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Abstract

Silylamido Complexes of Early Transition Metals

by

Tomislav Ilkov Gountchev

Doctor of Philosophy in Chemistry

University of California, Berkeley

Professor T. Don Tilley, Chair

This work presents the synthesis, structure, and reactivity of tantalum, yttrium and
zirconium complexes with biphenyl and binaphthyl silylamido ligands.

The highly bent imido complex Cp*Ta[=N(CgH3Me),NSiMe3]Cl and the methyl
derivative Cp*Ta[=N(CcH3Me),NSiMe3]Me were prepared and characterized. Cp*Ta-
[=N(CeH3Me)o,NSiMes]Me reacts with xylyl isonitrile giving an insertion product, and
with Mel giving a cationic complex. Reactions of Cp*Ta[=N(CgH3Me),NSiMe3]Cl and
Cp*Ta[=N(CgH3Me),NSiMe3|Me with PhSiH3 afford the hydrides Cp*Ta[PhSiH,N-
(CcH3Me),NSiMe3](H)Cl and Cp*Ta[PhSiHoN(CgH3Me),NSiMe3]|(H)Me via addition of
the Si—H bond across the Ta=N double bond. In presence of CH>Cl;, and PhSiH3,
Cp*Ta[=N(CgH3Me),NSiMe3]Cl forms the complex Cp*Ta[PhSiH;N(CcH3zMe),-
NSiPhHCI](H)CI, which exhibits a nonclassical interaction between the hydride ligand and
a silyl group. Reactions of PhSiH3 and (CH»)3SiH, with Cp*Ta[=N(C¢H3zMe),-



NSiMe3]Me follow second-order kinetics, with an inverse isotope effect for the PhSiH3
addition. Elimination of HSiMe3 from Cp*Ta[PhSiH,N(CgH3Me);NSiMe3](H)Me
follows first-order kinetics, with approach to equilibrium, and exhibits inverse isotope
effect. The proposed addition / elimination mechanism involves slow formation of
pentacoordinate silicon intermediates, coupled with a fast hydride shift between Ta and Si.

The yttrium complex [DADMB]YCI(THF), (DADMB = 2,2'-bis(tert-butyl-
dimethylsilylamido)-6,6'-dimethylbiphenyl) and its alkyl derivatives [DADMB]YMe-
(THF); and [DADMB]Y[CH(SiMe3),|(THF)(OEty) were prepared. In presence of
silicone grease, reaction of [DADMB]YCI(THF), with MeLi produces the trimethylsiloxide
[DADMB]Y(OSiMe3)(THF),. [DADMB]YMe(THF); and [DADMB]Y[CH(SiMe3);]-
(THF)(OEty) react with phenylsilane or H, forming the dimeric hydride {{ DADMB]Y (u-
H)(THF)},:Ce¢Hg. This hydride reacts rapidly with olefins via single insertion, and with
pyridine, forming two isomeric 1,2- and 1,4-insertion products.

{[DADMB]Y (u-H)(THF)}; catalyzes the hydrosilylation of olefins. Catalyst
reactivity and selectivity for different olefins and silanes are investigated. Aliphatic olefins
exhibit high preference for terminal addition, while aromatic olefins undergo mostly 2,1
addition. Both primary and secondary silanes can be employed. Using enantiopure
catalyst for enantioselective hydrosilylation of norbornene yields 90% ee. Kinetic studies
support a mechanism involving fast olefin insertion into the Y-H bond, followed by slow
metathesis reaction of the resulting alkyl with silane.

The zirconium complexes {[ DADMB]ZrCl,}», [DMBN]ZrCl,-THF (DMBN =
2,2'-bis(tert-butyldimethylsilylamido)-1,1'-binaphthyl), [DBMN]Zr(CH,Ph), and
[DMBN]ZrMe, THF were prepared. With B(CgFs)3, [DBMN]Zr(CH,Ph), produces the
zwitterionic complex [DMBN]Zr(CH,Ph):[n°-PhCH,B(CgFs)3]. {{DADMB]ZrCl,}» and
[DMBN]ZrCl-THF are moderately active ethylene polymerization catalysts. [DBMN]Zr-

(CH2Ph), activated with Ph3CB(CgF5)4 polymerizes 1-hexene to low molecular weight

//@ﬁm///

oligomers.
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Chapter 1

Chelating Imido-Amido Complexes of Tantalum.
Mechanistic Studies on the Addition of Silanes to

Ta = N Multiple Bonds



Introduction

Early transition-metal chemistry has received increased attention in recent years,
particularly as new applications in catalysis and polymer chemistry have been developed.l'9
Much of this new chemistry involves metal complexes which possess cyclopentadienyl
ligand sets. Such complexes are readily modified to adjust electronic and steric properties
for the metal center, and therefore activities and selectivities for the catalyst.z’3 Many of the
systems of interest involve electrophilic and coordinatively unsaturated d° metal centers that
behave as Lewis acids in their chemistry. For this reason, effort has been devoted to
development of alternative ligand sets that may increase the electrophilicity of the metal
center.'%1% One approach involves use of ancillary multidentate amido ligands to support
reactive and highly electrophilic metal centers.' 320

While investigating alternative ancillary ligands for d0 metal centers, a number of
complexes with the bis(triisopropylsilyl)-o-phenylenediamido (0-C¢H4(NSiiPr3);)
ligand27’28 have been synthesized and studied. A common structural feature for these
complexes is the presence of a secondary bonding interaction between the aromatic ring and
the metal center. While confirming the electron-poor character of the metal center in
complexes of this ligand, this donation of electron density from the ligand has the
potentially undesirable effect of reducing electrophilicity at the metal. To reduce the
possibility of such an interaction, and also to create a chiral environment at the reactive site,
an exploration of alternative bis(silylamido) ligands based on Cz-symmetric biphenyl
backbones was undertaken. The use of similar ligands has recently been reported by
Cloke? and Lappert.30 One aspect of this work, reported in this chapter, concerns a set of
tantalum complexes containing both Cp* (n-CsMes) and bis(silylamido) ligands.3 ! This
system is characterized by facile cleavage of N-Si bonds in the ligand, and formation of
Ta=N double bonds with unusually acute Ta=N-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 reactive d” Ta=N bond. The



elimination of silyl groups from silylamido complexes has previously been reported as a

limitation in the use of these types of ligands,14’23

and the cleavage of N-Si bonds has
been employed as a route to transition metal imido species,32'34 but the mechanism of this
process has not been investigated. Understanding the reactivity of metal-heteroatom
multiple bonds is a subject of both theoretical and practical importance. Transition metal

32,33,35

imido species are involved or suspected as intermediates in hydrocarbon

36-40 catalytic hydrodenitrogenation,41 and hydroamination.42 In this chapter the

activation,
synthesis and reactivity of multiply bonded tantalum - nitrogen species are described,
supplemented by detailed kinetic and mechanistic studies on the reversible additions of

silanes to Ta=N bonds.

Results and Discussion

Ligand synthesis. The starting material for the synthesis of the target silylamine
ligand, 2,2'-diamino-6,6'-dimethylbiphenyl (1), was prepared according to literature
procedures.43 N-Silylation of this diamine was achieved via deprotonation of 1 in THF
followed by reaction of the resulting dianion with Me3SiCl (eq 1). N,N'-Bis(trimethyl-
silyl)-2,2'-diamino-6,6'-dimethylbiphenyl (2) was obtained in 84% yield as colorless
crystals from pentane. The lithium salt (3) was then prepared in 63% yield by treating 2

with two equiv of "BuL.i in pentane.

1) "Buli
_—

2) MesSiCl

Syntheses and characterization of bent tantalum imido complexes.

Reaction of 3 with Cp*TaCly in refluxing benzene for 4 h yielded a dark red solution.



After evaporation of the solvent and extraction with pentane, compound 4 was isolated in
68% yield as a red crystalline powder. TH NMR spectroscopy indicated that loss of one
trimethylsilyl group had occurred to afford a tantalum imido complex, as indicated in eq 2.
After 3 h (80 °C, benzene-dg), the reaction had proceeded to >90% conversion with
formation of an equimolar mixture of Me3SiCl and 4. This reaction therefore differs from
that between Cp*TaCly and 0-CgH4(NLiSiiPr3);, which produces the stable bis(amido)
complex Cp*[0-CgHa(NSiiPr3),]TaCly.28

" <= <=
/SI ©s Cp*TaCly l MeMgBr |

L N—Ta._ N=Ta_
i -2 LiCl @ / c @ Me  (2)
SiMe. - MesSiCl AN N

The molecular structure of 4 is shown in Figure 1. The N(1)-Ta—CI and N(2)-Ta—
Cl bond angles are 102.6(2)° and 108.5(2)°, and the bite angle (N(1)-Ta-N(2)) for the
imido-amido ligand is 98.8(2)°. The most interesting feature of the molecule is the
unusually small Ta—N(1)-C(1) bond angle of 116.3(4)°, which is surprisingly close to the
corresponding angle of 114.6(4)° associated with the Ta—N(2)-C(12) amide linkage. The
amido N is planar (sum of angles around N(2) = 359.9%), as expected for a metal complex
of this type. The Ta=N(1) bond length of 1.830(5) A is considerably shorter than the Ta—
N(2) bond distance of 1.988(6) A.

The majority of structurally characterized imido complexes exhibit linear, or near
linear, geometries with M—N—C bond angles in the range 160-180°.3%33 The nature of
metal-nitrogen bonding in transition metal imido complexes has been the subject of a

44-48 which suggest that the metal-ligand bond order is

number of theoretical studies,
usually intermediate between two and three, and that there is a rather soft potential for

bending giving rise to the relatively wide range of observed bond angles. In valence-bond
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Figure 1. ORTEP diagram of Cp*Ta[=N(CcH3Me)>,NSiMe3]|Cl (4).



terms, the nitrogen in linear imidos is sp-hybridized, resulting in a formally triple M—N
bond. There are only a few reported examples of strongly bent imido complexes, and the

41,49,50 or to

bending in these is attributed either to the steric constraints of a chelate ring,
electronic effects (in particular the absence of available empty metal d-orbitals of
appropriate symmetry to interact with the nitrogen lone pair).5 152 In the limiting case of a
strongly bent imido ligand, the N atom would be sp2-hybridized with a formally double M—
N bond, and a non-bonding 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 described as possessing a double M—
N bond.45’47’53

To the best of our knowledge, compound 4 is the most strongly bent transition
metal imido complex reported so far. The observed bending is attributed to the steric
restrictions imposed on the imido linkage by the chelating biphenyl ligand. The Ta=N
bond is rather long compared to the typical range of 1.6 to 1.8 A for organoimido
complexes of tantalum,> 23 but is comparable to the long Ta=N bond of 1.831(10) A
found in Cp>"2Ta(=NC6H5)H,46’54 which is considered to possess a Ta—N bond order
between two and three.

Reaction of 4 with MeMgBr in EtO gave the methyl derivative S, isolated in 85%
yield as orange-red crystals from pentane (eq 2). The TaMe group gives rise to a new
singlet at 0.72 ppm in the |H NMR spectrum and a signal at 39.5 ppm in the 13C NMR
spectrum. Unfortunately, Ta=N stretches in infrared spectra of 4 and S could not be
positively identified, presumably because they are coupled with other vibrations in the
molecules.?>>*

Reactivity of 4 and 5 towards small molecules. While many transition
metal imido complexes are stable and unreactive, some exhibit high reactivities towards

55,56

electrophiles, nucleophiles,5 7 or both.33:46-58 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 metal-nitrogen bonding and less nucleophilic
imido nitrogen centers.>>** In addition, some imido complexes have been observed to
react with unsaturated substrates, to give [2+2] or [2+4] cycloaddition products,38’42’56
and certain d¥ imido complexes have been found to activate the C-H bonds in
hydrocarbons.3 6,38.40.59 ¢ jg expected, according to the bonding model described above,
that bending of the imido ligand should lead to a reduced metal-nitrogen 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, Ta=N bond.

Contrary to these expectations, compound 4 was found to be rather stable. This
compound does not decompose in refluxing toluene-dg for 24 h, and does not react with
H,, CO, CoH4, PhC=CPh, or Me3SiC=CH within 24 h in refluxing benzene-dg. The
methyl derivative $ also did not react with Hy or Me3SiC=CH under similar conditions.
Both 4 and S are inert towards the nucleophiles PPh3, PhPH»3, and p-(N,N)-dimethyl-
aminopyridine (24 h, 80 °C, benzene-dg). Although transition-metal imido complexes
typically react readily with organic carbonyl compounds,33 no reaction was observed
between 4 or 5 and benzophenone (4 h, 80 °C, benzene-dg). Benzaldehyde reacted slowly
with 4 (ca. 40% conversion after 20 h) and with 5 (70% conversion after 24 h) at room
temperature in benzene-dg to give a mixture of products. Complexes 4 and S also reacted
with weak acids such as PhOH and p-toluidine (but not with the more sterically hindered
PhoNH), giving mixtures of products.

Complex 5 reacts very slowly with carbon monoxide under 40-80 psi, at 80 °C in
benzene. However, the accumulation of decomposition products precluded the isolation
and identification of the product of this reaction. While 4 did not react with xylyl isonitrile,
compound § was found to undergo a clean reaction at room temperature to give the
insertion product 6 (eq 3), isolated as bright yellow crystals in 68% yield. The methyl

group of the iminoacyl ligand in 6 appears at 1.26 ppm in the 'H NMR spectrum, and the



13C resonance for the iminoacyl carbon (N=CMe) was observed at 255.0 ppm, in the low

field region of the 195-268 ppm range reported for n2-iminoacyl complexes.60'62 In the IR

spectrum, the C=N stretch appears at 1579 cm-L.
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The structure of 6 was determined by X-ray crystallography (Figure 2). The
iminoacyl nitrogen N(3) is coordinated to the metal with a Ta—N(3) bond length of
2.259(4) A, which is longer than the typical values of 2.12-2.17 A reported for tantalum
n2-iminoacyl complexes,?%-62 but the Ta—C(26) and N(3)-C(26) bond lengths of 2.134(5)
A and 1.273(6) A are within the typical range for such complexes.62 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(1)-Ta-N(2) = 94.2(2)°) is slightly
reduced from that in 4. These metrical changes may be attributed to the higher coordination
number for the metal center, which leads to increased steric crowding in 6 relative to 4.
The Ta—N(1) bond length, 1.819(4) A, is slightly shorter than the Ta=N bond in 4, which
is consistent with the greater bond angle at N(1).

The nucleophilic properties of the imido nitrogens in 4 and S were demonstrated by
their reactions with Mel. Compound 4 did not react with Mel at room temperature in
benzene-dg, and upon heating the reaction mixture gave a number of decomposition
products. The methyl derivative S, on the other hand, reacts readily with Mel at room
temperature. The product of this reaction (7), isolated as yellow crystals in 74% yield, is
highly insoluble in nonpolar organic solvents (EtoO, benzene) but is soluble in CH,Cl5.

Reactions of imido complexes with Mel or MeBr have often been observed to result in
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Figure 2. ORTEP diagram of
Cp*Ta[=N(CgH3Me),NSiMes][12-(2,6-MerCgH3)N=CMe] (6).



complete cleavage of the metal-nitrogen bond to produce ammonium ions, % but

spectroscopic characterization of 7 revealed that only one equiv of Mel had added to the
Ta=N bond (eq 4). Furthermore, the insolubility of 7 in nonpolar solvents and the
downfield shifts for the MeN-Ta group in the 'H (3.39 ppm) and 13C (53.4 ppm) NMR
spectra suggested that 7 might be cationic, and this formulation was confirmed by X-ray
crystallography.

An ORTEP drawing of 7 is shown on Figure 3. The Ta-I 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 ligand bite angle in this case is expanded to
104.5(4)°. The Ta—N(Me) bond of 1.92(1) A is intermediate in length between the multiple
Ta=N bonds found in 4 and 6 (1.830(5) and 1.819(4) A, respectively), and those found
for the amido nitrogens in 4, 6, 9 and 12, ranging from 1.988(6) in 4 to 2.105(4) in 6,
while the Ta—N(Si) bond length of 1.99(1) A is within the latter range. The unusually large
Ta-N(1)-C(15) bond angle of 147.2(9)° and the small Ta-N(1)-C(1) angle of 101.8(8)°
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 the ipso carbon, leading to a

close Ta---C(1) contact of 2.64(1) A.

== == o
Me I
N—Ta N— a_
@ / ~Me Mel O ]@ Me ()
N\ N\
O SiMe3 O SiMe3
5 7

The ionic structure of 7 is attributed to steric crowding about Ta, which prevents
coordination of the iodide anion. The stability of the cation can also be rationalized by the

possibility for stabilization by donation of m-electron density from the two amido nitrogens.

10
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While coordinatively unsaturated, cationic early transition metal complexes are potentially
active as olefin polymerization catalysts, compound 7 did not react with ethene over 24 h
(room temperature, dichloromethane-d»).

Reactions of 4 and 5 with silanes. Compounds 4 and 5 were found to react
with hydrosilanes, to form tantalum hydride complexes via addition of the Si—H bond
across the Ta=N bond. While the primary silanes PhSiH3 and PhCH,SiH3 reacted at
measurable rates at room temperature, reactions with most secondary silanes (such as
PhMeSiH;) could be observed only after prolonged heating, which led to decomposition
and the formation of HSiMe3 (by 'H NMR spectroscopy). The tertiary silane MeEtSiH
and the sterically hindered primary silane MesSiH3 did not react with 4 even at 80 °C over
24 h in benzene-dg. Addition of PhSiH3 to 4 and 5 yielded the hydrido chloride and
hydrido methyl complexes 8 and 9, respectively, as shown in eq 5. The moderate rates of
these reactions and the thermal instabilities of the products required use of neat PhSiH3 and

mild reaction conditions (room temperature) for isolation of the products.

- <=
\@/ PhSiH, @/ PhSiH» |

N:Ta\ PhSiH3 \N“"'Ta""’X - HSiMeg \N‘U,.Ta\
0 [ /N, —— 0 /) X6
N\ H N
O SiMes 0 \SiMe3 O
X = Cl (4), Me (5) X = Cl (8), Me (9) X = Cl (10), Me (11)

The TaH groups in 8 and 9 appear as singlets in the 1H NMR spectra, at 20.44 and
17.15 ppm, respectively. The methyl ligand in 9 gives rise to a doublet in the |H NMR
spectrum at 0.88 ppm, with coupling to the hydride ligand (3Jgy = 1.9 Hz; coupling was
not resolved for the TaH resonance). No significant changes were observed in the 'H
NMR spectrum of 9 on cooling to -80 °C. The Ta—H stretches in the IR spectra of 8 and 9

are observed at 1790 and 1778 cm-!, respectively, and the deuteride 9-d3, prepared from 5

12



and PhSiD3, exhibits a Ta-D stretch at 1278 cm-l. No exchange of the hydride ligand in 9
was observed upon exposure to Dy (1 atm, 25 °C, 24 h in benzene-dg). Compound 9 also
did not react with ethene under similar conditions.

The structure of 9 was determined by single-crystal X-ray crystallography (Figure
4). The tantalum adopts a four-legged piano stool coordination geometry, with
approximately equal Ta—N(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 is trans to the phenylsilyl group from which it is
derived. The Ta—H(1) bond length in 9 is 1.67(3) A, and the H(1)-Ta-N(2), H(1)-Ta-
C(24), and N(1)-Ta—C(24) angles are 74(1)°, 70(1)°, and 87.8(1)°, respectively. The bite
angle associated with the chelating diamide ligand is only 88.6(1)°. Similarly to compound
7, the angles about N(1) show some deviation from the expected 120° for sp2-hybridized
N, with a Ta-N(1)-Si(1) angle of 136.0(1)° 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 hydrides 8 and 9 are stable in the solid state under nitrogen and in the dark,
but slowly decompose in solution with clean elimination of HSiMe3 (by 'H NMR
spectroscopy), to give the imido species 10 and 11, respectively (eq 5). Other potential
elimination products (PhSiH3, PhSiH>Cl, PhMeSiH;, Me3SiCl or Me4Si) were not
observed in these decompositions. The hydrido chloride 8 begins to decompose after
several hours in benzene-dg at room temperature, while the methyl hydride 9 is more stable
and exhibits a half-life of a few days in benzene-de. Identification of 10 and 11 was based
on their TH NMR spectra. Isolation of 11 was not possible as the elimination of HSiMe3
from 9 did not go to completion but reached equilibrium, and attempts to remove the
HSiMes by prolonged reflux in benzene only resulted in production of a mixture of

decomposition products.
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In dichloromethane solution, the reaction of 4 with PhSiH3 occurred over four 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 product (12) was found to possess a
hydride ligand, observed by 'H NMR spectroscopy as a doublet (J = 6.0 Hz) at 14.85 ppm
in dichloromethane-d>. Structural characterization of 12 by X-ray crystallography revealed
the presence of a diamide ligand containing both -SiH,>Ph and -SiHCIPh groups bound to
the nitrogens (Figure 5). The structure of 12 is similar to that of the methyl hydride 9,
with angles about Ta of 92.3(1)" (CI(1)-Ta-N(1)), 89.4(1)" (N(1)-Ta-N(2)), 76(1)°
(CI(1)-Ta—H(1)), and 67(1)° (N(2)-Ta—H(1)). The Ta—N bond lengths of 2.015(3) and
2.016(3) A are essentially the same. 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 Ta—
H bond length of 1.67(3) A in 9). In addition, the distance between H(1) and the
neighboring silicon Si(2) in 12, 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 Me3Si group in 9 is 2.56(3) A. The Ta-N(2)-
Si(2) angle is reduced to 108.8(2)°, while in complexes 4, 6, 7, and 9 the corresponding
Ta—N-Si angles are greater than 120°. Further support for a significant H(1)--Si(2)
interaction is found in the bond distances and angles about Si(2), which suggest a
distortion from tetrahedral geometry. The N(2)-Si(2)-C(21) angle of 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 C1(2)-Si(2)-C(21) angles of 103.1(1)° and 100.5(1)°. The Si(2)—
CI(2) bond length of 2.149(2) A is also rather long, approaching values observed for axial

chlorine in pentacoordinate silicon compounds.63 Similar nonclassical bonding interactions
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have been characterized for a number of transition metal hydrido silyl complexes,64'7]

based on short Si—H distances and distorted geometries at silicon. Such complexes can be

viewed as exhibiting three-center M—H-Si bonding with limiting metal silyl hydride and o-

H-Si resonance structures.”> The bonding situation in compound 12 is different, since the

silyl group is not directly bonded to the metal. Thus, the bonding in 12 is probably best

described by the resonance structures shown in Scheme 1, involving a pentacoordinate Si

center in one of the canonical forms. This interaction may also be differentiated from those
73-75 ;

found in a number of 3-Si—H agostic complexes in which an Si—H o-bond is

coordinated to the metal, without an increase of the coordination number at the silicon.

