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Abstract: Reactions of imido com-  substantially. Kinetic  NMR experi- niobium complexes [NbCp(=NAr)-

plexes [M(Cp)(=NR')(PR"3),] (M=YV,
Nb) with silanes afford a plethora of
products, depending on the nature of
the metal, substitution at silicon and
nitrogen and the steric properties of
the phosphine. The main products are
[M(Cp)(=NR')(PR)(H)(SIR,Cl; )]

M=V, Nb; R'=2,6-diisopropylphenyl
(Ar), 2,6-dimethylphenyl (Ar')),
[Nb(Cp)(=NR')(PR"3)(H)(SiPhR;)]

(R,=MecH, H,), [Nb(Cp)(=NR)-
(PR";)(CI)(SiHR,Cl,_,)] and [Nb(Cp)-
(m*-N(R)SiR,~H-)(PR";)(Cl)]. Com-
plexes with the smaller Ar’ substituent
at nitrogen react faster, as do more
acidic silanes. Bulkier groups at silicon
and phosphorus slow down the reaction

ments supported by DFT calculations
reveal an associative mechanism going
via an intermediate N-silane adduct
[Nb(Cp)[=N(—SiHCIR,)R'}(PR"5),]

bearing a penta-coordinate silicon
centre, which then rearranges into the
final products through a Si—H or Si—Cl
bond activation process. DFT calcula-
tions show that this imido-silane
adduct is additionally stabilized by a
Si—H---M agostic interaction. Si—H acti-
vation is kinetically preferred even
when Si—Cl activation affords thermo-
dynamically more stable products. The

Keywords: agostic bonding .
group S - hydrides - imido - silicon

(PMe;)(H)(SiR,Cl)] (R=Ph, CI) are
classical according to X-ray studies, but
DFT calculations suggest the presence
of interligand hypervalent interactions
(IHI) in the model complex [Nb(Cp)
(=NMe)(PMe;)(H)(SiMe,Cl)]. The
extent of Si—H activation in the
B-Si—H-~M agostic complexes [Cp{n’
N(R")SiR,—H--}]M(PR"3)(Cl)] (R"=
PMe,;, PMe,Ph) primarily depends on
the identity of the ligand trans to the
Si—H bond. A trans phosphine leads to
a stronger Si—H bond, manifested by a
larger J(Si—H) coupling constant. The
Si—H activation diminishes slightly
when a less basic phosphine is em-
ployed, consistent with decreased back-
donation from the metal.

[a] Dr. N. H. Rees, Dr. S. R. Dubberley, Prof. P. Mountford
Department of Chemistry, University of Oxford, Chemistry
Research Laboratory, Mansfield Road, Oxford OX1 3TA (UK)
Fax: (+44)8165-272-690

E-mail: philip.mountford@chem.ox.ac.uk

Dr. G. I. Nikonov

Chemistry Department, Brock University

500 Glenridge Ave., St. Catharines, ON, L2S 3 A1 (Canada)
Fax: (+1)905-682-9020

E-mail: gnikonov@brocku.ca

[c] A. A. Merkoulov, Dr. G. I. Nikonov

Department of Chemistry, Moscow State University

Vorob’evy Gory, 119992, Moscow (Russia)

