m), 1431 (m), 1236 (s),  Wilmad NMR tubes, equipped with J. Young Teflon screw caps. The

948 (m), 910 (m), 870 (m), 845 (s). Characteristic IR band9fds: samples were frozen in liquid Nmmediately after preparation and

1605 and 1565usip, M), 1278 ¢tap, m). Anal. Calcd for GsH47N2- defrosted just before being placed in the preshimmed probe, which was

SibTa: C,56.65; H, 6.57; N, 3.89. Found: C,57.17; H, 6.68; N, 3.85. preheated at the required temperature. The probe temperature was

I - I . calibrated using an ethylene glycol san¥pland monitored with a

of S?;TgéphsllggN(ceHfMe)ZNSS'F;_thCg(HI)CI (12).dt;l'odalsglut:i)nf thermocouple. Repeated calibration showed that the temperature was
LU0 g, . .mmo) In 25 ML 0 #Cl, was added 1.6 mL o . maintained withint-0.2 °C of the set value. Single scan spectra were

PhSiH;, and the mixture was stirred at room temperature. The solution

slowly changed color from dark red through orange to yellow over a acquired automatically at preset time intervals. The peaks were
vy 9 . ) 9 Y y integrated relative to ferrocene as an internal standard. Rate constants
period of 4 days. The volatile material was removed under vacuum,

. ) . - were obtained by nonweighted linear least-squares fits of the integrated
) Sl e Ve Pt 2 L) NIt fetrder ae aw i ogarhmc fom, 10 = 1 Cy . e
°C, dec). The crude product was purified by recrystallization from several peaks from the same species were monitored, separate plots of
toluene. *H NMR (dichloromethanab): o 14.85 (d, 1 H4Ju = 6.0 In C (as calculgted from _each signal) verere prqduced, and the rate
Hz, TeH), 7.1-7.5 (m, 8 H), 7.03 (m, 5 H), 6.88 (rr‘1 1 |_'|) 6.60 (m, 2 constants (typically W|th|n t\/\_/o standard deviations from each cher)
H ’aroma’tié H’sj 6 2’8 (d l l-i“,J =’6 0 I-,|z -PhSH(,CI)N)’ 5'37 (d ’ were aver_ag_ed._ The ac_tlvatlon enthalp)_/ and entrqpy for t_he trimeth-
1’H 23,0, — 10’4 'HZ P'hSH Nl)4H454. (d 1 H 23 = ’10'4 Hz‘ ylsilane e_||m|nat|on reaction \_Nere_determmed by weighted, linear least-
PhSH I\Fll; 292 (.s . I’—|Me502) 201 (s.3 HMe)’lg% 5.3 HMe) ' squares fit of INK/T) vs 1T at five different temperatures. The standard
13C{1H2} NMR (ber’lzenede)' S i53 8 149’ 8 140 2 1.38 6 ’137 9 1?;5 7 deviations ink andT at each dqta point were calculated on the b(?lSIS of
134.9 134.2 133.8 133'7 130' 7’ 1254 12éé 12'7'9 12'7’4 127 1 the_ random error of the multiple measurements co_mbl_ned Wl_th 5%
126.2’ 126.2’ 125'0’ 122 '3 l(arorﬁaltic C'.s), 21\/03)( 20 7 Ne) 1‘2’7 ““estimated ;ystemat!c error. Further dgtalls of the _klnetlc studies for
(Mesc's). 295 ’NMR (éiirect detection, 99.4 l\/]Hz, benzedg: o ’—26.9 each reaction are given in the Supporting Information.
(t, 1\]SiH = 208 HZ, PISngN), —66.8 (d,l.JSiH = 272 HZ, PISIHC'N)
IR (KBr, cm™%): 3053 (w), 2999 (w), 2916 (w), 2189 and 2152(n, Acknowledgment. The authors acknowledge the National
m), 1678 ¢ran, W br), 1585 (w), 1566 (w), 1429 (m), 1113 (m), 835  Science Foundation for their generous support of this work. We
(s). Anal. Caled for GHauN2CleSibTa: C, 53.40; H, 5.10; N, 3.46.  also thank Professor Andrew Streitweiser for helpful discussions
Found: C, 53.44; H, 5.12; N, 3.46. on isotope effects and Dr. Fred Hollander for assistance with

Cp*Tal(CH 2)sSiHN(CsHsMe),NSiMes](H)Me (16). Toasolution  the X-ray structrure determinations.

of 5 (0.37 g, 0.60 mmol) in 25 mL of pentane was added 0.1 mL of
(CH,)sSiH,, and the mixture was stirred overnight at room temperature.

The solution color changed from orange-red to light yellow. The .o iniermediates characterized only %y NMR spectrosopy
volatile material was removed in vacuo, and the resulting residue was

redissolved in pentane (30 mL), concentrated, and crystallizedat (10, 11, 13, and 17), experimental d.EIa.”S for the kinetic
°C to afford 0.25 g ofl6as a crystalline, off-white powder (60% yield). measurements, table_s and plots (_)f kinetic data, and tables of
IH NMR: 6 17.02 (s, 1 H, TH), 7.12-7.04 (m, 3 H), 6.93 (m, 2 H), crystal, data collection, and refinement parameters, bond

Supporting Information Available: Experimental data for

6.79 (m, 1 H, aromatic H's), 5.14 (m, 1 H,H8i 2.13 (s, 3 HMe), distances and angles, and anisotropic displacement parameters
2.06 (s, 3 HMe), 1.91 (s, 15 HMesCs), 1.60-1.40, 1.271.22 and for 4, 6-1/,E0, 7, 9, and 12 (60 pages). See any current
0.86-0.84 (m, 6 H, (&,)3SiH), 0.75 (d, 3 H3Juy = 2.1 Hz,MeTa), masthead page for ordering and Internet access instructions.

0.01 (s, 9 HMesSi). 3C{'H} NMR: ¢ 156.4, 153.0, 137.7, 137.2,
134.7,134.4, 127.1, 126.4, 126.2, 125.9, 124.5, 124.3, 116.2 (aromatic/A9721982

C’s), 48.4 MeTa), 21.1 Me), 20.9 Me), 20.5, 18.7, 15.1 {H2)sSiH), (81) Ammann, C.; Meier, P.; Merbach, A. E.Magn. Resorl982 46,
12.6 MesCs), 4.5 MesSi). IR (KBr, cnml): 3051 (w), 2960 (m), 2914 319