Scheme 1
H H H H ® H_H
Y -~ M—{ ra_ Sicpn T T\ Ns@
~ \N/\\Ph N\ PR
SiRs SiR3 cl Cl

The existence of a bonding interaction between the hydride ligand and the
neighboring silicon atom in 12 may also account for the low Ta—H stretching frequency
(1678 cm-! vs. 1790-1778 cm-! for 8, 9, and 16). Finally, evidence for such an
interaction is seen in the unusually large |H 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 to -80 °C (in dichloromethane-d»). In the 29Si (IH coupled)
NMR of 12, the PhSiH(CI)N silicon appears as a doublet at -66.8 ppm (1Jsig = 272 Hz),
and the PhSiH,N silicon gives rise to a triplet at -26.9 ppm (1Jsjg = 208 Hz). Unresolved
coupling (J = 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 of 12 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.
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Monitoring the reaction by 'H NMR spectroscopy provided evidence for some of the

intermediates in this scheme. When 4 was reacted with excess PhSiH3 (50 equiv) in
dichloromethane-d;, compound 8 was observed to form as an intermediate (the main TaH-
containing species after 12 h), and then gradually disappear (complete conversion to 12
after 2 days). This reaction also produced Me3SiCl and HSiMe3 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 intermediate 13 (vide infra). Reaction of
isolated 8 with PhSiH3 in dichloromethane-d (24 h, room temperature) also produced 12,
along with HSiMe3, Me3SiCl, and CHD,Cl, identified by 'H NMR spectroscopy. The
formation of CHD,Cl indicates that solvent is the source of the silicon-bound chlorine in
12. Compound 10 was observed independently as resulting from the elimination of
HSiMes3 from 8 (benzene-dg, room temperature), but the formation of both HSiMe3 and
Me3SiCl suggests the intermediacy of 14 in an alternative pathway when the reaction
occurs in dichloromethane (see Scheme 2). While a number of PhSiH; signals are
observed during the transformation (some associated with 10 and 13), it is not possible to
unambiguously assign resonances to species such as 14 and 15.

In an attempt to isolate some of the intermediates in Scheme 2, and also to gain
information concerning the silicon-chlorination step, the reaction of 8 with PhSiH3 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. The 'H NMR spectrum (500 MHz, benzene-dg) of this product mixture
revealed a set of signals which represent a major component of the mixture and appear to be
associated with 13, the expected final product in the absence of CH>Cl,. The TaH in 13
appears as a singlet at 19.76 ppm. One of the PhSiH, groups gives rise to two doublets
(2Jygy = 10.1 Hz), while a set of signals assigned to the other PhSiH; group (two doublets
of doublets) exhibits further small splittings of 3.1 and 1.5 Hz, presumably due to coupling

to the TaH hydride ligand. Other resonances for 13 were obscured by signals from other
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species. The elimination product 10 was also identified in this spectrum. Addition of

dichloromethane-d5 to this intermediate mixture resulted in its complete conversion to 12
after 16 h at room temperature, implying that 13 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 reactions. The
kinetics of the PhSiH3 addition to the tantalum imido complex 5 was studied by 'H NMR
spectroscopy at 35.0 °C (benzene-dg solvent). The disappearance of 5 in the presence of a
large excess of the silane (25-70 equivalents) was found to be first order in §, as shown by
the linear decay of In([5]/[S]p) vs. time (Figure 6). A plot of the observed pseudo-first
order rate constants kqops vs. PhSiH3 concentrations (Figure 7) established a second-order
rate law for the reaction, and a rate constant of ky = 5.57(6) x 10-3 L/(mol-s). The
measured rate constant (kyps) was not affected by addition of one equiv of the product (9).

To gain more insight into the mechanism of the reaction of § with PhSiH3, the H/D
kinetic isotope effect was measured. The second-order rate constant for the reaction of §
with PhSiD3, measured under the same conditions, is kp = 7.15(10) x 10-3 L/(mol-s),
which corresponds to a kinetic isotope effect (KIE) of ky/kp = 0.78(1). This inverse
isotope effect suggests that the rate-determining transition state does not involve significant
breaking or making of bonds to hydrogen. Although it has been shown’® 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 frequencies of bonds to H/D in the transition state.””"’® The formation of an
intermediate adduct, involving a pentacoordinate Si center, is proposed to be the rate-

determining step in the addition of the silane to the Ta imido complex §, as indicated in
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Figure 6. Pseudo-first order plots for disappearance of 5 at PhSiH3 concentrations of

0.505, 0.668, 0.7952, 1.483, and 1.588 mol/L; kops x 105 = 2.75, 3.53, 4.672, 8.06, and

8.90 s-1, respectively. 2 conducted in presence of 1 equiv of 9
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Scheme 3. Analogous pentacoordinate silicon species have often been invoked as

63.79.80 4nd the formation of such

intermediates in nucleophilic substitution at silicon,
intermediates has been shown in some cases to be the rate-determining step.81 While no
bonds to H/D are formed or broken in this step, an increase in the Si—H out-of-plane
bending frequencies in the pentacoordinate Si intermediate relative to the free silane can lead
to a larger zero-point energy difference between the proteated and the deuterated species in
the transition state, relative to the zero-point energy difference in the reactants. Such an
increase in the Si—H bending force constants can be explained by the increased "tightness"
of the transition state relative to the reactants. The resulting lower activation barrier for the
deuterated species is consistent with the observed inverse KIE. Related arguments have
been used to explain the secondary isotope effects in the very extensively studied SN2-type
reactions at electrophilic sp3 C centers, which proceed through a five-coordinate transition
state. " 78:82:83 'We are not aware, however, of a similar observation of inverse secondary
isotope effects for nucleophilic substitution reactions of hydrosilanes, although very small
(1-1.3) primary kinetic isotope effects have been reported for nucleophilic substitution of
the hydrogen in tertiary silanes with organolithium reagents.81 Formation of the
pentacoordinate Si intermediate is probably followed by a fast intramolecular hydride shift
from Si to Ta to give product 9. The observation of an H--Si bonding interaction in the
related complex 12 further supports the idea that such a hydride shift can occur without a
significant energy barrier, and thus cleavage of the Si—H bond is not a rate-determining
step. Species analogous to 12 probably lie on the reaction coordinate of this migration.
An alternative, one-step mechanism can also be envisaged, involving a concerted
[2+2] addition of the Si—H bond to the Ta=N bond, with a transition state resembling the
structure of 12. Such a mechanism, however, would be difficult to reconcile with the
observed inverse isotope effect, since it would involve weakening of the bonds to H in the

rate-determining transition state.
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Additional evidence for rate-determining formation of a pentacoordinate silicon
intermediate comes from the observation that silacyclobutane, (CH»)3SiH», reacts with §
much faster than PhSiH3, in contrast to other secondary silanes which were unreactive
even at elevated temperatures. The disappearance of 5 in the presence of excess silane was
followed by 'H NMR spectroscopy, and the reaction was again found to follow a second-
order rate law (Figure 8) with a rate constant (k' = 1.23(2) x 10-2 L/(mols) at 35.0 °C)
which is 220 times greater than that for PhSiH3. The product of this reaction,
Cp*Ta[(CH3)3SiHN(CgH3Me),NSiMes](H)Me (16), was isolated and characterized. Its
IH and 13C NMR spectra suggest a structure analogous to that for 8, with the strained
silacyclobutane ring remaining intact. The higher reactivity of this silane is therefore not
due to release of ring strain in the reaction, but rather to the more favored formation of the
intermediate with pentacoordinate silicon, which can readily accommodate an imposed 90°

bond angle between axial and equatorial substituents in a trigonal bipyramid.
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The lower kinetic barrier for addition of (CH2)3SiH; (compared to PhSiH3) also

results in relatively facile elimination of silacyclobutane from 16. For comparison,
compound 9 thermally decomposes exclusively via HSiMe3 elimination and no PhSiH3
was detected. For 16, two competitive decomposition pathways were observed. Heating
16 for 4 h at 80 °C in benzene-dg resulted in about 50% decomposition of 16 to 17 and 5
in a ratio of 1.1:1 (eq 6; identification of 17 is based on its TH NMR spectrum). HSiMe3
was also observed, but no free silacyclobutane could be detected in the reaction mixture,

presumably due to its high reactivity leading to further reactions.
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The kinetics of the HSiMej3 elimination from 9, presumed to occur via the
mechanistic reverse of silane addition to 5, were also studied by 'H NMR spectroscopy.
Figure 9, which is a plot of reactant and product concentrations and the ratio
[11][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 decomposition of 11, which is reflected in an estimated systematic
error in Ky of ca. 10%. For an initial period (2000-3000 s at 60.6 °C), the plot of
In[9]/[9]o vs. time gave a straight line with a slope independent of the initial concentration
of 9 over a broad concentration range (0.0052-0.041 mol/L). This implies a first order rate
law for the forward reaction. The rate constant, calculated from the average of five

measurements, was found to be ki = 1.09(2) x 104 s-1.
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The first-order rate constant for elimination of DSiMes from 9-d3 at 60.6 °C was

measured to be kp = 1.28(2) x 10-4 s (average of five runs), therefore the deuterium KIE
for this reaction is ky/kp = 0.85(2). This inverse isotope effect again suggests that no
bonds to H/D are being broken in the rate-determining step, which is consistent with our
hypothesis of an intermediate pentacoordinate Si species. Such an intermediate is likely
formed in a pre-equilibrium with the starting material (9), by a rapid hydride shift from Ta
to Si. A rate-determining cleavage of the N-Si bond to liberate HSiMe3 would then lead to
product (see Scheme 3). Deuterium substitution appears to shift the pre-equilibrium
towards the intermediate, as a result of the stronger Si-H (vs. Ta-H) bond. Thus, the
difference in relative zero-point energies for the Si-D and Si-H (vs. the Ta-D and Ta-H)
bonds results in an equilibrium isotope effect. The secondary isotope effect for the
HSiMes-dissociation step, which is expected to be normal and small, apparently does little
to offset the pre-equilibrium isotope effect. The net result is again a lower activation energy
for reaction of the deuterated species, in agreement with the observed inverse KIE. The
equilibrium constant for the reaction was estimated to be Kp = 0.026(3) mol/L. While it
can be expected that deuterium substitution will shift the equilibrium towards 11 +
DSiMe3, the difference between Ky and Kp is clearly within experimental error, and we
are therefore prevented from drawing further quantitative conclusions about the equilibrium
isotope effect, or the isotope effect for the reverse reaction.

The temperature dependence on the first-order rate constant for elimination of
HSiMej3 from 9 was investigated by conducting the reaction at five different temperatures
between 25.0 and 75.0 °C. A plot of In(k/T) vs. 1/T (Figure 10) produced a straight line
from which the activation parameters AH* = 25.5(3) kcal/mol and AS* = -0.3(1.0)
cal/(mol-K) were extracted. The very small entropy of activation can be rationalized as
resulting from the combined influences of a small positive value for the dissociative, rate-

determining step (with an early transition state), and a small negative entropy change for the



29

13
14 _
15
16 -

In(k/T)

-17
-18

20
2.8 2.9 3 3.1 3.2 3.3 3.4
10%T , K!

Figure 10. Eyring plot for the rate of decomposition of 9 at different temperatures. k =
9.8(6) x 10-7 s-1 at 25.0 °C; 4.5(3) x 106 s-1 at 34.8 °C; 1.66(5) x 10-5 s-1 at 44.8 °C;
1.09(2) x 104 s-1 at 60.6 °C; 6.7(3) x 104 s-1 at 75.9 °C.



pre-equilibrium (more restricted rotation about the N—Si bond in the intermediate compared

to that in the starting material).

Conclusions

In the exploration of the chemistry of some Ta complexes with C>-symmetric
silylamido ligands, we have observed cleavage of the N—Si bond and loss of a silyl group,
to form 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 ligand in
this system appears to enhance the nucleophilicity of the nitrogen center. Formation of
pentacoordinate intermediates has often been invoked for reactions of silanes with
nucleophiles,&”m'81 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,36’40

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
compound 12. The loss of silyl groups in such tantalum complexes seems to be facilitated

by the sterically crowded coordination environment created by the chelating ligand, and this

steric crowding is also reflected in the ease of formation of the cationic complex 7.

Experimental Section

General. All reactions with air-sensitive compounds were performed under dry
nitrogen, using standard Schlenk and glove box techniques. Reagents were obtained from
commercial suppliers and used without further purification, unless otherwise noted.

Olefin-free pentane, benzene, and toluene were prepared by pretreating with conc. H»SOyg,
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0.5 N KMnOy in 3 M H2SO4, NaHCO3 and finally anhydrous MgSQOg4. Solvents
(pentane, diethyl ether, benzene, toluene, tetrahydrofuran) were distilled under nitrogen
from sodium benzophenone ketyl. Benzene-dg was distilled from Na/K alloy.
Dichloromethane-d, was distilled under nitrogen from calcium hydride. Commercial
silanes were distilled and dried over molecular sieves before use. PhSiD3 was prepared by
reduction of PhSiCl3 with LiAlD4 (Aldrich, 98% D). "BuLi was used as a 1.6 M solution
in hexanes and MeMgBr as a 1.4 M solution in EtyO, as supplied by Aldrich. 2,2'-
Diamino-6,6'-dimethylbiphenyl (1)43 and Cp*TaC1484 were prepared according to
published literature procedures. NMR spectra were recorded at 300 or 500 MHz (1H) with
Bruker AMX-300 and DRX-500 spectrometers, at 100 MHz (13C{!H}) with an AMX-400
spectrometer, or at 99.4 MHz (29Si) with a DRX-500 spectrometer, at ambient temperature
and in benzene-dg, unless otherwise noted. Signal multiplicities are reported as follows: s -
singlet, d - doublet, t - triplet, q - quartet, qn - quintet, m - multiplet. Elemental analyses
were performed by the Microanalytical Laboratory at UC Berkeley. Infrared spectra were
recorded with a Mattson Instruments Galaxy Series FTIR spectrometer, as Nujol mulls
with CslI plates or as KBr pellets.
N,N'-Bis(trimethylsilyl)-2,2'-diamino-6,6'-dimethylbiphenyl (2).
To a cold (0 °C) solution of 1 (7.75 g; 36.5 mmol) in THF (100 mL) was added dropwise
48 mL (76.8 mmol) of 1.6 M "BuLi. A white precipitate formed initially, but dissolved
completely after all of the "BuLi had been added. The solution was stirred at 0 °C for 2
hours, and was then allowed to warm to room temperature, resulting in a color change
from pale yellow to green. Me3SiCl (10.2 mL, 80.4 mmol) was then added dropwise. A
white precipitate formed immediately, and the evolution of heat was observed. After 2 h 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 (2 x 100 mL)
gave a bright yellow solution, which was concentrated in vacuo until crystals appeared, and

then cooled to -78 °C. The resulting crystalline product was recrystallized from pentane
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and dried to afford 10.93 g (30.6 mmol, 84% yield) of the product as colorless crystals,
mp 66.5-67.5 °C. 1H NMR: § 7.15 (t, overlaps with solvent peak, J = 7.8 Hz), 6.87 (d, 2
H,J =7.8 Hz), 6.77 (d, 2 H, J = 7.5 Hz biphenyl H's), 3.53 (br s, 2 H, NH), 2.02 (s, 6
H, Me), 0.06 (s, 18 H, SiMe3). 13C{IH} NMR: § 146.3, 138.7, 129.2, 125.2, 120.5,
113.5 (aromatic C's), 20.5 (Me), 0.2 (SiMe3). IR (Nujol, cm-1): 3371 (m), 1579 (m),
1301 (s), 1252 (s), 962 (m), 868 (s), 840 (s), 773 (m), 750 (m). Anal. Calcd for
CooH32N3Sis: C, 67.35; H, 9.04; N, 7.85. Found: C, 67.15; H, 9.21; N, 7.78.
Li(Me3Si)N(CgH3Me),N(SiMe3)Li (3). To a solution of 10.87 g (30.48
mmol) of 2 in 150 mL of pentane at 0 °C was added dropwise 40.0 mL (64.0 mmol) of 1.6
M 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, concentrated in
vacuo, and cooled to -78 °C to afford 5.02 g of the product as white crystals (mp 120-125
°C, dec). Concentration and cooling of the filtrate afforded another 2.02 g of product, for a
total yield of 63%. 'H NMR: 8 6.98 (t,2 H, ] =7.7 Hz), 6.71 (d, 2 H, ] = 7.8 Hz), 6.61
(d, 2 H, J = 7.3 Hz, biphenyl H's), 1.75 (s, 6 H, Me), 0.06 (s, 18 H, SiMe3). 13C{IH}
NMR: & 159.4, 139.2, 133.6, 130.1, 127.1, 120.6 (aromatic C's), 21.0 (Me), 3.7
(SiMe3). IR (Nujol, cm-1): 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. Caled for CooH3gN2SisLis: 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 spectroscopically pure compound.
Cp*Ta[=N(CgH3Me)2NSiMe3]Cl (4). Cp*TaCly (3.43 g, 7.48 mmol) and 3
(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 solution. After cooling to room temperature, the
solvent was removed under vacuum and the residual solid was extracted with about 200

mL pentane until the extracts were colorless. The dark red pentane solution was
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concentrated to about 70 mL, which caused precipitation of red, prism-shaped crystals.

After cooling to -78 °C, the solution was filtered, and the isolated crystals were washed
with pentane and dried under vacuum to afford 3.21 g of 4 (68%, mp 176-179 °C). H
NMR: & 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, 3 H, Me), 2.04 (s, 3 H, Me), 1.89 (s, 15 H, Me5Cs), 0.04 (s, 9
H, Me3Si). 13C{!H} NMR (dichloromethane-d;): § 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), 21.0 (Me, Me"),
11.6 (MesCs), 1.8 (Me3Si). IR (KBr, cm1): 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. Caled for Co7H36N2CISiTa: C, 51.23; H, 5.73; N, 4.43. Found: C, 51.21; H,
5.90; N, 4.34.

Cp*Ta[=N(C¢H3Me)2NSiMe3]Me (5). To a solution of 4 (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 stirring for 5 h, the solvent was
removed in vacuo and the residue was extracted with about 100 mL pentane, until extracts
were colorless. The pentane solution was concentrated to less than 10 mL and left at -78
°C for 12 h, to obtain 0.83 g of 5 as a bright red-orange crystalline powder (85% yield, mp
114-118 °C). 'H NMR: 8 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, 3 H, Me), 2.05 (s, 3 H, Me), 1.78 (s, 15 H,
MesCs), 0.72 (s, 3 H, MeTa), -0.08 (s, 9 H, Me3Si). 13C{!H} NMR: § 159.2, 140.1,
139.5, 135.9, 133.5, 130.6, 128.8, 127.6, 127.4, 124.9, 120.9, 117.9, 113.6 (aromatic
C's), 39.5 (MeTa), 21.5 (Me), 21.3 (Me), 11.4 (MesCs), 1.9 (Me3Si). IR (KBr, cm!):
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 (m), 756 (m), 728 (m). Anal. Calcd for
CrgH39N»SiTa: C, 54.89; H, 6.42; N, 4.57. Found: C, 54.24; H, 6.47; N, 4.21.
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Cp*Ta[=N(CgH3Me)2NSiMe3][n2-(2,6-MeCcH3)N=CMe] (6). A

solution of xylyl isonitrile (0.12 g, 0.92 mmol) in 20 mL of pentane was added to a
solution of 5§ (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 to -78 °C afforded a
second crop of crystals, giving a total yield of 0.47 g of 6 (68% yield). The product was
purified by recrystallization from EtpO, which results in incorporation of 0.5 equiv of
solvent in the crystals (mp > 180 °C, dec). 'H NMR (400 MHz): § 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, Ety0), 2.18 (s, 3 H, Me), 2.16 (s, 3 H, Me), 2.05 (s, 3 H,
Me), 1.94 (s, 15 H, MesCs), 1.86 (t, 3 H, Me), 1.26 (s, 3 H, N=C-Me), 1.11 (t, 3 H,
Et0), 0.03 (s, 9 H, Me3Si). 13C{1H} NMR: § 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 (Et;0), 23.1, 22.0, 21.3, 19.9, 19.2,
15.9, 12.3 (Me's), 5.2 (Me3Si). IR (KBr, cm-1): 3043 (w), 2953 (m), 2916 (m), 1579
(VN=C, m), 1446 (s), 1313 (s), 864 (s), 837 (s), 773 (m). Anal. Calcd for
C39H;53N300 5SiTa: C, 59.99; H, 6.84; N, 5.38. Found: C, 59.88; H, 7.01; N, 5.18.
{Cp*Ta[MeN(C¢H3Me)2NSiMe3]Me}*I- (7). To a solution of 5 (0.46 g,
0.75 mmol) in 20 mL of EtoO was added 3 mL of Mel at room temperature. The mixture
instantly became cloudy. After stirring for 24 h, the yellow precipitate was filtered,
washed with 20 mL of Et;O and then 20 mL of pentane, and finally dried under vacuum to
afford 0.42 g (74% yield; mp 240-243 °C, dec, subl) of 7 as a yellow, microcrystalline
powder. 'H NMR (dichloromethane-d5): 8 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, 3 H, MeN), 2.19 (s, 15 H, Me5Cs),
2.16 (s, 3 H, Me), 2.10 (s, 3 H, Me), 0.78 (s, 3 H, TaMe), -0.08 (s, 9 H, Me3Si).
I3C{1H} NMR (dichloromethane-d>): & 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), 55.1 (MeTa), 53.4
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(MeN), 21.4 (Me), 20.4 (Me), 12.4 (MesCs), 1.5 (Me3Si). IR (KBr, cm-1): 2953 (m),

2916 (m), 1581 (w), 1443 (m), 1381 (w), 1250 (m), 839 (s). Anal. Calcd for
Co9H4oN»ISipTa: C, 46.16; H, 5.61; N, 3.71. Found: C, 45.81; H, 5.59 N, 3.75.
Cp*Ta[PhSiH;N(CgH3Me)2NSiMe3](H)CI (8). A solution of 4 (0.56 g,
0.88 mmol) in 1.5 mL of neat PhSiH3 was stirred at room temperature. The
inhomogeneous red mixture turned light yellow after one day. The volatile material was
removed under vacuum, the resulting residue was washed with pentane (2 x 20 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 of
8 (in two crops, 60% yield) as a pale yellow powder (mp 138-141 °C, dec). The product
is weakly light-sensitive and is best kept in the dark. 'H NMR: § 20.44 (s, 1 H, TaH),
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 H, 2Jgyg = 9.8 Hz, Jys; = 195 Hz, PhSiH,N), 4.80 (d, 1 H, 2Jgy = 9.8
Hz, Uysi = 201 Hz, PhSiH,N), 2.10 (s, 3 H, Me), 2.04 (s, 3 H, Me), 2.02 (s, 15 H,
MesCs), 0.03 (s, 9 H, Me3Si). 13C{IH} 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), 21.4 (Me), 20.7 (Me), 13.3 (Me5Cs), 4.7 (Me3Si). IR (KBr, cm-1): 3055
(W), 2987 (m), 2916 (m), 2216 and 2150 (vsj-H, S), 1790 (vTa-H, m), 1564 (m), 1433 (s),
1238 (s), 1213 (s), 1111 (m), 955 (m), 910 (m), 850 (s). Anal. Calcd for
C33H44N2CISipTa: C, 53.47; H, 5.98; N, 3.78. Found: C, 53.84; H, 6.10; N, 3.73.
Cp*Ta[PhSiH,;N(CgH3Me)NSiMe3](H)Me (9). A solution of 5 (0.37 g,
0.60 mmol) in 0.5 mL of neat PhSiH3 was stirred at room temperature for one 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
with EtpO (80 mL). The extract was filtered, concentrated to about 10 mL and cooled to
-78 °C. The resulting white crystalline precipitate was isolated, recrystallized again from

Et0O, washed with cold pentane and dried under vacuum to obtain 0.25 g of 9 (58%; mp
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148-149 °C, dec). The product is weakly light-sensitive and is best kept in the dark. 'H

NMR: 6 17.15 (s, 1 H, TaH), 7.49 (m, 2 H), 7.10 (m, 5 H), 6.98 (m, 1 H), 6.94 (m, 1
H), 6.83 (m, 2 H, aromatic H's), 5.29 (d, 1 H, 2Jgg = 9.6 Hz, 1Jys; = 179 Hz,
PhSiH,N), 4.68 (d, 1 H, 2Jgyg = 9.6 Hz, UJysi = 184 Hz, PhSiH,N), 2.11 (s, 3 H, Me),
2.08 (s, 3 H, Me), 1.91 (s, 15 H, MesCs), 0.88 (d, 3 H, 3Jgy = 1.9 Hz, MeTa), 0.00 (s,
9 H, Me3Si). 13C{IH} NMR: § 156.3, 153.4, 138.3, 137.3, 136.6, 135.5, 134.7,
134.3, 130.2, 128.5, 127.1, 126.6, 126.6, 126.2, 125.2, 124.6, 116.2 (aromatic C's),
48.4 (MeTa), 21.5 (Me), 21.0 (Me), 12.7 (Me5Cs), 4.6 (Me3Si). IR (KBr, cm-1): 3057
(W), 2958 (m), 2922 (m), 2214 and 2150 (vsi-H, m), 1778 (vTa-H, m), 1564 (m), 1431
(m), 1236 (s), 948 (m), 910 (m), 870 (m), 845 (s). Characteristic IR bands for 9-d3z: 1605
and 1565 (vsip, m), 1278 (vTap, m). Anal. Calcd for C34H47N»SipTa: C, 56.65; H,
6.57; N, 3.89. Found: C, 57.17; H, 6.68; N, 3.85.