Prof. Dr. S. K. Ignatov, Dr. A. G. Razuvaev

Department of Chemistry, University of Nizhny Novgorod

23 Gagarin Avenue, Nizhny, Novgorod 603950 (Russia)
Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.

Introduction

The imido-ligand (RN)?*" is isolobal with the ubiquitous
cyclopentadienyl ligand Cp~ and has been extensively em-
ployed for the systematic design of new ligand environ-
ments.['! For example, Cp/imido, bis(imido) and alkoxyimido
ligand sets have been widely used for the preparation of
metallocene-like catalysts for olefin polymerization,” dehy-
drogenative polymerization of silanes®! and olefin metathe-
sis. In addition to its role as a supporting ligand for reac-
tive groups elsewhere in a metal’s coordination sphere, such
as silyl and hydride ligands,®*! the unsaturated and polar
M=NR bond itself can act as a potent reaction site towards
addition reactions with saturated and unsaturated sub-
strates.!”!
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Despite the extensive chemistry now known for transition
metal imido compounds, the direct coupling of silane mole-
cules with M=NR linkages has been little explored. There is
significant current interest in the study of metal catalyzed
Si—E (E=C, Si, O, N, S) bond cleavage/formation process-
es”! with a particular emphasis on Si—C® and Si—O bonds."!
However, very little is known about metal mediated Si—N
bond formation.’*'” The products of apparent Si—H addi-
tion across a M=N multiple bonds have been observed by
Tilley et al.’#1%l and Fryzuk et al.'® Silyl group migration
from a silylamide ligand to metal to generate a M=NR
imido linkage and its reversal, silyl migration from the metal
to the imido ligand, have been postulated in only a few
cases.’#1®! For the related M=O functionality, silane addi-
tion to give a hydride-silyloxy product has been very recent-
ly documented for a titanocene complex!'!! and postulated
for a rhenium(V)-dioxo catalyst for aldehyde hydrosilyla-
tion,'”” although the latter result was subsequently ques-
tioned on the basis of mechanistic studies of a related
system.!"

Our interest in this field initially stemmed from the desire
to extend the study of interligand hypervalent interactions
(IHI) M—H--Si—X (X=F, Cl, Br, I) in niobocene silyl hy-
drides to other ligand environments.'*!>!¢/ We then turned
to the Cp/imido ligand set, which had proved to be isolobal
with the Cp, ancillary,™!” and found that [Ta(Cp)(=NAr)-
(PMe;),]  (Ar=2.,6-diisopropylphenyl)  reacted  with
HSiClMe, to afford the silylhydrido complex [Ta(Cp)
(=NAr)(SiCIMe,)(H)(PMe;)] with THI (Scheme 1).1! Sur-
prisingly, the reaction of the niobium congener [Nb(Cp)
(=NAr)(PMe;),] (1) with HSiMe,Cl gave the B-agostic sily-
lamido compound [Nb(Cp){n’-N(Ar)SiMe,—H:-}(Cl)(PMe;)]
(2b) (Scheme 1), a product of Si—N bond formation.!'®!" In
related work, it has been recently found that reactions of
the isolobal bis(imido) complex [Mo(=NAr"),(PMe;);]
(Ar’'=2,6-dimethylphenyl) with HSiClMe, and HSiCl,Me
afford only the -Si—H--Mo agostic complexes [Mo(=NAr')-
[7’-N(Ar)SiMe,~H-}(Cl)(PMe;),] and [Mo(=NAr){n>-N-
(Ar)SiMeCl-H-}(Cl)PMe,),.”) The latter reactions are
rare examples of formal silane addition to a nitrogen based
ligand.['"

Intrigued by this diversity, we set out to explore in more
detail how different factors (in particular the nature of the
phosphine, the substitution(s)
at silicon and the R group on
nitrogen) influence the course
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Scheme 1. Reactions of [M(Cp)(=NAr)(PMe;),] (M=Nb, Ta) with
HSiClMe,.

new silane/imido coupling mechanism. The results of our
studies of Nb and V systems are reported herein. Part of
this work has been briefly communicated.”””

Results and Discussion

The reactions of [Nb(Cp)(=NAr)(PMe;),] (1) with silanes:
The reaction between [Nb(Cp)(=NAr)(PMe;),] (1) and si-
lanes crucially depends on the identity of substituents at sili-
con. While 1 reacts with HSiMe,Cl to give the agostic com-
plexes 2b and 2b’ as the only observed thermodynamic
products (Scheme 1), the analogous reactions of silanes
HSIiCIR, (R,=CIMe, Cl,, Ph,) with more electron-withdraw-
ing R groups at Si lead exclusively to silyl hydride deriva-
tives 3d—f (Scheme 2).”*! These compounds were character-
ized by spectroscopic methods and X-ray structure analyses
of 2b,"™ 3e, 3% and 3g. In particular, agostic species give
rise to high-field hydride resonances in the '"H NMR spectra
in the range —2 to —7 ppm and to low frequency Si—H—Nb
bands in the range 1620-1670 cm™', both features are char-
acteristic of complexes with nonclassical Si—H interac-
tions.”!?! The presence of agostic Si—H-+M bonding is con-