Cp*Ta[=N(C¢H3Me)aNSiHPh]CI (10). A sample of 8 (ca. 10 mg) was
dissolved in 0.5 mL benzene-dg and left at room temperature. After 18 h, about 60%
conversion of 8 to 10 and HSiMe3 was found by !H NMR spectroscopy, and after 48 h
the conversion was complete. 'H NMR data for 10: § 7.29-7.26 (m, 3 H), 7.21 (m, 2 H),
7.13-6.93 (m, 3 H), 6.68-6.61 (m, 3 H), 5.51 (d, 1 H, 2Jgy = 10.5 Hz, PhSiH>), 5.31
(d, 1 H, 2Jgy = 10.5 Hz, PhSiH»), 2.04 (s 15 H, CsMes), 1.83 (s, 3 H, Me), 1.70 (s, 3
H, Me).

Cp*Ta[=N(CgH3Me),NSiH,Ph]Me (11). A sample of 9 (ca. 10 mg) was
dissolved in 0.5 mL benzene-dg and heated to 80 °C for 2 h, to give a mixture of 11 and
HSiMe3. 'H NMR data for 11: § 7.26-7.21 (m, 3 H), 7.12-6.91 (m, 5 H), 6.75-6.65 (m,
3 H, aromatic H's), 5.44 (d, 1 H, 2Jyyg = 10 Hz, PhSiH>), 5.33 (d, 1 H, 2Jgy = 10 Hz,
PhSiH>3), 1.95 (s, 3 H, Me), 1.92 (s, 15 H, C5Mes), 1.71 (s, 3 H, Me), 0.34 (s, 3 H,
TaMe).

Cp*Ta[PhSiH,;N(CgH3Me),NSiPhHCI](H)CI (12). To a solution of 4
(1.00 g, 1.58 mmol) in 25 mL of CH»Cl, was added 1.6 mL of PhSiH3, and the mixture
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was stirred at room temperature. The solution slowly changed color from dark red through

orange to yellow over a period of four days. The volatile material was removed under
vacuum, and the residual solid was washed with pentane (2 x 25 mL) and dried to afford
1.08 g of 12 as a pale yellow powder (84%; mp 156-159 °C, dec). The crude product was
purified by recrystallization from toluene. 'H NMR (dichloromethane-d»): & 14.85 (d, 1
H, 4Jgy = 6.0 Hz, TaH), 7.1 - 7.5 (m, 8 H), 7.03 (m, 5 H), 6.88 (m, 1 H), 6.60 (m, 2
H, aromatic H's), 6.28 (d, 1 H, 4Jgy = 6.0 Hz, PhSiH(CI)N), 5.37 (d, 1 H, 2Jgyg = 10.4
Hz, PhSiH,N), 4.54 (d, 1 H, 2Jgy = 10.4 Hz, PhSiH,N), 2.32 (s, 15 H, MesCs), 2.01
(s, 3 H, Me), 1.98 (s, 3 H, Me). 13C{IH} NMR (benzene-dg): & 153.8, 149.8, 140.2,
138.6, 137.9, 135.7, 134.9, 134.2, 133.8, 133.7, 130.7, 129.4, 128.3, 127.9, 127.4,
127.1, 126.2, 126.2, 125.0, 122.3 (aromatic C's), 21.1 (Me), 20.7 (Me), 12.7 (Me5Cs).
2951 NMR (direct detection, 99.4 MHz, benzene-dg): § -26.9 (t, ;g = 208 Hz,
PhSiH,N), -66.8 (d, Usig = 272 Hz, PhSiHCIN). IR (KBr, cm-1): 3053 (w), 2999 (w),
2916 (w), 2189 and 2152 (vsj-H, m), 1678 (vTa-H, W br), 1585 (w), 1566 (w), 1429 (m),
1113 (m), 835 (s). Anal. Caled for C36H41N2ClIpSipTa: C, 53.40; H, 5.10; N, 3.46.
Found: C, 53.44; H, 5.12; N, 3.46.

Cp*Ta[PhSiH,;N(CgH3Me);NSiHPh](H)CI (13). A solution of 4 (0.17
g,0.27 mmol) in 1.5 mL PhSiH3 was stirred at room temperature for 4 days and the
volatiles were removed in vacuo. The crude product (8, as identified by !H NMR) was
redissolved in 10 mL of benzene and 1.0 mL of PhSiH3 was added. The yellow solution
was stirred at room temperature for 3 days. Removal of the volatiles in vacuo followed by
extraction of the resulting brown oil with 30 mL of pentane and crystallization at -78 °C
gave 0.12 g of yellow powder which was found to contain 13 as a major component,
along with unidentified decomposition products. H NMR data for 13: 8 19.76 (br s,
TaH), 6.05 (dd, J; = 3.1 Hz, J, = 11.4 Hz, PhSiH> ) and 5.72 (dd, J1 = 1.5 Hz, J, =
11.4 Hz, PhSiH»), 5.42 (d, J = 10.1 Hz, PhSiH»), 4.84 (d, J = 10.1 Hz, PhSiH>), 2.01
(s, CsMes).
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Cp*Ta[(CH32)3SiHN(C¢H3Me)aNSiMesz](H)Me (16). To a solution of 5

(0.37 g, 0.60 mmol) in 25 mL of pentane was added 0.1 mL of (CH3)3SiH», and the
mixture was stirred overnight at room temperature. The solution color changed from
orange-red to light yellow. The volatile material was removed in vacuo and the resulting
residue was redissolved in pentane (30 mL), concentrated, and crystallized at -78 °C to
afford 0.25 g of 16 as a crystalline, off-white powder (60% yield). 'H NMR: & 17.02 (s,
1 H, TaH), 7.12-7.04 (m, 3 H), 6.93 (m, 2 H), 6.79 (m, 1 H, aromatic H's), 5.14 (m, 1
H, SiH), 2.13 (s, 3 H, Me), 2.06 (s, 3 H, Me), 1.91 (s, 15 H, Me5Cs), 1.60-1.40, 1.27-
1.22 and 0.86-0.84 (m, 6 H, (CH3)3SiH), 0.75 (d, 3 H, 3Jgg = 2.1 Hz, MeTa), 0.01 (s,
9 H, Me3Si). 13C{!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 C's), 48.4 (MeTa), 21.1 (Me), 20.9
(Me), 20.5, 18.7, 15.1 ((CH2)3SiH), 12.6 (Me5Cs), 4.5 (Me3Si). IR (KBr, cm-!): 3051
(W), 2960 (m), 2914 (m), 2154 (vsi-H, W), 1780 (vTa-H, m), 1566 (w), 1437 (m), 1236
(s), 1118 (m), 916 (s), 841 (s). Anal. Calcd for C31H47N»SipTa: C, 54.37; H, 6.92; N,
4.09. Found: C, 54.59; H, 7.23; N, 4.12.

Cp*Ta[=N(CgH3Me)N(SiH(CH3)3)]Me (17). A sample of 16 (ca. 10
mg) was dissolved in 0.5 mL of benzene-dg and heated at 80 °C. The reaction was
monitored by !H NMR. After 4 h, 50% of 16 had decomposed to give 17 and 5 in a
1.1:1 ratio, along with some HSiMe3. After 24 h, 16 had completely decomposed and the
ratio of 17 to 5 had decreased to 0.5:1, and after heating for two more days, the reaction
mixture was found to contain only 5 and HSiMe3. 'H NMR data for 17: § 5.33 (m, 1 H,
SiH), 2.00 and 2.08 (s, 3 H each, biphenyl Me's), 1.95 (s, 15 H, CsMes), 0.32 (s, 3 H,
TaMe), aromatic H's and CH»'s not assignable.

X-ray structure determinations. X-ray diffraction measurements were made
on a Siemens SMART diffractometer with a CCD area detector, using graphite
monochromated Mo-K, radiation. The crystal was mounted on a glass fiber using

Paratone N hydrocarbon oil. A hemisphere of data was collected using w scans of 0.3°.



39
Cell constants and an orientation matrix for data collection were obtained from a least-

squares refinement using the measured positions of reflections in the range 4 < 20 < 45°.
The frame data were integrated using the program SAINT (SAX Area-Detector Integration
Program; V4.024; Siemens Industrial Automation, Inc.: Madison, WI, 1995). An
empirical absorption correction based on measurements of multiply redundant data was
performed using the programs XPREP (Part of the SHELXTL Crystal Structure
Determination Package; Siemens Industrial Automation, Inc.: Madison, WI, 1995) or
SADABS. Equivalent reflections were merged. The data were corrected for Lorentz and
polarization effects. A secondary extinction correction was applied if appropriate. The

structures were solved using the teXsan crystallographic software package of the Molecular

85,86 87

Structure Corporation, using direct methods, and expanded with Fourier techniques.
All non-hydrogen atoms were refined anisotropically and the hydrogen atoms were
included in calculated positions but not refined unless otherwise noted. The function
minimized in the full-matrix least-squares refinement was Sw(IF,|-IF.)2. The weighting
scheme was based on counting statistics and included a p-factor to downweight the intense
reflections.

For 4: Crystals were grown from a dilute pentane solution for 5 days at -40 °C.
The systematic absences of: hOl: 1=2n+1 and OkO: k = 2n+1 uniquely determine the
space group to be P2/c (#14).

For 6-1/2Et70: Crystals were grown from a dilute EtyO solution of 6 for three
days at -40 °C. The systematic absences of: hOl: h+l =2n+1, OkO: k = 2n+1 uniquely
determine the space group to be P2/n (#14). Non-hydrogen atoms were refined
anisotropically, except for those of the solvating EtoO which was found to be disordered
and refined isotropically.

For 7: Crystals were grown by slow vapor diffusion of Mel into a benzene
solution of § for 6 days, at room temperature. The systematic absences of hOl: h+1 = 2n+1

and 0kO: k = 2n+1, uniquely determine the space group to be P2¢/n (#14).



For 9: Crystals were grown from an EtyO solution of 9 for one week at -40 °C.
The systematic absences of: hOl: 1 = 2n+1 and 0kO: k = 2n+1 uniquely determine the space
group to be P21/c (#14). Hydrogen atoms were included at calculated positions but not
refined, except for H(1) which was refined with a fixed thermal parameter.

For 12: Crystals were grown by slow vapor diffusion of pentane into a
concentrated benzene solution of 12, for 10 days, at room temperature. Inspection of the
reflections collected revealed the presence of a second, smaller crystal, with the same unit
cell parameters. The set of reflections belonging to that crystal were not included in the unit
cell refinement and subsequent structure solution. Based on a statistical analysis of
intensity distribution, and the successful solution and refinement of the structure, the space
group was determined to be P 1 (#2). The hydrogen atoms were included in calculated
positions and not refined, except for H(1) and H(41), which were refined isotropically.

Kinetic measurements. Reactions were monitored by 'H NMR spectroscopy,
with a Bruker AMX300 spectrometer, using 5 mm Wilmad NMR tubes, equipped with J.
Young Teflon screw caps. The samples were frozen in liquid N, immediately after
preparation, and defrosted just before being placed in the preshimmed probe, which was
preheated at the required temperature. The probe temperature was calibrated using an
ethylene glycol sample,88 and monitored with a thermocouple. Repeated calibration
showed that the temperature was maintained within + 0.2 °C of the set value. Single scan
spectra were acquired automatically at preset time intervals. The peaks were integrated
relative to ferrocene as an internal standard. Rate constants were obtained by non-weighted
linear least-squares fits of the integrated first-order rate law in logarithmic form, InC = InCy
—kobst. When several peaks from the same species were monitored, separate plots of InC
(as calculated from each signal) vs. t were produced, and the rate constants (typically
within two standard deviations from each other) were averaged.

Kinetic study of the addition of PhSiH3 and PhSiD3 to 5. Samples of 5§
(9.5 - 18.7 mg) and CpyFe (2.0-5.0 mg) were weighed in a 1.00 = 0.01 mL volumetric
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flask. The solids were dissolved in a small amount of benzene-dg, and known volumes of
PhSiH3 (64-200 uL) or PhSiD3 (80-200 uL) were added using a 100 uL. Hamilton
syringe. The exact amount of silane added was determined by weighing the volumetric
flask before and after the addition. The solution was diluted with benzene-dg to 1.00 mL,
mixed quickly, and transferred to the NMR tube. The reaction was followed at 35.0 °C,
and the rate of disappearance of 5§ was monitored by integrating the C5(CH3)5 and
Si(CH3)3 peaks relative to CpoFe. Rate constants were calculated using data from the first
1.1-2.9 12, after which period the accumulating decomposition products caused increased
scatter in the data (although linearity was preserved up to 3-4 half-lives).

Kinetic study of the addition of (CH3)3SiH3 to 5. A 1.15 M solution of
(CH»)3SiH; was prepared by diluting 83.2 mg of the silane with benzene-dg up to 1.00
mL. Samples of 5 (1.8 - 5.0 mg) and CpyFe (0.5 - 1.9 mg) were weighed in a 1.00 =
0.01 mL volumetric flask. After dissolving the solids in a small amount of benzene-dg, a
known volume (10 - 50 uL) of the silane solution was added, the mixture diluted to 1.00
mL, homogenized, and transferred to the NMR tube. (Although the samples were frozen
in liquid N, immediately, the reaction had typically advanced to 10 - 20% conversion
before data acquisition could begin.) The reaction was followed at 35.0 °C, and the rate of
disappearance of § was monitored for up to 1.5-3.3 T2 by integrating the C5(CH3)5 and
Si(CH3)3 peaks relative to CpoFe.

Kinetic study of the elimination of trimethylsilane from 9 and 9-ds.
Samples of 9 (2.8-22.1 mg) or 9-d3 (10.3-28.0 mg) and CpoFe (2-4 mg) were weighed
into NMR tubes and dissolved in 0.6-0.8 mL of benzene-dg. To determine the exact
volume of the solution, the NMR tubes were calibrated by adding known volumes of CgHg
with a Hamilton microliter syringe and measuring the resulting height of the solvent. The
rate of disappearance of the starting material was followed at 60.6 °C, by integrating the
biphenyl CH3, TaCH3, and Si(CH3)3 signals relative to the CpsFe standard. Initial rates

were determined by processing data from the first 2000-3000 s (0.3-0.5 t1/2) only, where
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the deviation from linearity (see Discussion) was negligible. The activation enthalpy and

entropy for the reaction were determined by weighted, linear least squares fit of In(k/T) vs.
1/T at five different temperatures. Only the biphenyl CH3 and TaCH3 peaks were used at
temperatures lower than 60 °C, due to the overlap of the Si(CH3)3 and HSi(CH3)3 peaks.
Two kinetic runs were performed at each temperature other than 60 °C. The standard
deviations in k and T at each data point were calculated based on the random error of the
multiple measurements combined with 5% estimated systematic error.

Equilibrium study of the elimination of trimethylsilane from 9 and 9-
d3. Samples of 9 (27.8 mg) or 9-d3 (23.6 mg) and CpoFe (3-4 mg) were weighed into a
1.00 mL volumetric flask and dissolved in benzene-dg. The solutions were heated in
J.Young NMR tubes in the spectrometer probe at 60.6 “C for up to 50 000 s. The
concentrations of the starting material and the products were calculated based on the initial
concentration of 9 (9-d3), relative to the ferrocene internal standard. The biphenyl CH3
and TaCH3 peaks were used to measure [11], and the HSi(CH3)3 peak was used to
determine [HSi(CH3)3]. The equilibrium constant was calculated as the average value

approached by the ratio [11][HSiMe3]/[9] after 25 000 s.
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Chapter 2

Yttrium Complexes of the Chelating, C>-Symmetric,
Bis(silylamido)biphenyl Ligand [DADMB]2-,
{[6,6'-Me2-(CcH3)21(2,2'-NSiMez!Bu)}2-
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Introduction

The first chapter described the investigations of the structure and reactivity of a
tantalum mixed amido-imido ligand system derived from a bis(trimethylsilylamino)biphenyl
ligand.l This chapter will present the studies on a series of yttrium complexes with a
related bis(silylamido)biphenyl ligand, using more sterically demanding zerz-butyldimethyl-
silyl substituents.” Unlike the tantalum system, where reactivity was dominated by
reactions of the nitrogen-silicon bond, the yttrium complexes described here appear to
possess more robust bis(silylamido) spectator ligands. Asymmetric early transition-metal
complexes, usually based on substituted cyclopentadienyl ligands, have found application
as olefin polymerization catalysts for control of stereoregularity of the resulting polymer.3'8
Group 3 and lanthanide metallocene complexes have also been used as regio- and
stereoselective hydrosilylation catalysts, and the effect of varying the ancillary Cp-based
ligands on the reactivity and selectivity of the catalyst has been studied extensively.9'11
Even though many alternatives to cyclopentadienyl ligands in early transition metal

chemistry have been explored,&lz'30 the study of chelating diamides as ligands has been

mostly restricted to symmetric systems.

Results and Discussion

The observation of facile cleavage of the nitrogen-silicon bond, described in
Chapter 1, suggested that a more sterically demanding substituent be employed. A tert-
butyldimethylsilyl analogue of the biphenyl diamide ligand was obtained by silylation of the
biphenyldiamine anion, as obtained via deprotonation with "BuLi in THF, with
‘BuMe»SiCl (eq 1). Lithiation of the silylamine in sifu with "BuLi produced the lithium salt

Lio[DADMB]-2THF (1), isolated as a THF adduct in 84% yield from pentane.
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SiMe,'Bu

/SiMegtBu
“NH, 1) "Bulli “'NH BuLj “uNLi-THF
- > . (1)
SiMe,'Bu SiMez'Bu

Reaction of 1 with YCI3(THF)3 in refluxing THF yielded the yttrium complex 2 as

a white crystalline solid, in 92% yield (eq 2).

Me,Si'Bu Me,Si'Bu
SiMe,'Bu | 0C4Hs | ?04"'8
“NLIiTHF - YCIs(THF)3 "N | MeLi "N
R /Y—C| _— /Y—Me
NLITHF  THF, reflux N T Et,O / THF N T @)
SiMe,'Bu | OC4Hg | OCaHg
Me,Si'Bu MeoSiBu
1 2 3

Yttrium complex 2 (Figure 1) adopts a distorted, trigonal-bipyramidal coordination
geometry, with the chelating diamide and chloride ligands in the equatorial plane and the
two coordinated THF molecules in the axial positions. The molecule has an approximate
(noncrystallographic) Cp-axis coincident with the Y—Cl bond. The ligand bite angle is
123.3(2)°, and the average Y-N distance is 2.25 A. The dihedral angle between the
biphenyl planes is 84.8°. The short Y—Cipso (average 2.75 A) and Y—Cortho (average 2.87
A) distances, and the small Y-N-Cijpso angles (average 94.6°) suggest the presence of Y-
aromatic carbon bonding interactions, which are often observed in complexes of this

type.31’32
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The methyl derivative 3, an off-white crystalline solid, was synthesized in 60%

yield by reaction of 2 with MeLi in EtpO/THF (eq 2). The methyl group of 3 gives rise to
a doublet in the 'H NMR spectrum at -0.42 ppm, and the coupling constant 2Jyy = 1.8 Hz
is slightly smaller than those reported for Cp*»YMe(THF) (2Jyy = 2.3 Hz) and related
complexes.!*33 The ey = 101 Hz coupling (cf. 108.2 Hz in Cp*,YMe(THF)>> and 108
Hz in Cp*Y(OCgH3!Buz)Me(THF); ') is lower than the typical 120 - 130 Hz for an sp3
CH bond. 343

The synthesis of 3 was found to be very sensitive to the presence of adventitious
amounts of silicone grease, such that high yields require exclusive use of hydrocarbon
grease in the Schlenkware used for the synthesis. In the presence of Dow Corning silicone
grease, the reaction of 2 with MeLi resulted in formation of the yttrium trimethylsiloxide
derivative 4 in 50% yield (as the only isolable product). Complex 4 was characterized by
X-ray crystallography (Figure 2).

The structure of 4 is very similar to that of the chloride complex 2, with an Y-N
distance of 2.26 A (average), a ligand bite angle of 118.8(1)°, and an almost linear Y-O-Si
linkage of 175.5(2)°. The dihedral angle between the biphenyl planes is 92.0°. The Y-
Cipso and Y-Cortho bonding interactions are again present, but the corresponding distances
are longer (averages of 2.82 and 3.00 A, respectively), and the Y-N-Cijps, angles are
larger (average 98.2°) than those observed for 2. The mechanism of formation of 4 is
unclear, but the methyl complex 3 was found to be unreactive towards silicone grease
(benzene-dg, 24 h, room temperature), suggesting that formation of 4 proceeds via
trapping by silicone grease of an intermediate in the reaction of 2 with MeLi. Analogous
reactivity has been reported for the samarium hydride complex, [(C5Mes),Sm(u-H)]o,
which reacts with hexamethylcyclotrisiloxane to afford the dimeric siloxide [(C5Mes),Sm-
(THF)]2(u-OSiMe0SiMe;0).37

Exposure of 2 to CoHy (80 psi) in the presence of MAO cocatalyst (500 equiv) in

toluene produced only 0.06 g of polyethylene. The methyl derivative 3 was also found to



be inert towards olefins, since no reaction was observed between 3 and 1-hexene in
benzene-dg (24 h, room temperature). A benzene-dg solution of 3 under 5 psi of CoHy
appears to react very slowly, as indicated by formation of a cloudy precipitate, presumed to
be polyethylene, over the course of a few days. During this time, only a small decrease in
the amount of CoHy4 was observed (by 'H NMR spectroscopy), 3 remained unchanged
after 3 days, and no new organoyttrium species were detected by 'H NMR spectroscopy.
Reasoning that the coordinated THF ligands may act to greatly diminish the
reactivity of 3 toward alkenes, we sought to introduce a bulkier alkyl group which might
facilitate dissociation of THF with production of a more coordinatively unsaturated
complex. The bis(trimethylsilyl)methyl derivative [DADMB]Y[CH(SiMe3)2](THF)(OEt,)
(5) was obtained by reaction of 2 with (Me3Si),CHLI in diethyl ether. The incorporation
of Et70O into 5 suggests that the more crowded steric environment in 5 can indeed favor
dissociation of coordinated solvent. A similar tendency toward THF dissociation in the
presence of a bulky alkyl substituent has been observed for [NON]Y[CH(SiMe3),](THF)
(INONJ2- = [tBu-dg-N-0-CgH4)20]2).>® The YCH resonance in the 'H NMR spectrum
appears as a doublet at § -0.94 (2Jyy = 2.1 Hz), and the corresponding resonance in the
13C NMR spectrum appears at 8 = 39.4 (1Jyc = 35.6 Hz). The downfield chemical shift
for the a-carbon is much closer to that reported for [NON]Y[CH(SiMe3)2](THF)38 (37.9
ppm) and [PhC(NSiMe3),],YCH(SiMes), 2 (43.5 ppm) than to the one for
Cp*zYCH(SiMe3)239 (25.19 ppm), and can therefore be viewed as an indication of the
high electrophilicity of the metal center in 5. The small C-H coupling for the oo C—H bond
(Jch = 80 Hz, cf. 88 Hz in [PhC(NSiMe3)2]oYCH(SiMe3),,'2 and 84.2 Hz in
Cp*zYCH(SiMe3)239) is consistent with the presence of an a-agostic interaction, as
observed for many group 3 and lanthanide bis(trimethylsilyl)methyl complexes.34’35
Reaction of § with CoHy (5 psi, benzene-dg) also resulted in the very slow
formation of insignificant amounts of polyethylene, with no new organoyttrium species

observed in the 'H NMR spectrum after 5 days. This low olefin polymerization activity for
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3 and 5 should be compared to the behavior of other group 3 and lanthanides alkyl

derivatives, some of which are reported to be active polymerization catalysts. Thus,
Cp*zYMe(THF),33 Cp*zscMe,4O [TpMeYR,(THF)] (TpMe = tris(3,5-dimethyl-1-
pyrazolyl)borohydride),!® and RSi(n3-CsHa)(n3-CsMes)LuCH(SiMe3),*! are reported
to be active as olefin polymerization catalysts, whereas [PhC(NSiMe3)2]oYCH,Ph(THF)*?
is moderately active and [Me>Si(NCMe3)(OCMe3)],YCH(SiMes), ' and Cp*“oMCH-
(SiMe3), (M = La, Nd, Lu),*® and [NON]Y[CH(SiMe3),](THF)?® are inactive. The lack
of olefin polymerization activity in such systems is usually attributed to either steric
hindrance (in the case of CH(SiMe3); derivatives), or high ionicity in the bonding which
leads to more contracted vacant metal orbitals.'>134?

To evaluate the activities of 3 and S toward o-bond metathesis processes involving
hydrosilanes, their interactions with PhSiH3 were investigated. Both compounds 3 and §
were found to react with PhSiHz in benzene at room temperature via Si-C bond formation,
to give PhMeSiH; and PhSinCH(SiMe3)2,9 respectively. These reactions also produced
a white crystalline precipitate, insoluble in pentane and benzene but soluble in THF,
characterized as an yttrium hydride (eq 3). Hydride 6 was also produced by
hydrogenolysis, upon exposure of 3 or § to Hp gas in benzene-dg (5 psi, room

temperature). The other products of these reactions (methane and (Me3Si)2CH2,44

respectively) were observed to form quantitatively (by NMR spectroscopy).

PhSiH3 or Ho

Me,Si'Bu Me,Si'Bu
Y: Y. 3)
yd \H/ T\N

/ OC4Hg \ O
N
C4HgO

~ /H\ S
Me,Si'Bu Me,SiBu

3,R=Me 6
5,R= CH(SiMe3)2
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The hydride resonance for 6 was observed in the 'H NMR spectrum as a triplet at &
5.88 (1Jyy = 28 Hz) in THF-dg. The Y-H coupling constant is similar to that observed

12,13.45.46 214 the chemical shift is rather downfield

for other yttrium hydride dimers,
compared to most yttrium hydrides with bis(cyclopentadienyl) ligands (8 2.02 -
5 .45).41’45 4748 However, the shift for 6 is not as low as those reported for bis-
(benzamidinato)yttrium hydrides (8 8.28 - 8.31)12 and {[Me>Si(NCMe3)(OCMe3)]>Y (u-
H)}zl3 (8 6.80). This hydride signal was observed to decay slowly in intensity, and
completely disappear within 4 days at room temperature, indicating exchange with
deuterium from the THF-dg solvent. In the IR spectrum of 6, the Y—H absorption at 1240
cm-! was obscured by strong ligand absorptions in the same region, and could be assigned
only by comparison with the spectrum of the deuterated analogue 6-d> (obtained by
hydride exchange with THF-dg), which exhibits a Y-D absorption at 870 cm-!. This
frequency is, however, in good agreement with those reported for other dimeric yttrium
hydride species.44’45

X-ray quality crystals of 6 were grown by slow diffusion of PhSiH3 (in benzene
solution) layered above a benzene solution of 5, and the molecular structure (Figure 3) may
be described as a centrosymmetric dimer. The hydride atom, located in the Fourier

difference map, was refined isotropically. The Y—H distance is 2.25(4) A (average), and

the Y-H-Y angle is 109(2)".
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Figure 3. ORTEP diagram of {{[DADMB]YH(THF)},:C¢Hg (6).
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The geometry of the four membered ring is very similar to that found in other structurally

characterized dimeric yttrium hydrides, [(1,3-Me2C5H3)2Y(pL-H)(THF)]246 (average
2.15(7) A and 118(3)°), [(MeC5H4)2Y(u-H)(THF)]245 (2.18(8) A and 114(3)"), and
{[PhC(NSiMe3)2]2Y(M-H)}212 (2.14(3) A and 111.5(15)°). The N—Y-N ligand bite angle
in 6 (103.9(1)°) is significantly lower than those of ca. 120° in the 5-coordinate complexes
2 and 4, and only one of the ligand ipso carbons is in a close contact with the yttrium
center (Y-C(1) =2.702(4) A, Y-C(6) = 3.069(5) A, Y-N(1)-C(1) =93.4(2)°, whereas
Y-C(8) =3.098(5) A, Y-C(7) =3.409(4) A, Y-N(2)-C(8) = 114.6(3)"). The dihedral
angle between the biphenyl planes is 81.9°. These differences may be attributed to steric
crowding in the hydride dimer relative to the monomeric complexes 2 and 4.

Compound 6 represents a rare example of an yttrium hydride that contains no
cyclopentadienyl ligands. We are aware of only one other structurally characterized non-
Cp yttrium hydride, the bis(benzamidinato) complex {[PhC(NSiMe3)>2]2Y (u-H)}». 12
Other examples of such hydrides are the unstable species {[Me>Si(NCMe3)(OCMe3)]2Y (u-
H)}»!3 and a tris(pyrazolyl)borato yttrium hydride TpMeYHy(THF)4,!3 for which a

trimeric solution structure was suggested. All of the structurally characterized yttrium

4,12,41,45,46 4

hydrides are dimers or trimers*® in the solid state, although more complicated

aggregates have also been observed in anionic or heterometallic species.48

The reactivity of 6 appears to be restricted by its dimeric nature (preserved even in
THEF solution, as suggested by the TH NMR spectrum), and its very low solubility in
nonpolar organic solvents. No polymerization activity was observed towards 1-hexene or
CyHjy (5 psi) in benzene-dg at room temperature, and heating these mixtures resulted in
decomposition of the hydride with precipitation of only a small amount of polyethylene.

However, when dissolved in THF, compound 6 was found to rapidly insert ethylene at

room temperature, to give the yttrium ethyl complex 7 (eq 4).
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MesSi'Bu Me,Si'Bu
Y. Y.
N/ H

| 0oCuHs O
C4HgO /

N
>~ l /H\ e
Me,Si'Bu Me,SiBu

At longer reaction times (6-7 h), compound 7 seems to undergo a slow insertion of
a second molecule of CoHy, but positive identification of multiple insertion products was
hindered by their decomposition, and no formation of polyethylene was observed even at
elevated pressure (80 psi, THF, 48 h at room temperature). Decomposition of 7 to
unidentified products was also found to occur even in solid state, under N», over the period
of a few months. The ethyl group of 7 gives rise to a broad multiplet at 0.0 ppm
(YCH,CH3, 2 H) and a triplet of doublets at 1.67 ppm (YCH,CH3, 3 H) in the |H NMR
spectrum. The 3Jyy coupling constant of 1.9 Hz for the CH3 protons of the ethyl ligand is
very similar to the related value (3Jyy = 1.4 Hz) reported for (n3-CH3CsHy4), Y(CH,CH3)-
(THF),*® and the Iy coupling of 120 Hz is typical for an sp3 C—H bond. Although f-

agostic interactions are often observed in early transition metal ethyl Cornplexes,34'3 6,40,49-

>l their existence cannot be determined based on the (averaged) 1Jcy coupling constant
only. The IR spectrum of 7 doesn't contain evidence for agostic C—H bonds (no low-
energy C-H bands were detected). The relatively small 1Jcg coupling of 70-80 Hz
(multiplet broadness prevents accurate measurement) for the o protons, however, is

consistent with the presence of an a-agostic interaction with the metal center,> 3,52-54

analogous to that reported for some bis(trimethylsilyl)methyl yttrium complexes (vide

supra). In the 13C NMR spectrum of 6, the a.-carbon appeared as a doublet at 35.5 ppm,

with a coupling of 50 Hz to yttrium.



In THF-dg solution, the slower insertion of 1-hexene into the Y-—H bond of 6 was
observed (eq 4), to give the 1-hexyl derivative 8 (by |H NMR spectroscopy). No reaction
occurred between 6 and cyclohexene, however. Single insertion of terminal olefins to give
yttrium alkyl complexes has been reported for [(n5-RCsH4)2 YH(THF)]» (R = H or Me).*8
The lack of olefin polymerization activity for compound 6 can be contrasted to the high
catalytic activity of certain dimeric group 3 and lanthanide hydrides of the type [Cp*2MH],
(M =La, Nd, Sm, Lu),43 but is similar to the reported low activity for {[PhC(NSiMe3)>],-
Y(u-H)}2'? and {[MeSi(NCMez)(OCMe3)]2Y (u-H)}2.'  Other dimeric hydrides have
been reported to undergo single, reversible olefin insertion to give mixed hydrido-alkyl
complexes (e.g., [Cp*Y(OCgH3!Buy)l2(w-H)(u-alkyl)'* and [Et2Si(m3-CsHa)(n5-
CsMeg)M]2(u-H)(u-CH,CH3) for M = Lu, Y),41 but we have not observed formation of
such species in the reactions of 6 with olefins.

As shown in eq 5, yttrium hydride 6 was found to react with pyridine to give a
mixture of pyridine insertion products, 9 (major) and 10 (minor), in variable ratios. The
structure of 9, confirmed by X-ray crystallography (Figure 4), is again based on a distorted
trigonal bipyramidal geometry, with neutral donors (pyridine) occupying the axial

positions.

Me,Si'Bu Me,Si'Bu
C L Ny
\ /N "uN A ~u'N
~— R ~— . — 5
P Ny > —— YN (5)
N/T H N :
\ pyr \ pyr
Me,Si'Bu Me,Si'Bu

9 10
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The ligand bite angle is 118.9°, and the two ipso carbons are in close contact with

yttrium (average distance 2.77 A). The dihedral angle between the biphenyl planes is
92.8°. The third pyridine unit attached to the metal center has been reduced via 1,2
insertion, as can be deduced from the changes in the C—C bond lengths and a puckering of
the pyridine ring.

The identities of the 1,2 and 1,4 insertion products 9 and 10 were further
confirmed by 2D NMR studies (TOCSY and HMQC), which revealed a characteristic

48,55.56 and allowed

coupling pattern for the partially hydrogenated pyridine ring,
assignment of the ring protons and carbons (see Experimental Section). Heating a solution
containing both 9 and 10 to 80 °C in benzene-dg resulted in complete conversion of the
mixture within 2 h to compound 10, as observed by 'H NMR spectroscopy. This
indicates that 10 is the thermodynamically more stable isomer, while 9 is kinetically
generated. This reactivity towards pyridine has precedent in a number of previously
reported reactions for yttrium hydride and alkyl complexes. Metalation of pyridine via CH
activation has been reported for [Cp*2YH]2,Y” Cp*2YCH(SiMes),,** and Cp*2YMe-
(THF) ¥ while 1,2-insertion of pyridine followed by rearrangement to the 1,4 insertion
product has been reported for [(n>-CsH4R), YH(THF)]» (R = H, CH3).48 Also, an
analogous 1,2- to 1,4-isomer rearrangement has been observed for the bis(alkoxysilyl-
amido)yttrium derivative [MegSi(NCMe3)(OCMe3)]2YNC5H6.5 > The bis(trimethylsilyl)-
benzamidinate complexes {[PhC(NSiMe3)2]2YH}7 and [PhC(NSiMe3)>]» YCH,Ph(THF)
have also been reported to undergo the 1,2-insertion of pyridine,42 but no further
isomerization was noted in these cases. The reactivity of 6 towards pyridine is thus
different from that of similar pentamethylcyclopentadienyl yttrium complexes, and is more

similar to that of other known yttrium hydrides and alkyls with monosubstituted Cp, or

non-cyclopentadienyl, ligands.



Conclusions

A series of novel yttrium complexes with bis(silylamido)biphenyl ligands have been
synthesized and characterized. The structures and reactivities of the chloride, alkyl, and
hydrido derivatives have been investigated. In their reactivity, these complexes resemble
more closely some benzamidinate'? and alkoxysilylamido13 yttrium species, rather than the
more fully investigated cyclopentadienyl yttrium derivatives.>?#1:46:48.58 e high degree
of ionicity in the yttrium-nitrogen bonding appears to result in a highly electrophilic metal
center, which leads to lower reactivity towards olefin polymerization and o-bond
metathesis, perhaps resulting from more contracted vacant metal orbitals which are less
effective in substrate binding.12’13’42 The reactivity of the hydride is also inhibited by the
high stability of the bridged yttrium hydride unit, and the insolubility of the dimer in
noncoordinating solvents. Very low olefin polymerization activity is exhibited by the
MAO-activated chloride, and the alkyl and the hydride complexes. A single insertion of
olefins into the Y-H bond, reminiscent of the reactivity of some monosubstituted-Cp
yttrium hydrides,48 results in formation of yttrium alkyl species, and the ethyl complex is
sufficiently stable to be isolated and characterized. The reactivity of the yttrium hydride 6
towards pyridine also resembles that observed for related hydride derivatives containing
benzamidinate and alkoxysilylamido ancillary ligands.

The yttrium derivatives studied represent another example of non-cyclopentadienyl
early transition metal complexes. This study further contributes to an understanding of the
factors behind the reactivity of such d” complexes. As has been already suggested, in
addition to the electrophilicity of the metal center, other possibly important factors include
the degree of ionicity in the metal-ligand bonds, and the steric environment created by the
ligand. The latter not only affects the accessibility of the metal center by the substrate, but
also the ease of dimer formation, which is particularly important in the case of hydride

derivatives. Although apparently not promising in terms of olefin polymerization activity,



these silylamido yttrium species exhibit reactivity patterns which are distinct from those

known for more traditional cyclopentadienyl derivatives.

Experimental Section

General. All reactions with air-sensitive compounds were performed under dry
nitrogen, using standard Schlenk and glove box techniques. Reagents were obtained from
commercial suppliers and used without further purification, unless otherwise noted.
Olefin-free pentane, benzene, and toluene were prepared by pretreating with conc. H»SOyg,
0.5 N KMnOy in 3 M H3SO4, NaHCO3 and finally anhydrous MgSQOg4. Solvents
(pentane, diethyl ether, benzene, toluene, tetrahydrofuran) were distilled under nitrogen
from sodium benzophenone ketyl. Benzene-dg was distilled from Na/K alloy.
Commercial silanes were distilled and dried over molecular sieves before use. "BulLi was
used as a 1.6 M solution in hexanes, as supplied by Aldrich, and MeLi as a 1.6 M solution
in Etp0, as supplied by Alpha Aesar. 2,2‘—Diamino—6,6'—dimethylbiphenyl,5 ?
YC13(THF)3,3 9 and LiCH(SiMe3)260 were prepared according to published literature
procedures. NMR spectra were recorded at 300 or 500 MHz (1H) with Bruker AMX-300
and DRX-500 spectrometers, or at 100 MHz (13C{!H}) with an AMX-400 spectrometer,
at ambient temperature and in benzene-dg, unless otherwise noted. CH coupling constants
were obtained from non-decoupled HMQC experiments. Signal multiplicities are reported
as follows: s - singlet, d - doublet, t - triplet, q - quartet, qn - quintet, m - multiplet.
Elemental analyses were performed by the Microanalytical Laboratory at UC Berkeley,
E+R Microanalytical Laboratory, or Desert Analytics. Infrared spectra were recorded with
a Mattson Infinity 60 MI FTIR spectrometer, as KBr pellets.

Liz[DADMB]-2THF (1). To a cold (0 °C) solution of 2,2'-diamino-6,6'-
dimethylbiphenyl (4.00 g, 18.8 mmol) in THF (100 mL) was added dropwise 25.0 mL (40
mmol) of 1.6 M "BuLi. A white precipitate formed initially, but dissolved completely after

all of the "BuL.i had been added. The solution was allowed to warm to room temperature,



and was then stirred for 3 h. A solution of tBuMe;SiCl (6.22 g, 41.2 mmol) in 20 mL of
THF was then added dropwise. The mixture was heated at reflux for 5 h, which resulted
in the formation of a white precipitate. After cooling to room temperature, a second portion
of "BuLi (25.0 mL, 40 mmol) was added and the mixture was stirred overnight at room
temperature. The THF was removed under vacuum to give an oily white solid. Extraction
with pentane (2 x 100 mL) gave a light yellow solution, which was concentrated in vacuo
until crystals appeared, and then cooled to -78 °C. The resulting crystalline product was
recrystallized from pentane and dried to afford 9.45 g (15.8 mmol, 84% yield) of colorless
crystals. 'H NMR: 8 7.06 (d,2 H,J =7.7 Hz), 6.95 (t,2H,J =7.7 Hz), 6.48 (d, 2 H, J
= 7.1 Hz biphenyl H's), 3.14 (m, 8 H, THF), 1.99 (s, 6 H, Me), 1.25 (m, 8 H, THF),
1.16 (s, 18 H, 'BuMe;Si), 0.49 (s, 6 H, tBuMe;Si), 0.09 (s, 6 H, tBuMe;Si). 13C{IH}
NMR: 6 157.5, 140.1, 133.2, 128.0, 121.8, 116.6, 68.6 (THF), 28.7 (CMe3), 25.4
(THF), 21.8, 21.7 (Me; CMe3), 1.0, -0.5 (tBuMe;Si). IR (cm1): 3039 (w), 2951 (s),
2923 (s), 2879 (s), 2848 (s), 1575 (s), 1559 (s), 1460 (s), 1440 (s), 1288 (s), 1250 (s),
1049 (s), 968 (m), 899 (m), 842 (s), 824 (s), 769 (s), 668 (m), 605 (m), 457 (m), 419
(m). Anal. Calcd for C34H58N>Li205Si15: C, 68.42; H, 9.79; N, 4.69. Found: C, 68.18;
H, 9.85; N, 4.56.

[DADMB]YCI(THF)2 (2). A solution of 1 (3.00 g, 5.03 mmol) and
YCI3(THF)3 (2.10 g, 5.10 mmol) in 100 mL of THF was heated at reflux for 4 h, resulting
in formation of a white precipitate. The solvent was removed in vacuo and the resulting
white powder was extracted with a mixture of 60 mL of pentane and 25 mL of THF. The
filtrate was concentrated to about 15 mL and more pentane (20 mL) was added to initiate
crystallization of the product as a white precipitate. After cooling to -78 °C, the solution
was filtered and the product was then dried in vacuo to obtain 3.28 g (92% yield) of white
crystalline powder. 'H NMR: & 7.07 (d, 2 H), 6.95 (t, 2 H), 6.55 d, 2 H, aromatic H),
3.70 - 3.46 (br m, 8 H, THF), 1.88 (s, 6 H, Me), 1.24 (m, 8 H, THF), 1.11 (s, 18 H,
'BuMe»Si), 0.52, 0.50 (s, 6 H each, tBuMe,Si). 13C{IH} NMR: & 152.4, 142.4, 130.5,
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129.9, 123.5, 120.1 (aromatic C), 68 (THF), 28.3 (Me3C), 25.5 (THF), 22.3 (MeAr),

21.5 Me30), 1.8, -1.6 (Me;Si). IR (cm1): 3040 (w), 2949 (s), 2925 (s), 2882 (s), 2851
(s), 1578 (m), 1558 (m), 1471 (m), 1461 (m), 1441 (s), 1387 (w), 1356 (w), 1272 (s),
1248 (s), 1085 (w), 1048 (s), 1021 (m), 963 (m), 872 (m), 830 (s), 777 (s), 708 (m), 668
(m), 568 (m), 440 (m). Anal. Calcd for C34H58N>02Si, YCI: C, 57.73; H, 8.26; N, 3.96.
Found: C, 57.61; H, 8.44; N, 3.85.

[DADMB]YMe(THF)3 (3). Compound 2 (1.16 g, 1.64 mmol) was dissolved
in 100 mL of Et;O, and MeLi (1.10 mL, 1.76 mmol) was added at room temperature. To
the reaction mixture was added a small amount of THF, to bring the remaining undissolved
2 into solution. The resulting pale yellow solution was stirred overnight, the solvents were
removed in vacuo, and the oily residue was extracted with 2 x 50 mL of pentane. The
product was isolated by crystallization at -78°C in two crops (0.67 g, 60% yield) as a white
crystalline powder. 1H NMR: 8 7.07 (m, 2 H), 6.96 (m, 2 H), 6.56 (m, 2 H, aromatic
H), 3.43 (m, 8 H, THF), 1.89 (s, 6 H, Me), 1.24 (m, 8 H, THF), 1.14 (s, 18 H,
'BuMe»Si), 0.52, 0.40 (s, 6 H each, tBuMe;Si), -0.42 (d, 3 H, 2Jyyg = 1.8 Hz, Ucy =
101 Hz, YMe). 13C{!H} NMR: § 153.2, 142.1, 131.1, 129.4, 123.4, 119.5, 70.9
(THF), 28.4 (Me3C), 25.5 (THF), 22.4 (MeAr), 21.7 (YMe), 21.7 (Me3C), 2.0, -1.9
(Me3Si). IR (cm1): 3038 (w), 3043 (m), 2951 (s), 2890 (s), 2851 (s), 1906 (w), 1577
(s), 1555 (s), 1460 (s), 1440 (s), 1398 (m), 1358 (m), 1271 (s), 1243 (s), 1085 (m), 1048
(s), 1031 (s), 981 (s), 880 (m), 830 (s), 784 (s), 769 (s), 708 (m), 673 (m), 661 (m), 607
(w), 567 (w), 454 (m), 436 (w). Anal. Calcd for C35Hg1N2Si202Y: C, 61.20; H, 8.95;
N, 4.08. Found: C, 59.74; H, 9.48; N, 3.87.

[DADMB]Y(OSiMe3)(THF); (4). Compound 2 (0.54 g, 0.76 mmol) and
0.3 g of Dow Corning Silicone Grease were dissolved in 100 mL of Et;O, and MeLi (0.5
mL, 0.8 mmol) was added at room temperature. To the reaction mixture was added a small
amount of THF, to bring the remaining undissolved 2 into solution. The resulting pale

yellow solution was stirred overnight, the solvents were removed in vacuo, and the oily
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residue was extracted with 2 x 40 mL of pentane. The product was isolated by
crystallization from pentane at -78°C (0.29 g, 50% yield) as a white crystalline powder.

IH NMR: § 7.04 (m, 2 H), 6.96 (m, 2 H), 6.57 (m, 2 H, aromatic H), 3.46 (m, 8 H,
THF), 1.91 (s, 6 H, Me), 1.28 (m, 8 H, THF), 1.14 (s, 18 H, ‘BuMe>Si), 0.50, 0.29 (s,
6 H each, tBuMe;Si), 0.26 (s, 9 H, Me3SiO). 13C{IH} NMR: § 153.6, 142.2, 131.2,
129.4, 123.2, 119.4, 70.7 (THF), 28.5 (Me3C), 25.4 (THF), 22.4 (MeAr), 21.6 (Me3(C),
4.0 (Me3Si0), 1.7, -1.3 (Me3Si). IR (cm-1): 3078 (w), 3043 (m), 2951 (s), 2890 (s),
2851 (s), 1906 (w), 1577 (s), 1555 (s), 1460 (s), 1440 (s), 1398 (m), 1358 (m), 1271 (s),
1243 (s), 1085 (m), 1048 (s), 1031 (s), 981 (s), 880 (m), 830 (s), 784 (s), 769 (s), 708
(m), 673 (m), 661 (m), 607 (w), 567 (W), 454 (m), 436 (w). Anal. Calcd for

C37Hg7N2S1303Y: C, 58.39; H, 8.87; N, 3.68. Found: C, 58.66; H, 9.25; N, 3.58.
[DADMB]YCH(SiMe3)2(THF)(Et20) (5). A mixture of 2 (1.24 g, 1.75

mmol) and LiCH(SiMe3)2(Et20).1 (0.30 g, 1.76 mmol) was dissolved in 80 mL of Et>O.
The reaction mixture was kept in an ice bath for 30 min and then allowed to warm to room
temperature and was stirred for 8 h. The cloudy yellow solution was filtered, the clear
filtrate was concentrated to about 15 mL, and 20 mL of pentane was then added. Further
concentration and cooling to -78 °C resulted in the formation of a white crystalline
precipitate, which was isolated by filtration and dried in vacuo to give 0.59 g of product
(43% yield). The product can be purified by recrystallization from pentane. 'H NMR: §
7.23 (m, 1 H), 6.85 (m, 3 H), 6.70 (m, 1 H), 6.59 (m, 1 H, aromatic H's), 3.52 (m,
broad, 4 H, THF), 3.24 (q, 6 H, Et;0), 1.88 (s, 3 H, MeAr), 1.84 (s, 3 H, MeAr), 1.38
(m, 4 H, THF), 1.11 (t, 4 H, Et;0), 1.10 (s, 9 H, Me3C, overlaps with Et;0), 1.08 (s, 9
H, Me3C), 0.60 (s, 3 H, Me,Si), 0.32 (s, 3 H, Me»Si), 0.31 (s, 3 H, Me»Si), 0.29 (s, 9
H, Me3Si, overlaps Me3Si), 0.26 (s, 3 H, Me;Si), 0.25 (s, 9 H, Me3Si), -0.94 (d, 1 H,
2Jyg = 2.1 Hz, UJcyg = 80 Hz, YCH). 13C NMR: & 150.3, 141.7, 138.6, 129.3, 120.1,
113.4, (biphenyl), 71.7, 68.5, 66.2 (THF, Et,0), 39.4 (YCH, Jyc = 35.6 Hz), 28.7,
27.9,26.0, 25.3 (Me3C), 26.5 (THF), 22.4 (MeAr), 21.2, 20.6 (Me3C), 15.9 (Et20),
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5.7, 4.8 (Me3Si), 1.28, -0.51 (Me3Si). IR (cm-1): 3043 (w), 2952 (s), 2887 (s), 2851

(s), 1577 (m), 1559 (m), 1462 (s), 1443 (s), 1387 (w), 1247 (s), 1091 (w), 1044 (s),
1006 (m), 963 (m), 836 (s), 793 (m), 768 (m), 711 (w), 661 (m), 594 (w), 427 (w).
Anal. Calcd for C41H79N702Si,Y: C, 63.36; H, 10.25; N, 3.60. Found: C, 63.07; H,

10.45; N, 3.76.
{IDADMB]YH(THF)}>:C¢Hg (6). To a solution of 5§ (1.05 g, 1.35 mmol)

in 50 mL of benzene was added 0.6 mL (5.5 mmol) of PhSiH3. The mixture was left
undisturbed at room temperature for 5 days, resulting in formation of a highly crystalline,
colorless precipitate. The product was then isolated by filtration, washed with benzene (30
mL) and pentane (30 mL), and briefly dried in vacuo (0.53 g, 61% yield). 'H NMR
(THF-dg): 8 6.99 (m, 4 H, aromatic H), 6.54 (m, 2 H, aromatic H), 5.88 (t, 1 H, J = 28
Hz, YH), 3.61 (m, THF), 1.77 (m, THF), 1.69 (s, 6 H, MeAr), 0.90 (s, 18 H, Me3C),
0.35 (s, 6 H, Me;Si), 0.21 (s, 6 H, Me3Si). 13C{IH} NMR (THF-dg): & 152.7, 142.6,
130.8, 130.3, 124.0, 120.3 (aromatic C), 129.2 (C¢Hg), 68.4 (THF), 28.3 (Me3C), 26.5
(THF), 22.2 (MeAr), 21.7 (Me3C), 1.5 (Me;Si), -1.7 (Me;Si). IR (cm-1): 3038 (m),
2949 (s), 2926 (s), 2881 (s), 2850 (s), 2703 (w), 1564 (m), 1462 (s), 1441 (s), 1388 (m),
1359 (m), 1251 (s, broad), 1087 (m), 1047 (s), 1014 (s), 966 (s), 865 (s), 834 (s, broad),
791 (s), 767 (s), 707 (m), 682 (s), 662 (s), 617 (m), 595 (m), 567 (m), 464 (m), 431 (m).
A sample of the deuterated analogue (6-d>) was obtained by allowing a THF-dg solution of
6 stand at room temperature for 4 days, followed by removal of the solvent in vacuo which
resulted in complete exchange of the Y-hydride with deuterium. Subtraction of the IR
spectrum of 6-d» showed the presence of a strong Y-H absorption at 1240 cm-1,
overlapping with a strong ligand absorption. Anal. Calcd for CggH19gN40O2Si4Y2: C,
61.94; H, 8.51; N, 4.38. Found: C, 61.95; H, 8.55; N, 4.19.

[DADMB]YEt(THF); (7). A sample of the yttrium hydride 6 (0.184 g, 0.144
mmol) was dissolved in 15 mL of THF. The reaction flask was filled with CoHy at 5-10

psi, and the solution was stirred for 30 min. The solvent was removed under vacuum and
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the solid residue was extracted into 20 mL of hexane. The extract was filtered, and the

filtrate was then concentrated to 5 mL and cooled to -35 °C overnight, to give 7 as a white
crystalline solid (0.121 g, 60% yield). TH NMR: § 7.07, 6.95, 6.56 (m, 2 H each,
aromatic H), 3.49 (m, 8 H, THF), 1.88 (s, 6 H, MeAr), 1.67 (dt, 3Jgyg = 7.4 Hz, 3Jyy =
1.9 Hz, lJcy = 70 - 80 Hz, 3 H, YCH,CH3), 1.25 (m, 8 H, THF), 1.13 (s, 18 H,
'BuMe»Si), 0.53, 0.37 (s, 6 H each, tBuMe»Si), 0.0 (br m, 1Jcyg = 120 Hz, 2 H,
YCH,CH3). 13C NMR: § 153.1, 141.9, 131.4, 129.3, 123.5, 119.7 (biphenyl C), 72
(THF), 35.5, (d, J = 50 Hz, YCH>CH3), 28.4 (Me3C), 25.5 (THF), 22.4 (MeAr), 21.6
(MesC), 15.7 (YCH2CH3), 1.7, -1.9 (Me3Si). IR (cm1): 3043 (w), 3034 (w), 2953 (s),
2851 (s), 1578 (m), 1555 (m), 1461 (m), 1440 (m), 1268 (s), 1048 (s), 964 (m), 829 (s),
785 (m), 768 (m), 662 (w). Anal. Calcd for C36Hg3N2S1207Y: C, 61.68; H, 9.06; N,
4.00. Found: C, 61.08; H, 8.96; N, 4.05.

[DADMB]Y (n-CgH13)(THF)3 (8). A sample of 6 (ca. 10 mg) was dissolved
in THF-dg (0.5 mL) and ca. 0.05 mL of 1-hexene was added. After 30 min, the YH
signals had nearly disappeared, and after 5 h a complete conversion to product was
observed. 'H NMR: § 6.9-7.0 (m, 4 H), 6.54 (m, 1 H), 6.47 (m, 1 H, biphenyl H), 1.65
(s, 6 H, MeAr), 1.46 (m, 2 H, YCH>CH>), 1.33-1.38 (m, overlaps with 1-hexene,
YCH,CH»(CH3)3CH3), 0.89 (s, 18 H, Me3C), 0.85 (m, overlaps, Y(CH»)5CH3), 0.38
(s, 6 H, Me>Si), 0.16 (s, 6 H, Me3Si), -0.32 (m, 2 H, YCH>).

[DADMB]Y(NCsHg)(pyr)2:CsH12 (mixture of 9 and 10). A sample of
6 (0.36 g, 2.8 mmol) was dissolved in 20 mL of pyridine at room temperature. The dark
yellow solution was stirred for 2 days, and the volatile material was then removed by
vacuum transfer. The remaining solid was extracted with 2 x 75 mL pentane, and then the
combined yellow extracts were concentrated to 20 mL. Cooling the solution to -35 °C
produced bright yellow crystals (0.14 g, 30% yield). TH NMR: compound 9: § 8.23 (m, 4
H, pyr), 7.27 (d, 1 H, NC5Hg vinylic), 6.83 - 6.54 (m, pyr and aromatic H), 6.47 (t, 1 H,
NCsHg vinylic), 5.40 (m, 1 H, NCsHg vinylic), 5.04 (m, 1 H, NCsHg vinylic), 4.30 (dd,
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1 H, NC5Hg methylene), 4.04 (dd, 1 H, NCsHg methylene), 2.03 (s, 6 H, Me), 1.05 (s,

18 H, 'BuMe>Si), 0.23 (s, 6 H, tBuMe»>Si), 0.18 (s, 6 H, 'BuMe;Si); compound 10: 8.32
(m, 4 H, pyr), 6.92 (m, 2 H, aromatic H), 6.71 (d, 2 H, NCsH¢ vinylic), 6.63 - 6.58 (m,
pyr and aromatic H), 4.55 (m, 2 H, NCs5Hg vinylic), 3.69 (m, 2 H, NC5Hg methylene),
2.02 (s, 6 H, Me), 1.04 (s, 18 H, ‘BuMe;Si), 0.20 (s, 6 H, tBuMe;Si), 0.13 (s, 6 H,
tBuMeSi). 13C{!H} NMR: compound 9: § 152.3, 150.4, 146.4, 141.0, 132.9, 129.3
(aromatic C), 125.8 (NCsHg), 124.0, 120.4 (aromatic C), 113.4 (NCsHg), 102.2
(NCsHg), 96.8 (NCsHg), 47.9 (NCsHg methylene), 28.6 (Me3C), 22.3 (MeAr), 21.4
(Me3C), 0.9 (‘BuMe;Si), -0.8 (tBuMe;Si); compound 10: 152.3, 150.5, 141.0 (aromatic
O), 137.0 (NCs5Hg), 133.0, 129.7, 129.6, 125.8, 124.1, 120.5 (aromatic C), 95.2
(NCsHg), 28.6 (Me3C), 25.5 (NCsHg), 21.4 (Me3C), 0.8 (tBuMe;Si), -0.9 (tBuMe;Si).
Assignment of the NMR signals is based on 2D NMR studies (TOCSY and HMQC).
Heating the NMR sample (product mixture of 9 and 10) to 80 °C resulted in complete
conversion of the mixture within 2 h to compound 10. IR (cm-1): 3040 (m), 2952 (s),
2926 (s), 2888 (s), 2852 (s), 2795 (m), 1645 (m), 1603 (s), 1579 (s), 1557 (m), 1506
(w), 1489 (w), 1471 (m), 1461 (m), 1443 (s), 1387 (w), 1359 (w), 1304 (w), 1268 (s),
1248 (s), 1231 (m), 1152 (w), 1100 (m), 1067 (m), 1046 (s), 1038 (s), 1007 (m), 998
(m), 965 (s), 932 (w), 867 (w), 829 (s), 786 (m), 769 (m), 752 (m), 702 (s), 661 (w),
627 (m), 567 (w), 536 (w), 432 (w). Anal. Calcd for C46H79N5Si2Y: C, 65.92; H, 8.42;
N, 8.36. Found: C, 65.21; H, 8.03; N, 8.31.

X-ray structure determinations. X-ray diffraction measurements were made
on a Siemens SMART diffractometer with a CCD area detector, using graphite
monochromated Mo-K, radiation. The crystal was mounted on a glass fiber using
Paratone N hydrocarbon oil. A hemisphere of data was collected using w scans of 0.3°.
Cell constants and an orientation matrix for data collection were obtained from a least-
squares refinement using the measured positions of reflections in the range 4 < 20 < 45°.

The frame data were integrated using the program SAINT (SAX Area-Detector Integration



Program; V4.024; Siemens Industrial Automation, Inc.: Madison, WI, 1995). An
empirical absorption correction based on measurements of multiply redundant data was
performed using the programs XPREP (Part of the SHELXTL Crystal Structure
Determination Package; Siemens Industrial Automation, Inc.: Madison, WI, 1995) or
SADABS. Equivalent reflections were merged. The data were corrected for Lorentz and
polarization effects. A secondary extinction correction was applied if appropriate. The
structures were solved using the teXsan crystallographic software package of the Molecular
Structure Corporation, using direct methods, and expanded with Fourier techniques. All
non-hydrogen atoms were refined anisotropically and the hydrogen atoms were included in
calculated positions but not refined unless otherwise noted. The function minimized in the
full-matrix least-squares refinement was Sw(IF|-IF.l)2. The weighting scheme was based
on counting statistics and included a p-factor to downweight the intense reflections.

For 2: Crystals were grown from a 10:1 pentane/THF solution of 2 at -35 °C.
The Flack parameter of the structure was 0.009(2), suggesting that the correct
enantiomorph was chosen. The other enantiomorph was also tested, but this structure
resulted in R = 9.64% with a Flack parameter of 0.88.

For 4: Crystals were grown from a pentane solution of 4 at -35 °C.

For 6: Crystals were grown by slow diffusion of PhSiH3 (0.3 mL dissolved in
20 mL benzene) into a solution of 5§ (0.16 g in 20 mL benzene), the two solutions being
separated with a layer of neat benzene, at room temperature for 4 days. The non-hydrogen
atoms were refined anisotropically. The hydride H was located on the Fourier difference
map and refined isotropically, the rest of the hydrogen atoms were included in calculated
positions.

For 9: Crystals were grown from a pentane solution of a mixture of 9 and 10 at
-15 °C. The single crystal selected was found to be compound 9. The non-hydrogen
atoms were refined anisotropically, except for those of the solvating pentane which were

disordered and refined isotropically.
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Introduction

The previous chapter described the studies on the structure and reactivity of alkyl
and hydride yttrium complexes containing the [DADMB]?- ligand (DADMB = 2,2'-
bis(tert—butyldimethylsilylamido)—6,6‘—dimethylbiphenyl).1 Early transition metal
complexes, including chelating diamide complexes of this type, have been extensively

2-17

investigated as catalysts for olefin polymerizations,” " ' and we have also been interested in

the potential of dO systems to function as silane dehydropolymerization catalysts.lg'22
While the yttrium-DADMB complexes were not active as olefin or silane polymerization
catalysts, we have found that they can be used as olefin hydrosilylation catalysts.23 The
hydrosilylation of olefins by early transition metal catalysts is a well known process, and
recently many studies have been devoted to investigating the reactivity and selectivity of
such catalysts towards various unsaturated organic substrates.”*>? The mechanism and
energetics of the hydrosilylation catalytic cycle has also been investigated extensively.24
As is usually the case in early transition metal chemistry, the ancillary ligands employed in
these studies have been based on cyclopentadienide and its derivatives. The potential of
non-cyclopentadienyl ligand sets in hydrosilylation catalysis by d0 metals has yet to be
explored. This chapter describes the hydrosilylation chemistry of [DADMB]Y complexes,
and the initial results on the use of a resolved chiral catalyst, (S)-[DADMB]YMe(THF),, in

the enantioselective hydrosilylation of olefins.

Results and Discussion

The yttrium complexes 1 and 2 were prepared according to previously described
methods.! While these complexes do not appear to be promising as olefin polymerization
catalysts, the yttrium hydride 2 was found to react cleanly with olefins to give single-
insertion alkyl products.l’23 Further reactions with olefin are very slow, and measurable
amounts of polyolefins were not observed. Complexes 1 and 2 were also found to be

inactive as dehydropolymerization catalysts, and whereas 2 is inert toward silanes such as
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PhSiH3, the yttrium alkyls 1 and [DADMB]Y[CH(SiMe3),](THF)(OEty) react with

hydrosilanes in a metathesis-type reaction to form 2 and an alkylsilane. The latter
observation of Si—C bond formation prompted us to investigate the possibility of catalytic
hydrosilylation, since it was envisioned that the yttrium hydride 2 could react with an olefin
via insertion, and then the resulting yttrium alkyl group might be transferred to a silane with
regeneration of the yttrium hydride catalyst (Scheme 1). In fact, similar hydrosilylations
are known to occur with other group 3 and lanthanide hydrides (e.g., [Cp“YH]») or their

precursors.24'27’29

Me,Si'Bu Me,Si'Bu Me,Si'Bu

OC4H
| ,L OC4Hg 4H8 N
T \¢ \Y/ >Y/
Y—NMe
N 7 Y
OC.Hg C4HgO
Me,SitBu Me,Si'Bu Me,SitBu
1 2

Initial experiments were designed to test the activity of 2 as a hydrosilylation
catalyst. Addition of a large excess of PhSiH3 to a THF-dg solution of 2 did not result in
reaction, but when the mixture was pressurized with ethylene (5 psi, room temperature),
the clean formation of PhEtSiH; was immediately observed, and within 12 h all the
PhSiH3 had been consumed. 1-Hexene was also found to react with PhSiH3 in the
presence of 2, to give PhSiH(CH3)5CH3 as the major product. Under similar conditions
cyclohexene did not undergo hydrosilylation, consistent with its lack of reactivity towards
the hydride 2.

The complete insolubility of the hydride dimer in non-coordinating solvents
required the use of THF for the hydrosilylation reactions. However, the yttrium methyl
complex 1 can also be used as an active hydrosilylation catalyst, presumably because it first

reacts with the silane to give a small concentration of reactive, monomeric hydride. Thus,
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hydrosilylations may be carried out in a nonpolar solvent such as benzene using 1 as the

catalyst precursor. The active hydride species under these catalytic conditions has not been
observed, as addition of a hydrosilane to 1 led to rapid disappearance of the resonances for
1 (by TH NMR spectroscopy) with formation of the methyl silane, but no yttrium hydride
resonances could be detected (apparently due to the very low concentration of the active
species).

Scheme 1

RS R RsSH—H

To probe the selectivity of this catalytic system, a range of olefins was tested, using
PhSiH3 and PhMeSiH; as representative primary and secondary silanes. The results are
presented in Table 1. The steric bulk of the ligand apparently limits the reactivity of the
catalyst such that only terminal olefins react at a measurable rate, and norbornene is the
only disubstituted olefin observed to react. With both PhSiH3 and PhMeSiH», no reaction
was observed with cyclohexene, 1-phenyl-1-methylethene (o-methylstyrene), and trans-
1,2-diphenylethene, and PhMeSiH; did not react with norbornene. As has been noted for
other lanthanide and yttrium hydrosilylation catalysts,24'26’29 both 1,2- and 2,1-additions
of the silane to the double bond are observed, the ratio of the two isomers being controlled
by steric and electronic effects. Aliphatic olefins give predominantly the terminal addition
product, while styrene preferably gives benzylsilane derivatives. The latter effect has been
observed with related catalysts, and rationalized in terms of electronic interactions between
the metal center and the aromatic ring of styrene, which directs the insertion reaction toward

the a-phenylalkyl intermediate.”*
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Table 1. Results from the hydrosilylation of olefins

catalyzed by [DADMB]YMe(THF), (1).

Olefin Silane Turnover rate, h-1 Products Product ratio
PN
NN  PhSiHj ~100 SiHoPh 92%
SiH,Ph
8%
SiHMePh
o~ PhMeSiH, 43 A >99%
P XX\ PhSiH; 0.66 PY 76%
Ph SiH,Ph
A~ SiHzPh 24%
Ph
P X PhMeSiH, 0.12 )\ 64%

Ph SiHMePh

. 36%
SiHMePh
ph/\/ :

;b PhSiH; 30 Abs"tph 599%

(90% ee)



Our system seems to be less selective towards 2,1 addition in case of aromatic olefins,
compared to catalysts such as MezSi(C5Me4)2SmCH(SiMe3)224 which gives near
quantitative yields of the 2,1 addition products. In its selectivity towards terminal addition
to aliphatic olefins, our catalyst is more similar to Cp*gYCH(SiMeg,)z.25 In terms of
reactivity, the turnover rates (Table 1) observed for 1-hexene are within the range reported
for Cp-based group 3 and lanthanide catalysts, while those for PhCH=CH, are lower (cf.
1-hexene + PhSiH3 N¢ = 120 h-!, PhACH=CH, + PhSiH3 N; = 25 h-1, both at 23 °C using
Me,Si(C5Me)>SmCH(SiMe3)2).2* Most of the literature studies of hydrosilylation with
dY metal catalysts employ PhSiH3 as a representative primary silane, with a few reporting
successful use of secondary silanes such as PhMeSng30 or thsin.3 U Inour system,
however, the steric bulk of the secondary silane apparently is not a significant hindrance,
and most of the olefins tested (norbornene being the only exception) were found to react
with both PhSiH3 and PhMeSiH,. As expected, using a secondary (vs. primary) silane
favors the terminal addition products.

Since the yttrium species involved in the catalysis are chiral, we examined the
enantioselectivity of their catalytic action. A resolved version (S-1) of the methyl complex
1 was prepared using a sample of enantiopure (S)—2,2'—diamino—6,6'-dimethylbiphenyl,33
following the previously reported synthetic procedure1 (see Chapter 2). An unexpected
confirmation of the preserved enantiopurity of the prepared complex S-1 came from its |H
NMR spectrum. While most chemical shifts for S-1 were identical to those of racemic 1,1
two separate multiplets due to diastereotopic hydrogen atoms were observed for the a-H
protons of the coordinated THF in S-1, as compared to a single multiplet in 1. As shown
in Scheme 2, coordination of THF to a chiral metal center places the diastereotopic CHp
protons in two magnetically inequivalent environments. Since all THF coordination sites in
an enantiopure system are of the same chirality, exchange of THF between different
molecules would preserve the difference in chemical shift between the diastereotopic THF

protons. In a racemic mixture, however, an exchange of THF between coordination sites
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of opposite chirality would lead to an averaged environment for the same protons. A

variable temperature NMR study of 1 further confirmed that the single multiplet observed at

room temperature is due to a fast intermolecular exchange of THF. This exchange can
apparently be slowed down at lower temperature, so that two separate multiplets are

observed (Figure 1).

Scheme 2
H1 n H2| /—\ H'I' H2"
H2| H'1 n H2" H1l
tBuMeoSi N N—=SiMestBu tBuMesSm=——N N mSiMestBu

The transition temperature in toluene-dg was determined to be 280 K, from which an
activation energy AG¥ = 54 kJ/mol (13 kcal/mol) for THF dissociation can be calculated
(rate constant k = 1.8 x 103 s-1). The rate of THF dissociation is thus faster than any of

the kinetically important steps in the catalytic system (vide infra).
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Evaluation of the catalyst enantioselectivity was hindered by the fact that most of the

prochiral olefins tested did not react, or gave a mixture of regioisomers (vide supra). The
substrate chosen for enantioselectivity studies was norbornene, since it gives exclusively
the exo-diastereoisomer on reaction with PhSiH3. The enantiomeric excess of the PhSiH»-
norbornane product was found to be 90.4% (GC analysis with a chiral column), in favor of
the 1S-enantiomer, as determined by oxidation of the silane to exo-norborneol following
standard literature procedures.m’26 Highly enantioselective hydrosilylation of norbornene
and other olefins using late transition metal (Pd, Pt, Rh) catalysts has been previously
reported, with ee's often exceeding 90%.3438 The only other study of enantioselective
olefin hydrosilylation by early transition metal or lanthanide catalysts, however, utilized the
chiral ansa-cyclopentadienyl complexes (R)-Me>Si(C5Me4)[(-)-menthyl-CsHy]SmCH-
(SiMe3); and (S)-Me;>Si(CsMes)[(-)-menthyl-C5H4]SmCH(SiMe3);, and resulted in
observation of enantiomeric excesses of 68% and 65% for the hydrosilylation of
PhEtC=CH, with PhSiH3.%*

The mechanism of hydrosilylation as catalyzed by early transition metal complexes
has been studied for several cyclopentadienyl based systems.24’25 The active metal species
is thought to be a monomeric d? metal hydride. The catalytic cycle is proposed to occur via
fast, irreversible insertion of olefin into the metal-hydrogen bond to give an alkyl species,
which then reacts with the silane in a slow, rate-determining step (Scheme 1). The overall
reaction rate has been found to be zeroth order in olefin, and first order in silane and
catalyst precursor.24

To probe the mechanism of hydrosilylation catalysis by [DADMB]Y complexes, we
studied the kinetics of this process. The substrates chosen were 1-hexene and PhMeSiH»,

as that reaction was found to proceed at a rate convenient to follow by NMR spectroscopy.

[DADMB]YMe(THF), + PhMeSiH, — PhMe,SiH + "[DADMB]YH" (1)
1
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The mechanism of the catalyst initiation step (eq 1) in benzene solution was studied

by monitoring the disappearance of 1 at different concentrations of PhMeSiH», the silane
being kept in large excess. This reaction should also represent a good model for the
product-forming step in the proposed catalytic mechanism (Scheme 1). A linear decrease
of In[1] with time was observed, which is consistent with a rate law involving first-order
dependence on 1 (Figure 2). A plot of the observed rate constant vs. [PhMeSiH;] was
also found to be linear (Figure 3), consistent with the expected first order dependence on
silane concentration. The overall rate constant was found to be kyy = 3.8(2) x 104
L/(mol-s) at 298 K. To determine the isotope effect of this o-bond metathesis process,
several kinetic measurements were performed using deuterated silane (PhMeSiD»), giving a
rate constant kp = 3.4(3) x 104 L/(mol‘s). An approximate value of kg / kp = 1.1(1) can
be estimated, but the significant scatter in the experimental data does not allow meaningful
conclusions about the isotope effect of this reaction.

The actual hydrosilylation process was studied in benzene by monitoring the
consumption of PhMeSiH; at different concentrations of 1-hexene (in most cases kept in at
least five-fold excess relative to the silane, so that the decrease in olefin concentration
during the reaction is insignificant) and the catalyst precursor 1 (typically about 5% relative
to PhMeSiHj3). The linear dependence of In[PhMeSiH3] vs. time over the whole range of
initial concentrations of 1 and 1-hexene (Figure 4) suggests a first order rate law with
respect to the silane, as expected from the mechanism of Scheme 1. The dependence of the
overall rate on the olefin concentration was probed by conducting several kinetic runs at
different 1-hexene concentrations (ranging from 0.33 to 4.01 mol/L). The observed rate
constant was found to be practically independent of the olefin concentration (Figure 5),
again consistent with the proposed mechanism which implies zeroth order with respect to

olefin.



87

In([YMe]/[YMe] )

-1.2 | | | |
0 2000 4000 6000 8000

Time, s

Figure 2. Pseudo-first order plots for disappearance of 1 at different PhMeSiH»

concentrations (298 K, benzene-dg).
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The dependence of the observed rate constant on the initial concentration of 1, however,

was found to deviate significantly from the expected linear correlation for a first-order rate
law with respect to yttrium catalyst (Figure 6). Precipitation of insoluble yttrium hydride
dimer at later stages of the reaction, which can irreversibly remove some of the active
catalyst from the solution, is one possible cause of the saturation behavior observed at
higher catalyst concentrations. Alternatively, an order of 1/2 would lead to a qualitatively
similar behavior, and can be explained if the concentration of the active yttrium species in
the rate-determining step is controlled by an equilibrium leading to dimer formation. An
example of such half-order dependence on catalyst concentration has been reported for the
hydrogenation of olefins catalyzed by Cp*-organolanthanide complexes,39 a
mechanistically very similar process. In the latter hydrogenation, the half-order
dependence was rationalized by invoking a fast equilibrium between the reactive metal alkyl
intermediate and an inactive dimeric (alkyl bridged) species. Interestingly, the
corresponding catalytic hydrosilylation process using the same catalysts, is reported to
exhibit regular first order dependence on catalyst concentration.”* Although in our system
no evidence is available to suggest that 1 itself could form a dimer in solution, the dimeric
nature of the hydride 2, as well as the existence of many examples of dimeric alkyl and

mixed hydrido-alkyl yttrium species in the literature, >4

suggests that such equilibria are
not to be ignored. The complexity of the system, however, and uncertainty in the structure
of the active species, prevent us from formulating a more detailed mechanistic picture at this
time.

To avoid the potential effects of the insolubility of the yttrium hydride dimers in
benzene on the kinetics of the hydrosilylation process, several runs were also performed
using THF-dg as a solvent. The consumption of PhMeSiH, was followed at different
yttrium catalyst precursor concentrations, while keeping the 1-hexene concentration

constant. A plot of In[PhMeSiH;] vs. time, however, showed that an observable decrease

in the reaction rate occurs after some period of time (Figure 7), which is likely due to
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catalyst decomposition in the THF solvent. Unlike the approximately half-order rate law

observed in benzene, however, the dependence of the observed rate constant on the catalyst
precursor concentration in the initial period was found to be linear (Figure 8), suggesting a
first order rate law (k = 1.1(1) x 10-3 L/(mol*s) at 298 K) with respect to catalyst precursor
when the reaction is conducted in THF. The observed rate constants in THF are lower than
those in benzene, which is consistent with the idea that the catalytically active species is a

coordinatively unsaturated complex, and THF coordination can inhibit its reactivity.

Conclusions

We have explored the hydrosilylation activity of some yttrium complexes with
bis(silylamido)biphenyl ligands and have performed kinetic and mechanistic investigations
of this catalytic process. Although hydrosilylation catalysis by dO transition metal
complexes is well known, most of the research on such catalysts has traditionally been
done using cyclopentadienyl ligands. The present system is the first to demonstrate the use
of non-Cp ligands in the catalytic hydrosilylation of olefins by a d¥ metal. Mechanistic
investigations indicate that this hydrosilylation occurs by the mechanism generally accepted
to operate for other d0 systems, involving fast olefin insertion into the reactive metal
hydride bond, followed by a slow metathesis reaction with a silane molecule. As with the
Cp-based systems studied earlier, the diamido catalyst 1 exhibits a high regioselective
preference toward terminal addition in case of aliphatic olefins. However, a lower
preference for 2,1-addition in case of aromatic olefins was observed, presumably due to the
different steric requirements of the bis(silylamido)biphenyl ligand as compared to the bis-
Cp systems. The [DADMB]Y catalyst is also reactive enough to allow a secondary silane
such as PhMeSiH> to be employed in the hydrosilylation, in addition to the more typically
employed PhSiH3. Significantly, the enantioselectivity observed with the enantioresolved

[DADMBI]Y catalyst in the hydrosilylation of norbornene (90% ee) is impressively high for
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an unoptimized system, and compares favorably with some of the best late transition metal-

based catalysts.

Experimental Section

General. All reactions with air-sensitive compounds were performed under dry
nitrogen, using standard Schlenk and glove box techniques. Reagents were obtained from
commercial suppliers and used without further purification, unless otherwise noted.
Olefin-free pentane, benzene, and toluene were prepared by pretreating with concentrated
H»S0Oy4, 0.5 N KMnOy4 in 3 M H>SO4, NaHCO3 and finally anhydrous MgSO4. Solvents
(pentane, diethyl ether, benzene, toluene, tetrahydrofuran) were distilled under nitrogen
from sodium benzophenone ketyl. Benzene-dg and tetrahydrofuran-dg were distilled from
Na/K alloy. Commercial silanes, 1-hexene and PhCH=CH, were dried over molecular
sieves and distilled before use. Deuterated phenylmethylsilane was obtained by reduction
of PhMeSiCl; with LiAlD4 (98% D). The syntheses of 1 and 2 have been reported in
Chapter 2. Enantiopure (S)-2,2'-diamino-6,6'"-dimethylbiphenyl>> (99.9+% ee as
determined by polarimetry and HPLC) was provided by prof. A. Togni (ETH-Zurich).
NMR spectra were recorded at 300 or 500 MHz ('H) with Bruker AMX-300 and DRX-
500 spectrometers, or at 100 MHz (13C{1H}) with an AMX-400 spectrometer, at ambient
temperature and in benzene-dg, unless otherwise noted. Signal multiplicities are reported
as follows: s - singlet, d - doublet, t - triplet, q - quartet, qn - quintet, m - multiplet.
GC/MS data was obtained with a HP 6890 GC/MS system, equipped with a JW DB-XLB
column.

(S)-[DADMB]YMe(THF)32 (S-1). To a cold (0 °C) solution of (S)-2,2'-
diamino-6,6'-dimethylbiphenyl (0.68 g, 3.20 mmol) in THF (50 mL) was added dropwise
4.0 mL (6.4 mmol) of 1.6 M "BuLi. A white precipitate formed initially, but dissolved
completely after all of the MBuLi had been added. The solution was allowed to warm to

room temperature, and was then stirred for 3 h. A solution of tBuMe>SiCl (1.01 g, 6.72



mmol) in 10 mL of THF was then added dropwise. The mixture was heated at reflux for 1
h, which resulted in the formation of a white precipitate. After cooling to room
temperature, a second portion of "BuLi (4.0 mL, 6.4 mmol) was added and the mixture
was stirred overnight at room temperature. The THF was removed under vacuum to give
an oily white solid. Extraction with hexane (2 x 50 mL) gave a light yellow solution,
which was concentrated in vacuo until crystals appeared, and then cooled to -78 °C to
obtain 1.53 g (83%) yield) of (S)-Li)[DADMB]-(THF); as colorless crystals. |H NMR: §
7.06 (d,2 H,J =7.7Hz), 6.96 (t, 2 H, ] = 7.7 Hz), 6.48 (d, 2 H, J = 7.1 Hz biphenyl
H's), 3.26 (m, 4 H, THF), 3.06 (m, 4 H, THF), 1.99 (s, 6 H, Me), 1.24 (m, 8 H, THF),
1.17 (s, 18 H, 'BuMe;Si), 0.50 (s, 6 H, tBuMe;Si), 0.10 (s, 6 H, tBuMe,Si). 13C{1H}
NMR: o 157.5, 140.1, 133.2, 128.0, 121.8, 116.6, 68.6 (THF), 28.7 (CMe3), 25.4
(THF), 21.8, 21.7 (Me; CMe3), 1.0, -0.5 (tBuMe;Si). A portion of this product (1.28 g,
2.15 mmol) mixed with 0.91 g (2.22 mmol) of YCI3(THF)3 in 50 mL of THF and the
solution was heated at reflux for 3 h. The solvent was removed in vacuo and the resulting
white powder was extracted with hexane / THF mixture. The filtrate was concentrated to
about 15 mL and more hexane (20 mL) was added to initiate crystallization of the product
as a white precipitate. After cooling to -78 °C, the solution was filtered and the product
was then dried in vacuo to obtain 1.01 g (66% yield) of (S)-[DADMB]YCI(THF); as a
white crystalline powder. TH NMR: § 7.07 (d, 2 H), 6.95 (t, 2 H), 6.56 d, 2 H, aromatic
H), 3.73 (m, 4 H, THF), 3.42 (m, 4 H, THF), 1.88 (s, 6 H, Me), 1.24 (m, 8 H, THF),
1.11 (s, 18 H, tBuMe>Si), 0.52, 0.50 (s, 6 H each, tBuMe,Si). 13C{IH} NMR: § 152.4,
142.4, 130.5, 130.0, 123.5, 120.1 (aromatic C), 71.6 (THF), 28.3 (Me3C), 25.5 (THF),
22.3 (MeAr), 21.5 (Me3C), 1.8, -1.5 (Me3Si). A portion of this product (0.82 g, 1.15
mmol) was dissolved in 50 mL of THF, the solution was cooled in ice bath, and MeLi
(0.72 mL, 1.15 mmol) was added. The resulting pale yellow solution was allowed to
warm to room temperature and was stirred overnight, the solvents were removed in vacuo,

and the oily residue was extracted with 2 x 30 mL of hexane. The (S)-
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[DADMB]YMe(THF), product was isolated by crystallization at -78 °C (0.34 g, 43%

yield) as a white crystalline powder, mp 128 - 132 °C (cf. 145 - 150 °C for racemic 1). H
NMR: 6 7.07 (m, 2 H), 6.96 (m, 2 H), 6.57 (m, 2 H, aromatic H), 3.66 (m, 4 H, THF),
3.29 (m, 4 H, THF), 1.88 (s, 6 H, Me), 1.24 (m, 8 H, THF), 1.14 (s, 18 H, ‘BuMe>S1i),
0.53, 0.41 (s, 6 H each, tBuMeSi), -0.42 (d, 3 H, YMe). 13C{!H} NMR: § 153.2,
142.1, 131.1, 129.4, 123.4, 119.5, 70.9 (THF), 28.4 (Me3C), 25.5 (THF), 22.4
(MeAr), 21.7 (YMe), 21.7 (Me3C), 2.0, -1.9 (Me3Si).

Hydrosilylation of ethylene with PhSiH3. A sample of 1 (ca. 5 mg) was
dissolved in benzene-dg in a J. Young NMR tube. The tube was evacuated briefly and
refilled with CoHy (5 - 10 psi) several times. An excess of PhSiH3 (ca. 50 ul) was added.
After 20 min at room temperature, the silane was completely consumed and formation of
PhH>SiCH,>CH3 was observed. The NMR spectrum of PhH>SiCH>CH3 was consistent
with the literature data.*> A control sample not containing 1 revealed no reaction between
PhSiH3 and CoHy after 8 h.

Hydrosilylation of 1-hexene with PhSiH3. A sample of 1 (9.6 mg, 0.014
mmol) was dissolved in 0.8 mL of benzene-dg. To this solution were added 1-hexene (35
uL, 0.28 mmol) and PhSiH3 (35 uL, 0.28 mmol). Monitoring the reaction by |H NMR
spectroscopy showed that 80% conversion to products had occurred within the first 10 min
after mixing, corresponding to turnover rate of about 100 h-1. The spectrum of the
hydrosilylation product was consistent with that reported for the PhH,Si(CH2)sCH3
isomer.>* Analysis of the products was also performed by GC/MS, after quenching and
diluting the reaction mixture with pentane, which revealed the presence of a small amount
(ca. 8%) of the PhSiH>(CH)(CH3)(CH3)3CH3 isomer.

Hydrosilylation of 1-hexene with PhMeSiH;. A sample of 1 (10.0 mg,
0.015 mmol) was dissolved in benzene-dg (0.8 mL). To this solution were added 1-
hexene (36 uL, 0.29 mmol) and PhMeSiH; (40 uL, 0.29 mmol). An initial turnover rate

of 4.3 h-! was determined by following the disappearance of the starting materials by 'H
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NMR spectroscopy for the first 7000 s. The IH NMR spectrum and the GS/MS data

indicated exclusive formation of a single hydrosilylation product, identified as PhMeHSi-
(CHp)5CH3. 'H NMR: 8 7.50 (m, 2 H, Ph), 7.20 (m, 3 H, Ph), 4.58 (m, 1 H, SiH),
1.10 - 1.30 (m, 8 H, CH>), 0.87 (t, 3 H, CH3), 0.70 - 0.80 (m, 2 H, CH>), 0.26 (d,
3Jyu = 3.8 Hz, SiMe).

Hydrosilylation of PhCH=CH; with PhSiH3. A sample of 1 (9.6 mg,
0.014 mmol) was dissolved in 0.8 mL of benzene-dg. To this solution were added
PhCH=CH; (34 uL, 0.30 mmol) and PhSiH3 (35 uL, 0.28 mmol). An initial turnover
rate of 0.66 h-1 was determined by following the disappearance of the starting materials by
IH NMR spectroscopy for the first 12,000 s. After 3 days, ca. 80% conversion was
observed. Complete consumption of the starting materials was observed after 1 week. The
product ratio PhCH(CH3)SiHPh to PhCH>CH»SiH,Ph as determined by TH NMR
integration was 3.1:1. The NMR spectrum was consistent with the literature data.’* The
identity of the products was also confirmed by GC/MS (m/z = 212).

Hydrosilylation of PhCH=CH;, with PhMeSiH;. A sample of 1 (9.3 mg,
0.013 mmol) was dissolved in 0.8 mL of benzene-dg. To this solution were added
PhCH=CH; (31 uL, 0.27 mmol) and PhMeSiH; (37 uL, 0.27 mmol). An initial turnover
rate of ca. 0.12 h-1 was determined by following the disappearance of the starting materials
by 'H NMR spectroscopy over the first 80,000 s. After 2 days, 50% conversion was
observed. Starting materials were still present even after 10 days. The product ratio
PhCH(CH3)SiHMePh to PhCH,CH;SiHMePh as determined by !H NMR integration was
1.8:1. The identity of the products was also confirmed by GC/MS (m/z = 226), which also
showed the presence of both diastereoisomers of PhCH(CH3)SiHMePh, in 1.2 : 1 ratio.
IH NMR (some peaks overlap): 8 7.45 (m, 2 H, Ph), 7.32 (m, 2 H, Ph), 6.95-7.20 (m, 6
H, Ph), 4.50-4.55 (m, 2 H, SiH), 2.60 (t, 2 H, PhCH,CH>SiHMePh), 2.28-2.35 (m, 1
H, PhCH(CH3)SiHMePh), 1.30 (m, 3 H, PhnCH(CH3)SiHMePh), 1.05-1.10 (m, 2 H,
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PhCH,CH;,SiHMePh), 0.19 (d, SiMe(H), overlaps with PhMeSiH»), 0.12 (d, SiHMe, 3

H).

Preparative scale hydrosilylation of norbornene with PhSiH3. To a
solution of 1 (0.248 g, 0.36 mmol) and norbornene (1.13 g, 12.0 mmol) in 30 mL of
CgHg was added 1.50 mL of PhSiH3 (12.0 mmol) and the mixture was stirred at room
temperature for 48 h. The cloudy solution was diluted with 50 mL of Et;O and the
resulting mixture was poured into 75 mL of saturated aqueous NH4Cl. The organic layer
was separated, the aqueous layer was extracted with Et;O (3 x 50 mL), and the combined
Et0O extracts were dried over MgSO4 and then concentrated under vacuum. The resulting
oil was redissolved in 30 mL of hexane and filtered through a short silica column.
Removal of the volatiles with a rotovap produced 2.80 g (quantitative yield) of exo-
phenylsilylnorbornane as a colorless oil (pure by 1H NMR spectroscopy, containing some
residual solvents). Only the exo-isomer was produced, as identified by NOESY !H NMR
spectroscopy and GC/MS (m/z = 202). The NMR spectrum was in agreement with the
published literature data.? Using the same procedure, enantioselective hydrosilylation of
norbornene (0.77 g, 8.2 mmol) with PhSiH3 (1.0 mL, 8.2 mmol) in presence of (S)-
[DADMB]YMe(THF); (0.17 g, 0.25 mmol) produced 0.94 g of exo-
phenylsilylnorbornane.

Oxidation of exo-phenylsilylnorbornane to exo-norborneol. The
racemic product from the hydrosilylation of norbornene (2.80 g, ca. 12.0 mmol) was
dissolved in CHCl3 (140 mL), the solution was cooled in ice bath, and 4.1 mL of
HBF4-Et>,O was added. The reaction mixture was stirred for 3 h, the volatiles were
removed in vacuo and the residue redissolved in 1:1 CH30H / THF mixture (200 mL). To
this solution were added KF (3.75 g), KHCO3 (6.7 g) and 33 mL of 30% H>O;. The
mixture was stirred for 1 h at room temperature and then refluxed overnight, which resulted
in the formation of copius white precipitate. After reducing the volume of the solution in

vacuo, it was poured into 400 mL concentrated aqueous NaCl and the mixture was
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extracted with Et;O (3 x 100 mL). Removal of volatiles produced pale yellow oil, which

was purified by flash chromatography on silica using 3:1 pentane / EtoO mixture to give
0.75 g of racemic exo-norborneol as a white powder. Under the same reaction conditions,
oxidation of the enantioenriched exo-phenylsilylnorbornane product (0.94 g) afforded 0.20
g of exo-norborneol. The enantiomeric excess of the produced exo-norborneol was
measured to be 90.4 %, as determined by GC analysis with a chiral column (Supelco beta-
DEX 120, at 80°C, He eluent at 1.4 mL/min flow)34 at the laboratory of prof. A. Togni at

ETH-Zurich.

Kinetic measurements. Reactions were monitored by 'H NMR spectroscopy,
with a Bruker AMX300 spectrometer, using 5 mm Wilmad NMR tubes, equipped with J.
Young Teflon screw caps. Liquid reagents were measured using a 100 uL. Hamilton gas-
tight syringe. The total volume of the reaction solution was determined by measuring its
height in the precalibrated NMR tube. The samples were frozen in liquid N> immediately
after preparation, and defrosted just before being placed in the preshimmed probe, which
was preheated at 25 °C. Single scan spectra were acquired automatically at preset time
intervals. The peaks were integrated relative to ferrocene as an internal standard. Rate
constants were obtained by non-weighted linear least-squares fits of the integrated first-
order rate law in logarithmic form, InC = InCg — Kpgt.

Kinetic study of the reaction of 1 with PhMeSiH>. Samples of 1 (12.3-
15.5 mg, 0.0179-0.0226 mmol) and CpyFe (1.0-3.0 mg) were weighed into an NMR tube
and dissolved in benzene-dg (0.9 mL). To the solution was added a known amount of
PhMeSiH;. The disappearance of the YMe signal as integrated with respect to the
ferrocene standard was monitored. Five kinetic runs were performed, using different
amounts of silane. The overall rate constant was determined by plotting the observed
pseudo-first order rate constant for the consumption of 1 vs. the concentration of

PhMeSiH5.
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Kinetic study of the hydrosilylation of 1-hexene with PhMeSiH; in

benzene-dg. Samples of 1 (9.6-32.7 mg, 0.014-0.048 mmol) and CpFe (0.5-3.0 mg)
were weighed into an NMR tube and dissolved in benzene-dg (ca 0.6 mL). Alternatively,
for accurate measuring of the amount of the catalyst precursor at low concentrations, a
standard solution of 1 was prepared by dissolving 30.6 mg (0.0445 mmol) of 1 in 3.0 mL
benzene-dg, and aliquots of this solution (50-800 ul) were used to prepare the NMR
sample. To the solution were added known volumes of 1-hexene (36.4-500 uL) and
PhMeSiH, (20-44 ul.). The consumption of PhMeSiH» was monitored by integrating the
SiH, signal against ferrocene. The observed pseudo-first order rate constants for silane
disappearance were determined at different olefin or yttrium methyl initial concentrations by
plotting In[PhMeSiH3] vs. time.

Kinetic study of the hydrosilylation of 1-hexene with PhMeSiH; in
THF-dg. Samples of 1 (8.2-18.6 mg, 0.012-0.042 mmol) and Cp,Fe (0.5-2.0 mg) were
weighed into an NMR tube and dissolved in THF-dg (ca 0.5 mL). To this solution were
added 1-hexene (150 uL, 1.20 mmol) and PhMeSiH; (40 uL, 0.29 mmol). The

consumption of PhMeSiH; was monitored by integrating the CH3z signal against ferrocene.
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Chapter 4

Bis(silylamido) Complexes of Zirconium
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Introduction

Chelating and multidentate amido ligandsl'18 have recently emerged as a viable

19-21

alternative to the traditionally used cyclopentadienide ligands in the chemistry of early

transition metals. Complexes of d0 metals can be used as catalysts for olefin

19-27 28-32 33-39 and

polymerization, silane dehydropolymerization, olefin hydrosilylation
related transformations. It has been recognized that modifying the electronic and steric
environment at the metal center affects significantly the reactivity of the complex, and
coordinative unsaturation and high electrophilicity have been invoked as a requirement for
increased reactivity in dO systems.

Chapters 2 and 3 described our studies on the structure and reactivity of silylamido
yttrium complexes containing the [DADMB]?- ligand (DADMB = 2,2'-bis(tert-butyl-
dimethylsilylamido)—6,6'—dimethylbiphenyl),1 and their application as olefin hydrosilylation
catalysts.39 In a continuing effort to explore the properties of C>-symmetric chelating
silylamides as ancillary ligands for early transition metals, this chapter describes our

investigations of a number of zirconium complexes of these ligands, based on biphenyl or

binaphthyl backbones.

Results and Discussion

The lithiated silylamine Lio)[DADMB]-2THF (1) was prepared as previously
described.! The analogous binaphthyl compound, Lio,[DMBN]-2THF (2), was obtained
using the same procedure (eq 1), starting from diaminobinaphthyl (see Experimental

Section).

OO "’NH2 1) "BulLi

_

NHy _
OO 2) 'BuMe,SiCl

SiMe,'Bu
/

“NLi-THF
(1)
NLi-THF
\

SiMe,'Bu
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Figure 1. ORTEP diagram of {[DADMB]ZrCl»}7 (3).
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Reaction of 1 with ZrCly in refluxing THF (eq 2) produced the zirconium complex

{[DADMB]ZrCl;}7 (3), isolated in 82% yield from pentane solution. The solid state
structure of 3 (Figure 1) was determined by X-ray crystallography. Compound 3
crystallizes as a centrosymmetric dimer, with two bridging chloride ligands and one
terminal chloride per zirconium. The zirconium centers adopt a distorted trigonal-
bipyramidal geometry. The two bridging u-Cl ligands asymmetrically bridge the zirconium
centers, resulting in inequivalent Zr—Cl,, bond lengths of 2.575(1) and 2.733(1) A. For
comparison, the terminal Zr—Cl; bond length is 2.412(1) A. The close Zr—Cips, distance
(2.529(4) A) and the small Zr-N—Cjpso angle (93.4(2)°) suggest the presence of Zr-carbon
bonding interactions with one of the biphenyl rings, as is often found in complexes of this
type.g”4 Similar dimeric chloride bridged structures have often been determined or

suggested for zirconium dichloride complexes.9’12’40

/SiMeztBu
“NLi-THF 2rCly

—_—

Nl\_i'THF THF, reflux
SiMe,'Bu

1 3

The binaphthyl analogue, [DMBN]ZrCl,-THF (4; DMBN = 2,2'-bis(tert-butyl-
dimethylsilylamido)-1,1'-binaphthyl) was prepared in 95% yield from 1 and ZrCly under
the same reaction conditions. A notable difference in the properties of 3 and 4 is the
tendency of 4 to coordinate one equivalent of THF, which could not be fully removed even
after repeated recrystallization.

The reactivity of 3 and 4 as olefin polymerization catalysts when activated with
MAO (500 equiv) was investigated. Both complexes were active towards ethylene
polymerization (at 40-50 psi CoHy, toluene solution, room temperature), with activities of

4.59 kg/(mol-h-atm) for 3 and 4.17 kg/(mol-h-atm) for 4, but no measurable polymer
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formation was observed with other olefins (1,3-butadiene, propylene) under the same

conditions. This rather low reactivity is similar to that of other MAO-activated amido
complexes (cf. 64 kg/(mol-h) for {MeZSi(NCMe3)2}ZrC12(THF)2,12 13 kg/(mol-h-atm)
for {(CgH3)2-2,2'-(NCH,CgH4'Bu-4)5-6,6'-Mes } Zr(CH,Ph),,2 2.9 kg/(mol-h-atm) for
[Ti(Me3SiNCH>CH,NSiMe3)Clo]*! ) but is much lower than the best group 4 metallocene
/ MAO polymerization catalysts, which show activities often exceeding 1 x 103
kg/(mol-h),zo’21 and lower than many catalysts with amido or alkoxide ligands (cf.
{Zr[RN(Me,SiCH>CH;SiMe,)NR](NMes)2} (R = 2,6-MexCgH3) 990 kg/(mol-h-atm),26
2,2'-S(4-Me,6-'BuCcH20),TiClp 4740 kg/(mol-h),27 {CsMe4SiMerNBu}ZrCly up to
2750 kg/(mol-h)*?)

Attempts to isolate alkyl derivatives of 3 by reaction with MeMgBr, MeLi or
PhCH,>MgBr resulted in the formation of yellow oils that were difficult to handle and
characterize, due apparently to the very high solubility of the alkylated products. The
analogous complexes of 4, however, were found to be less soluble and thus easier to
isolate and characterize. The benzyl derivative [DMBN]Zr(CH,Ph), (5) was obtained as a

yellow foamy solid by reaction of 4 with two equivalents of PhCH»K (eq 3).

CO /SiMegtBu
N PhCH.K

ZICly THF ——————
/

SON
\
SiMe,'Bu

4 5

The benzylic protons in 5 give rise to two doublets in the H NMR spectrum at
2.24 and 2.09 ppm (?Jgy = 10 Hz), with the ZrCH,Ph carbon appearing at 72.1 ppm in
the 13C NMR spectrum (1Jcyg = 110 Hz). These NMR shifts are consistent with n!-

coordination of the benzyl group and within the typical range reported for Zr benzyl

complexes. 11-13,24,26,27,42,43
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The methyl derivative [DMBN]ZrMe,-THF (6) was isolated by reaction of 4 with two

equivalents of MeLi as a black foamy solid (apparently contaminated with dark colored
byproducts, not observable by NMR). The methyl groups in 6 give rise to a singlet at 0.55
ppm in the 'H NMR spectrum, with the carbon atom appearing at 47.0 ppm (1Jcy = 105
Hz) in the 13C NMR spectrum, consistent with the values typically reported for ZrMe
species. | 1+13:26.27

No reaction was observed between S or 6 and ethylene (in benzene-dg) after 3 h at
room temperature, and heating the reaction mixtures at 80 °C resulted in decomposition
with no evidence for polymer formation. Similarly, no reaction was observed between 5
and PhSiH3 or Hp (in benzene-dg) after 2 days at room temperature, and heating at 80 °C
resulted in decomposition of 5 in both systems.

While the reaction of 6 with B(CgF5)3 gave an intractable mixture of products, the
reaction of § with B(CgFj5)3 resulted in clean benzyl abstraction (eq 4) and formation of the
zirconium complex [DMBN]Zr(CH,Ph)[m%-PhCH,B(CgF5)3] (7), isolated in 71% yield.
The 'H NMR spectrum of 7 shows the presence of two inequivalent tBu groups, which
suggests anion coordination leading to a non-C» symmetric structure in solution. Such
coordination has been often observed in other analogous zwitterionic zirconium
spe:(:ic=,s.12’l3’24’25 2742-45 Tpe ZrCH,Ph group gives rise to two doublets at 2.14 and
1.58 ppm (?Jgy = 11 Hz) in the |H NMR spectrum, and a signal at 73.6 ppm (1Jcyg = 121
Hz) in the 13C NMR spectrum of 7 (cf. 1.95 ppm, 52.5 ppm, Jcy = 122.5 Hz for the
ZrCH,Ph group in {Mezsi(NCMeg)g}Zr(CHzPh)[n6-PhCH2B(C6F5)3]12). The
BCH,Ph methylene group appears at 2.8-3.2 ppm (br m) in the |H NMR spectrum, and
the 13C NMR shift for the BCH,Ph carbon is at 38.5 ppm (cf 3.36 and 36.2 ppm in
{Me,Si(NCMe3); }Zr(CH,Ph)[m®-PhCH,B(CgF5)3]). A variable temperature NMR study
of 7 in toluene-dg showed that coalescence of the signals from the ‘Bu groups occurs at

300 K, which corresponds to an activation energy barrier of 63 kJ mol-! (15 kcal mol-1) for
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anion dissociation. This value is very similar to that of 13.8 kcal/mol reported for [(1,2-

Me,Cp)2ZrR][CH3B(CgF5)3] (R = CHyCMes, CH2$iMe3).46

SIMeg S|Me2 Bu
N . CH Ph
_CHyPh CGF5)3 Zr 2 (4)
“CH,Ph N y
2 B(CeFs)3
SIMeg

S|Me2 Bu
7

The solid state structure of 7 was determined by X-ray diffraction (Figure 2). As
usually found in such cationic complexes, the borane anion is closely associated with the
metal cation, the PhACH,B group being coordinated to the Zr atom in an 10 fashion. The
distance between the plane of the Cg ring and the Zr atom is 2.325(6) A, similar to that in
other related complexes.43’47 All Zr—C distances are similar (ranging from 2.675(7) to
2.773(6) A), which suggests an 10 rather than an n# or lower coordination mode. The
remaining benzyl group is ! coordinated to the metal (Zr—C—C angle of 132.7(4)°), with
no evidence for agostic or Zr - aromatic ring interactions. There are close contacts,
however, between the Zr atom and the ipso carbons of both binaphthyl rings, with an

average Zr—C distance of 2.567(6) A and a Zr-N-Cipso angle of 91.5(3)".
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>

)
Ly

Figure 2. ORTEP diagram of [DMBN]Zr(CH,Ph)[n%-PhCH,B(CgF5)3] (7). The C4Fs5

groups of the borane anion have been omitted for clarity.
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Reaction of 7 with ethylene (room temperature, 5-10 psi) resulted in fast formation

of a new complex within 15 min, presumably an ethylene insertion product, as observed by
IH NMR (8 0.84, 0.62 (s, 9 H each, Bu), -0.24, -0.26, -0.54, -0.76 (s, 3 H each,
Me;Si), other peaks obscured). The formation of ethylene oligomers was also detected
after 3 h (by 'H NMR spectroscopy). Unlike compounds 3 and 4, however, complex 7
produced no measurable amount of polyethylene when tested under the same conditions
(without MAO cocatalyst). Similar rapid single insertion of a-olefins, but limited
polymerization activity has been reported for the analogous complex {Me>Si(NCMe3), }Zr-
(CHzPh)[1r]6-PhCH2B(C6F5)3].12 This may be contrasted to the high polymerization
activity reported for (MepCsHz)ZrMe[MeB(CgFs)3] 6800 kg/(mol-h-atm),?>*
{Me3SiN(CH,CH,NSiMe3);, }Zr(CH,Ph)[n®-PhCH»B(CgF5)3] 330 kg/(mol-h),13
Cp*Zr(CH,Ph)»[n6-PhCH,B(CgFs)3] 88 keg/(mol-h),*? and others.”>*7*8

Compound 7 was also observed to react rapidly with 1-hexene (by 'H NMR
spectroscopy), presumably forming an insertion product (8 0.37, 0.78 (s, ‘Bu, 9 H each),
-0.22, -0.26, -0.40, -0.70 (s, Me»Si, 3 H each), other peaks obscured), with only a small
amount of hexene oligomers found after 1 day. Attempt to conduct the reaction in neat 1-
hexene, at room temperature, did not result in formation of measurable amounts of
polymer. No reaction occurred between 7 and PhMeC=CHj.

An attempt to abstract a methyl group from 6 using Ph3CB(CgF5)4 in
dichloromethane-d; solution as observed by 'H NMR resulted in a new set of peaks,
assignable to a cationic zirconium species (8 0.99, 0.96 (s, 9 H each, 'Bu), 0.25, 0.22,
0.14 (m, 12 H total, Me;Si), -0.37 (s, 3 H, ZrMe), other peaks obscured). This in situ
generated cation, however, also did not show observable olefin polymerization activity, as
no polymer was formed when excess of 1-hexene was added to the reaction mixture (24 h,
room temperature). In addition, no polymer formation occurred on exposure of neat 1-

hexene to a mixture of 6 and Ph3CB(CgF5)4.
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The reaction of 5 with Ph3CB(CgF5)4 in benzene-dg or dichloromethane-ds

resulted in a mixture of products, as observed by 'H NMR spectroscopy. Addition of an
excess 1-hexene to this solution did not result in polymer formation (2 h, room
temperature). However, a catalyst generated in situ from 5 and Ph3CB(CgF5)4 (1:1 molar
ratio) was found to polymerize hexene when exposed to neat olefin (in the presence of ca.
10% toluene, to improve catalyst solubility). The polymer formed was shown by gel
permeation chromatography (GPC) to have an My, value of 2384 (M, = 1720) and a
polydispersity of 1.39. This molecular weight is much lower than those obtained with
other recently reported chelating diamide and alkoxide based catalysts (cf. (MeN(CH>)3-
NMe)Ti(2,6-PryCcH3); + Ph3CB(CgFs)4 and related systems up to My, = 239
100,'0-1149 [(tBu-d)N-0-CHy),01ZrMe(PhNMe))[B(C6Fs)4] My, = 45 000, {1,1'-
(2,2',3,3'-0C19H5SiMePhy)}ZrCly / MAO M, = 674 00027 ). The activity of the 5/
Ph3CB(CgFj5)4 catalyst mixture for ethylene polymerization, 5.10 kg/(mol-h-atm), was not

significantly different from those for the MAO-activated dichlorides 3 and 4.

Conclusions

A series of zirconium chloride and alkyl complexes with chelating silylamido
ligands have been synthesized and studied. The polymerization activity of the MAO-
activated dichlorides towards ethylene was found to be relatively low, as compared to both
Cp and non-Cp based catalytic systems. Reaction of the benzyl and methyl derivatives
with Lewis acids results in alkyl abstraction and formation of zwitterionic species. Anion
coordination has been shown to occur both in solid state and in solution for the zwitterionic
complex 7. The activity of non-Cp olefin polymerization catalysts has already been seen to
depend on multiple factors, including ligand steric bulk and electrophilicity, type of
cocatalyst, coordination affinity of the counter-anion in case of cationic species, solvent
polarity, etc. It has been observed that MAO-activated catalysts are usually more active

than the borane-activated species, in which anion coordination can significantly inhibit
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polymerization activity, a non-coordinating anion leading to more reactive catalytic site.

While the silylamido complexes presented in this chapter exhibit reactivity in agreement
with these general trends, they are apparently not promising in terms of application as

olefin polymerization catalysts.

Experimental Section

General. All reactions with air-sensitive compounds were performed under dry
nitrogen, using standard Schlenk and glove box techniques. Reagents were obtained from
commercial suppliers and used without further purification, unless otherwise noted.
Olefin-free pentane, benzene, and toluene were prepared by pretreating with concentrated
H»S0Oy4, 0.5 N KMnOy4 in 3 M H>SO4, NaHCO3 and finally anhydrous MgSO4. Solvents
(pentane, diethyl ether, benzene, toluene, tetrahydrofuran) were distilled under nitrogen
from sodium benzophenone ketyl. Benzene-dg was distilled from Na/K alloy. ™BuLi was
used as a 1.6 M solution in hexanes, as supplied by Aldrich, and MeLi as a 1.6 M solution
in Ety0, as supplied by Alpha Aesar. Li[DADMB]-2THF (1),! diaminobinaphthy1,°%-!
B(C6F5)3,5 2 and Ph3CB(C6F5)45 3 were prepared according to published literature
procedures. NMR spectra were recorded at 300 or 500 MHz (1H) with Bruker AMX-300
and DRX-500 spectrometers, or at 100 MHz (13C{!H}) with an AMX-400 spectrometer,
at ambient temperature and in benzene-dg, unless otherwise noted. Signal multiplicities are
reported as follows: s - singlet, d - doublet, t - triplet, q - quartet, qn - quintet, m -
multiplet. Elemental analyses were performed by the Microanalytical Laboratory at UC
Berkeley or by Desert Analytics. Infrared spectra were recorded with a Mattson Infinity 60
MI FTIR spectrometer, as KBr pellets. The molecular weight distributions (vs.
polystyrene standards) for polyhexene were measured with a Waters Associates
chromatograph equipped with a refractive index detector and a PLgel Su mixed-D column

using THF as a mobile phase.
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Li;[DMBN]-2THF (2). DABN (6.90 g, 24.3 mmol) was dissolved in 250 mL

of THF and the solution cooled in ice/water bath. Two equivs of "BuLi (32 mL, 51 mmol)
was added dropwise with a syringe, with vigorous stirring. The solution turned cloudy
and gradually changed from almost colorless through reddish yellow, to bright yellow-
orange, with formation of an orange precipitate. After the mixture was stirred at room
temperature overnight, a solution of ‘BuMe;SiCl (8.31 g, 53.5 mmol) in 70 mL of pentane
was added. The solution was heated at reflux for 6 h, which resulted in formation of a
white precipitate, and was then left to cool slowly overnight. Removal of the volatiles in
vacuo yielded a brownish foamy oil, which was extracted twice with pentane (200 and 50
mL). After filtration, the pentane extracts were concentrated to about 50 mL, and 40 mL of
THF was added. "BuLi (32 mL, 51 mmol) was added at room temperature, resulting in
the formation of a bright yellow-greenish crystalline precipitate. The volatiles were
removed and the solid product was washed with pentane (2 x 50 mL) and dried in vacuo to
give 15.0 g (92% yield) of 2. 'H NMR: § 7.53 (m, 6 H), 6.91 (m, 4 H), 6.79 (m, 2 H,
binaphthyl H), 2.86 (m, 8 H, THF), 1.11 (s, 18 H, ZBuMe>Si), 1.09 (m, 8 H, THF),
0.54 (s, 6 H, tBuMeSi), 0.13 (s, 6 H, tBuMe,Si). 13C{IH} NMR: § 155.8, 138.7,
128.6, 128.5, 128.1, 127.7, 127.4, 126.5, 122.0, 120.9 (binaphthyl C), 68.5 (THF),
28.7 ((CH3)3C), 25.1 (THF), 21.3 ((CH3)3C), 1.1 ((CH3)2Si), -0.4 ((CH3)2Si). IR (cm-
1): 3056 (w), 2952 (s), 2927 (s), 2857 (s), 1618 (s), 1596 (s), 1510 (m), 1469 (s), 1403
(s), 1343 (s), 1285 (s), 1250 (s), 1148 (w), 990 (m), 941 (w), 830 (s), 775 (m), 746 (m).
Anal. Calcd. for C49H58N7Li205Si7: C, 71.82; H, 8.74; N, 4.19. Found: C, 71.52; H,
8.76; N, 4.03.

{IDADMB]ZrCl3}> (3). To a mixture of Li)[DADMB]-2THF (1) (3.42 g,
5.72 mmol) and ZrCly (1.40 g, 6.01 mmol) was added 200 mL of THF. The clear, yellow
solution was heated at reflux for 20 h. The solvent was removed in vacuo and the resulting
oily solid was extracted with pentane (3 x 80 mL). Concentration of the pentane extracts

and cooling to -78 °C produced a yellow crystalline precipitate, which was isolated and
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dried in vacuo to give 3.16 g (82%) of 3, containing about 1 equiv of residual THF (by 'H

NMR integration). Recrystallization of 2.88 g of the product from pentane gave 1.35 g of
the THF-free complex. !H NMR: 8 7.17 (d, 2 H), 7.05 (t, 2 H), 6.80 (d, 2 H, aromatic
H), 1.87 (s, 6 H, MeAr), 0.96 (s, 18 H, ‘BuMe;Si), 0.04 (s, 6 H, 'BuMe;Si), 0.03 (s, 6
H, tBuMe;Si). 13C{!H} NMR: § 139.4, 138.2, 137.0, 130.4, 129.6, 128.1 (aromatic
C), 27.6 ((CH3)30), 21.1 ((CH3)3C), -1.6 ((CH3)2Si), -3.5 ((CH3),Si). IR (cm-1): 3052
(W), 2952 (s), 2927 (s), 2856 (s), 1580 (s), 1465 (s), 1305 (s), 1236 (s), 1036 (m), 960
(m), 830 (s). Anal. Calcd for CogH4oN2Si>ClyZr: C, 51.97; H, 7.05; N, 4.66. Found:
C, 51.78; H, 7.24; N, 4.43.

[DMBN]ZrCl(THF) (4). A mixture of 2 (2.51 g, 3.75 mmol) and ZrCly
(0.92 g, 3.95 mmol) in 80 mL of THF was heated at reflux for 6 h. The volatiles were
removed in vacuo and the yellow solid residue was extracted with Etp0 (2 x 50 mL). The
filtrate was concentrated to 15 mL and cooled to -78 °C. The resulting crystalline
precipitate was washed with pentane and dried in vacuo, to obtain 2.57 g of product in two
crops (95% yield). 'H NMR: § 7.62 (m, 2 H), 7.51 (m, 2 H), 7.43 (m, 2 H), 7.08 (m, 2
H), 7.01 (m, 2 H), 6.91 (m, 2 H, binaphthyl H), 3.61 (m, 4 H, THF), 1.39 (m, 4 H,
THF), 0.994 (s, 18 H, ‘BuMe;Si), 0.15 (s, 6 H, BBuMe»Si), -0.25 (s, 6 H, 'BuMe;Si).
I3C{IH} NMR: & 138.9, 134.4, 132.8, 131.8, 129.6, 129.0, 128.9, 128.1, 127.6, 126.3
(binaphthyl C), 70.1 (THF), 27.7 ((CH3)3C), 25.8 (THF), 19.9 ((CH3)3C), -1.6
((CH3)3Si), -2.4 ((CH3);S1). IR (ecm-1): 3056 (w), 2953 (s), 2927 (s), 2882 (m), 2855
(s), 1618 (s), 1596 (s), 1509 (m), 1469 (s), 1404 (s), 1391 (s), 1344 (s), 1285 (s), 1250
(s), 1211 (m), 1148 (m), 993 (s), 938 (s), 831 (s), 812 (s), 776 (s), 746 (s), 672 (m).
Anal. Calcd. for C3gH50N20S1,ZrCly: C, 58.03; H, 6.76; N, 3.76. Found: C, 56.45; H,
6.69; N, 3.50. Satisfactory elemental analysis data could not be obtained due to partial
desolvation.

[DBMN]Zr(CH3Ph)> (5). A mixture of 4 (0.60 g, 0.80 mmol) and KCH>Ph

(0.22 g, 1.68 mmol) was dissolved in 25 mL of benzene at room temperature. The red
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insoluble KCH,Ph was consumed within 20 min resulting in the formation of a cloudy

yellow solution. After 45 min the benzene was removed in vacuo and the solid residue was
extracted with hexanes (2 x 30 mL). The filtrate was concentrated to 10 mL and cooled to
-78 °C to give a voluminous oily yellow precipitate. The product was isolated by filtration
at -78 °C and dried in vacuo to give 0.31 g of a yellow foamy solid (50% yield). The lack
of crystallinity prevented purification of the product by recrystallization. 1H NMR:  7.61
(m, 4 H), 7.32 (m, 2 H), 7.22 (m, 3 H), 7.06 (m, 4 H), 6.99 (m, 2 H), 6.89 (m, 2 H,
aromatic H), 2.24 (d, 2 H, 2Jgy = 10 Hz, ZrCH,Ph), 2.09 (d, 2 H, 2Jgy = 10 Hz,
ZrCH;Ph), 0.68 (s, 18 H, ‘BuMe;Si), -0.06 (s, 6 H, tBuMe;Si), -0.19 (s, 6 H,
tBuMe;Si). 13C{!H} NMR: § 144.8, 140.1, 134.7, 131.5, 131.1, 130.2, 130.0, 129.2,
128.7, 128.7, 127.9, 127.0, 125.6, 123.4 (aromatic C), 72.1 (ZrCH,Ph, 1Jcyg = 110
Hz), 27.3 ((CH3)3C), 19.9 ((CH3)30), -1.2 ((CH3)2Si), -2.3 ((CH3)3Si). IR (cm!):
3055 (w), 3016 (w), 2951 (s), 2927 (s), 2881 (m), 2854 (s), 1617 (w), 1593 (s), 1470
(m), 1389 (w), 1343 (m), 1249 (s), 1207 (s), 1146 (m), 1030 (m), 991 (s), 938 (m), 865
(m), 834 (s), 810 (s), 744 (s), 697 (m), 670 (m). Anal. Calcd. for C46Hs56N2Si2Zr: C,
70.44; H, 7.20; N, 3.57. Found: C, 67.70; H, 7.16; N 3.78.

[DMBN]ZrMe,(THF) (6). To a solution of 4 (0.60 g, 0.80 mmol) in 30 mL
of EtpO was added 1.1 mL of MeLi (1.7 mmol) at room temperature. The mixture turned
dark brown within 30 min. After stirring for 1 h, the volatiles were removed in vacuo and
the resulting black solid was extracted with a 1:1 hexanes / benzene mixture (75 mL). The
filtrate was dried in vacuo to obtain 0.41 g of dark brown foamy solid. The lack of
crystallinity prevented purification of the product by recrystallization. 1H NMR: § 7.6 (m,
6 H), 7.0 (m, 4 H, binaphthyl H), 3.56 (m, 4 H, THF), 1.24 (m, 4 H, THF), 0.98 (s, 18
H, ‘BuMe>Si), 0.55 (s, 6 H, ZrMe3), 0.22 (s, 6 H, tBuMe;Si), -0.30 (s, 6 H, tBuMe,Si).
I3C{1H} NMR: & 138.6, 134.6, 131.9, 131.1, 129.7, 128.9, 128.7, 128.5, 128.3,
127.9, 127.6, 127.4, 125.6, 124.5 (binaphthyl C), 69.3 (THF), 47.0 (Zr(CH3);, Jcy =
105 Hz), 27.6 ((CH3)3C), 25.6 (THF), 19.6 ((CH3)3C), -1.4 ((CH3)2Si), -2.8
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((CH3),Si). IR (cm-l): 3056 (w), 2951 (s), 2928 (s), 2880 (s), 2853 (s), 1616 (w), 1590

(w), 1500 (w), 1470 (m), 1422 (m), 1345 (m), 1261 (s), 1249 (s), 1224 (s), 1148 (m),
1034 (m), 998 (s), 939 (m), 834 (s), 775 (s), 748 (s), 677 (m). Anal. Calcd. for
CsgH;56N2Si»ZrO: C, 64.80; H, 8.01; N, 3.97. Found: C, 56.95; H, 6.72; N, 3.72.

[DMBN]Zr(CHPh)[®-PhCH,B(C¢F5)3]:3.5C¢Hg (7). A mixture of 5
(0.169 g, 0.215 mmol) and B(CgF5)3 (0.11 g, 0.215 mmol) was dissolved in 15 mL of
benzene. The solution immediately turned bright orange. After the mixture was stirred for
30 min at room temperature, the solvent was removed in vacuo and the remaining orange
powder was washed with hexanes and dried to obtain 0.24 g of product (71 % yield). 'H
NMR: & 8.05 (m, 1 H), 7.70 (m, 2 H), 7.19 - 7.41 (m, 5 H), 7.02 (m, 4 H), 6.90 (m, 3
H), 6.80 (m, 2 H, aromatic H), 2.8 - 3.2 (br m, 2 H, BCH,Ph), 2.14 (d, 1 H, 2Jgg = 11
Hz, ZrCH,Ph), 1.58 (d, 1 H, 2Jgyg = 11 Hz, ZrCH,Ph) 0.83 (br s, 9 H, ‘BuMe;Si), 0.76
(br s, 9 H, 'BuMe»Si), -0.27 (s, 6 H, tBuMe;Si), -0.54 (s, 6 H, tBuMe,Si). 13C{1H}
NMR: 6 150.1, 150.0, 150.0, 148.2, 148.1, 140.4, 138.8, 136.9, 129.3, 128.9, 128.7,
128.6, 128.3, 128.2, 128.1, 128.0, 128.0, 128.0, 127.9, 127.2, 124.2 (aromatic C),
73.6 (ZrCH,Ph, 1Jcy = 121 Hz), 28.0 ((CH3)3C), 27.5 ((CH3)3C), 20.0 ((CH3)30),
38.5 (BCH,Ph), 0.24 ((CH3),S1), -0.72.((CH3)2Si). IR (cm1): 3050 (w), 2956 (s),
2932 (s), 2898 (m), 2859 (s), 1640 (w), 1598 (s), 1458 (s), 1382 (w), 1263 (s), 1208
(m), 1151 (m), 1084 (s), 981 (s), 935 (m), 835 (s), 814 (s), 776 (m), 750 (m), 677 (m).
Anal. Calcd. for CgsH77N2Si2ZrBF;5: C, 65.04; H, 4.94; N, 1.78. Found: C, 58.93; H,
4.46; N 2.16. Loss of solvent of crystallization is likely responsible for deviation in the
elemental analysis data.

Ethylene polymerization. A sample of the zirconium complex (ca. 0.03 mmol)
and a 500-fold excess of MAO (ca. 15 mmol) were dissolved in 20 mL of toluene and the
solution was transferred to a high-pressure glass reaction vessel. The mixture was
pressurized with ethylene at 40-50 psi for 1 h at room temperature. The reaction was

stopped by venting the ethylene gas and pouring the solution into a mixture of 100 mL
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CH30H, 100 mL H70O and 50 mL conc. HCI. The precipitated polyethylene was separated

by filtration, washed several times with CH30H, H»>O and acetone, and dried under
vacuum overnight.

1-hexene polymerization. A sample of § (7.0 mg, 0.01 mmol) and
Ph3CB(CgF5)4 (10 mg, 0.01 mmol) was dissolved in 0.2 mL of toluene. To the resulting
bright orange solution was added 1.0 g of neat 1-hexene. The mixture spontaneously
heated up. The reaction was stopped after 90 min by addition of 5 mL of THF containing a
few drops of conc. HCI. The polymer formed was washed twice with 30 mL of H,O and
dried in vacuo for 24 h at room temperature to give 0.78 g of polyhexene (78% isolated
yield) as viscous colorless oil. TH NMR (chloroform-d): § 1.26 (m), 1.07 (m), 1.01 (m),
0.90 (m), olefinic signals at 5.36, 4.70. 13C{!H} NMR (chloroform-d): § 40.46, 34.81,
32.60, 28.93, 23.46, 14.41, olefinic signals at 125.5, 128.4, 129.2.

X-ray structure determinations. X-ray diffraction measurements were made
on a Siemens SMART diffractometer with a CCD area detector, using graphite
monochromated Mo-K, radiation. The crystal was mounted on a glass fiber using
Paratone N hydrocarbon oil. A hemisphere of data was collected using w scans of 0.3°.
Cell constants and an orientation matrix for data collection were obtained from a least-
squares refinement using the measured positions of reflections in the range 4 < 20 < 45°.
The frame data were integrated using the program SAINT (SAX Area-Detector Integration
Program; V4.024; Siemens Industrial Automation, Inc.: Madison, WI, 1995). An
empirical absorption correction based on measurements of multiply redundant data was
performed using the programs XPREP (Part of the SHELXTL Crystal Structure
Determination Package; Siemens Industrial Automation, Inc.: Madison, WI, 1995) or
SADABS. Equivalent reflections were merged. The data were corrected for Lorentz and
polarization effects. A secondary extinction correction was applied if appropriate. The
structures were solved using the teXsan crystallographic software package of the Molecular

Structure Corporation, using direct methods, and expanded with Fourier techniques. All
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non-hydrogen atoms were refined anisotropically and the hydrogen atoms were included in

calculated positions but not refined unless otherwise noted. The function minimized in the

full-matrix least-squares refinement was Sw(IF|-IF.l)2. The weighting scheme was based

on counting statistics and included a p-factor to downweight the intense reflections.
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Appendix A

Kinetic and Crystallographic Data for Chapter 1
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Table 1. Observed pseudo-first order rate constants for disappearance of 5 at different

phenylsilane concentrations.

[PhSiH3] or [PhSiD3], mol/L

105 x kopg(H), s°1

105 x kobs(D), s7!

0.5052
0.6278
0.6683
0.7395
0.79514
0.8676
1.0000
1.1011
1.2230
1.2846
1.3454
1.4786
1.4830
1.5873
1.5880

2.750

3.530

4.674

5.485

a) Conducted in presence of 1 equiv of 9.

4.283

5.388

6.573
7.639
8.818
10.176
10.501

10.890

Table 2. Observed pseudo-first order rate constants for disappearance of 5 at different

concentrations of (CH»)3SiH».

[(CH»)3SiH2], mol/L 105 x Kops, s°!
0.01058 12.23
0.02136 26.15
0.03217 39.04
0.04414 56.85
0.05399 64.58
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Table 3. First order rate constants for decomposition of 9 and 9-d3, at different starting

concentrations, using initial rates. (The data point in brackets was rejected as an outlier.)

[9] or [9-d3], mol/L 104 x kobs(H), s71 104 x kobs(D), 57!
0.00524 1.106 -
0.0168 1.087 -
0.0210 - 1.305
0.0214 - 1.296
0.0256 - 1.267
0.0262 1.107 -
0.0302 - 1.292
0.0359 1.073 -
0.0413 1.076 -

{0.0425} - {1.172}
0.0581 - 1.260
Average: 1.090(16) 1.284(19)

Table 4. First order rate constants for decomposition of 9, at five different temperatures.

Each value of k is an average of two measurements, except that at 60.6 °C, for which five

measurements were available.

T, °C k, s

24.95 9.81(55) x 10-7
34.75 4.47(28) x 10-6
44.84 1.657(49) x 10-3
60.60 1.090(16) x 10-4
75.93 6.73(29) x 10-4
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Compound 4 6-1/2Et,0 7
(a) Crystal Parameters:
Formula Co7H3eNCISiTa  C39H53N30( 5SiTa Co9HyoN»ISiTa
Formula weight 633.08 780.90 754.60
Color, habit red prisms yellow prisms yellow feathers
Size (mm) 0.1x0.1x0.05  02x0.15x0.2  0.20 x 0.06 x 0.03
Crystal system monoclinic monoclinic monoclinic
Space group P2y/c (#14) P21/mn (#14) P21/mn (#14)
Reflections used for 6427 5758 5209
unit cell refinement
a(A) 8.4514(2) 11.1996(3) 9.7141(3)
b (A) 35.9638(7) 19.8252(6) 18.5350(5)
c(A) 8.8435(1) 16.7141(4) 17.0915(3)
o () 90 90 90
B () 103.489(1) 103.039(1) 102.968(1)
v ) 90 90 90
V (A3) 2613.78(8) 3615.4(2) 2998.9(1)
Z 4 4 4
Dealc (g.cm3) 1.609 1.435 1.671
Fooo 1264.00 1596.00 1480.00
43.64 31.01 47.49

w(MoKg) (cm-1)



Temp. (°C)

Measuring time per
frame (s)

Total reflection
Unique reflections
Rint

Empirical absorption
correction:

UR, Tmin - Tmax

Secondary extinction
coeff.

Observations
(I>30(1))

Variables

Reflection /
parameters ratio

R = ZlIF,-IF/ZIF,|
Rw = [(Cw(IFyl-
IF:)2/ZwF,2)]1/2

Goodness of fit
([EW(IFgl-IF:)2 / (No-
Ny1172)

p-factor

Max and min peaks in
final diff. map (e”/A3)

(b) Data Collection:

-93 -140

30 30
10611 15068
3864 5865
0.047 0.038
0.04 0.1

0.832 - 0.944 0.717 - 0.825
1.7 x 10-7 1.9 x 10-7

(c) Refinement:

2919 4796
290 400
10.07 11.99
0.032 0.031
0.039 0.041
1.50 1.73
0.031 0.030
0.57 / -0.65 0.76 / -1.12

130

-112
20

12447
4419
0.066
0.2
0.618 - 0.862

None

2402

307
7.82

0.041

0.043

1.22

0.030
1.38 /-1.36
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Table S (cont). Crystallographic data for compounds 9 and 12.

Compound 9 12
(a) Crystal Parameters:
Formula C34H47N3SirTa C36H41N2Si1»TaCly
Formula weight 720.88 809.79
Color, habit colorless needles yellow plates
Size (mm) 0.15x0.15 x0.2 0.22 x 0.1 x 0.1
Crystal system monoclinic triclinic
Space group P21/c(#14) P1 (#2)
Reflections used for 6170 6295
unit cell refinement
a(A) 10.3865(3) 10.8920(2)
b (A) 15.4846(5) 11.0713(2)
c(A) 20.2605(6) 15.7408(1)
a () 90 70.675(1)
BC) 99.563(1) 76.885(1)
v 90 76.588(1)
V (A3) 3213.2(2) 1718.89(4)
Z 4 2
Dcalc (g.cm™3) 1.490 1.564
Fooo 1464.00 812.00
w(MoKg,) (cm-1) 35.15 34.46



Temp. (°C)

Measuring time per
frame (s)

Total reflection
Unique reflections

Rint

Empirical absorption
correction:

UR, Tmin - Tmax

Secondary extinction
coeff.

Observations
(I>30(1))
Variables

Reflection /
parameters ratio

R = ZlIF,-IFM/ZIF,|
Rw = [Ew(IFyl-
IF:)2/ZwF2)]1/2

Goodness of fit
([EwW(IFl-IFN)2 / (No-
Ny)1172)

p-factor

Max and min peaks in
final diff. map (e-
/A3)

(b) Data Collection:

-146

30

15451
5895
0.026
0.3
0.417 - 0.478

6.3 x 10-8

(¢) Refinement:

4934

356

13.86

0.019

0.030

1.29

0.030

0.77 /1 -0.52

-110

30

7320

4855

0.032

None

None

4528

396

11.43

0.024

0.033

1.37

0.030

1.20 / -0.62

132
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- NSiMe3]Cl (4)
Structural data for Cp*Ta[=N(C¢H3zMe),
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H(21) 0.5772 0.0800 0.4410
H(22) 0.1870 0.0750 1.0592
H(23) 0.2208 0.0326 1.0705
H(24) 0.0431 0.0471 1.0312
H(25) 0.3453 -0.0072 0.9457
H(26) 0.3990 -0.0143 0.7920
H(27) 0.2383 -0.0314 0.8163
H(28) 0.3338 0.0037 0.5080
H(29) 0.1975 0.0229 0.3849
H(30) 0.1596 -0.0129 0.4674
H@31) 0.0747 0.0843 0.3676
H(32) -0.0903 0.0677 0.3831
H(@33) -0.0369 0.1068 0.4506
H@34) -0.1299 0.1006 0.7918
H(35) -0.0516 0.1265 0.6891
H(36) 0.0299 0.1217 0.8644

Beq = 8/3 n2(U11(2a*)2 + Ua(bb*)2 + U33(cc*)? + 2U 1 2(aa*bb*)cosy + 2U1 3(aa*cc*)cosp +

2U»3(bb*cc*)cosa)

Table 7. Anisotropic Displacement Parameters
for Cp*Ta[=N(CgH3Me),NSiMe3|CI (4).

atom Ui U2 Uss U2 Ujs
Ta(1) 0.0257(2) 0.0213(2) 0.0243(2) -0.0022(1) 0.0065(1)
Cl(1) 0.034(1)  0.033(1)  0.042(1)  0.0068(9)  0.0096(9)
Si(1) 0.033(1)  0.027(1)  0.025(1)  -0.0025(9) 0.011(1)
N(1) 0.0454)  0.022(4)  0.0203)  -0.001(3)  0.006(3)
N(2) 0.0253)  0.027(4)  0.017(3)  0.001(3)  0.005(3)
c(1) 0.036(5)  0.032(5) 0.014(4)  0.0024)  0.012(3)
Cc®) 0.044(5)  0.045(5)  0.0204)  0.014(4)  0.0104)
Cc(3) 0.032(5)  0.068(7)  0.035(5)  0.006(5)  -0.003(4)
C(4) 0.035(5)  0.047(6)  0.033(5)  -0.0044)  0.013(4)
C(5) 0.027(4)  0.029(4)  0.034(5)  0.000(4)  0.003(4)
C(6) 0.0304)  0.018(4)  0.0204)  0.001(3)  0.008(3)
C(7) 0.026(4)  0.025(4)  0.0304)  -0.001(3)  0.014(3)
C(8) 0.031(5)  0.028(5)  0.039(5)  -0.001(4)  0.013(4)
C(9) 0.044(5)  0.017(4)  0.044(5)  0.0044)  0.018(4)
C(10) 0.027(5)  0.022(4)  0.059(6)  0.006(4)  0.011(4)
C(11) 0.026(4)  0.024(5)  0.039(5)  -0.002(3)  0.000(4)
C(12) 0.025(4)  0.024(4)  0.027(4)  -