. <o
of these reactions, the products | HSIXRR' | PMe; Clo.,, I|\I o PMe, Me;P-..,, I|\] o al
‘forméd and‘the ext‘ent of any //Nb‘{ PMe; e //Nb\—H andor P andvor e
interligand interactions there- AN PMe;  pentane SiRR EAN NG
. . . Sl ht
in.”! During these studies, we RR' RR'
discovered that in all silane ad-
dition reactions of the d?> com- 1 3ac-g Zbye 2'bye
plexes  [M(Cp)(=NR)(PR’),] X o aoa o a
(M=V, Nb, Ta) the imido RR MePh MeMe MePh CLMe CLCI PhPh H.Ph
ligand demonstrates a surpris-

b c d e f g

ingly non-innocent behaviour,
with the reactions going via a
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Scheme 2. The interaction of diphosphine complexes 1 with various silanes.
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clusively established by the measurement of large H—Si cou-
pling constants (range 96-130 Hz) in the *Si NMR.? In the
"H NMR spectra of silyl hydride complexes 3 the hydride
resonates in the range 1.65-3.00 ppm, down-field shifted as
a result of the anisotropy of the Nb=N bond.*! The hydride
bands in the IR spectra are observed in the range 1616—
1681 cm™!, which is shifted by 50-100 cm™ to a lower fre-
quency, compared with isolobal niobocene complexes.*
Unfortunately, the *Si NMR signals and H-Si coupling con-
stants are not observable in this case®! to establish the pres-
ence of any nonclassical interaction between the silyl and
hydride ligands.

The rate of the reaction in Scheme 2 crucially depends on
the Lewis acidity of the silane to be almost instantaneous
for HSiCl; and to require hours for monochlorosilanes. The
chlorine-free silane H,SiMePh does not react with 1 unless
the PMe; released is constantly removed from the reaction
mixture. Thus, overnight purging of the solution of 1 and
H,SiMePh in toluene with nitrogen gave [Nb(Cp)(=NAr)-
(PMe;)(H)(SiHMePh)] (3a) as a mixture of two diastereo-
mers. In contrast, no reaction occurs upon the addition of
HSiMe,Ph to 1, even if an overnight purging of nitrogen gas
is applied, whereas the more Lewis acidic and smaller silane
H,SiPh reacts with 1 over the course of several minutes, af-
fording the silylhydride 3g. The reaction of 1 with HSiPh,Cl
is much slower than that with HSiMe,Cl. It takes four days
to achieve 50 % conversion in an NMR tube reaction to pro-
duce the resultant compound [Nb(Cp)(=NAr)(PMe;)(H)-
(SiPh,Cl)] (3f). This compound does not transform into an
agostic species, even upon long standing at room tempera-
ture. Even the bulkier silane HSiiPr,CI does not react with 1
(in C,Dg, hexane, or ether) over the course of several weeks.
The silane HSiMePhCl is unique in that both the agostic
complex [Nb(Cp){n’-N(Ar)SiMePh—H-}(Cl)(PMe;)] (2¢)
and the silylhydride derivative [Nb(Cp)(=NAr)(PMe;)(H)-
(SiPhMeCl)] (3¢) are formed. Both these products were ob-
tained as a mixture of two pairs of diastereomers, owing to
the presence of two chiral centres (the metal and the silicon
atoms).

The compounds 3d and 3e are stable for at least several
weeks when isolated from the reaction mixture. However,
monitoring the reaction of 1 with HSiMeCl, by '"H NMR re-
veals that in the mother liquor the initially formed product
3d transforms into the CI/H exchange product [Nb(Cp)(=
NAr)(PMe;)(H)(SiHMeCl)] (4d) over the course of several
hours (Scheme 3). The identity of the latter compound was

mother ligour
| .~PMe; mother ligour | .-PMe; te | .-PMe;
Nb—H Nb—Cl Nb—Cl
Z N\ 2N\ C A
ArN /SJCIR ArN /SiClR ArN Cl
Cl H
3d,e R = Me Cl 4d,e 5

d e

Scheme 3. Product 3d is initially formed in the mother liquor and trans-
forms into the CI/H exchange product 4d over the course of several
hours.
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established by spectroscopic methods. In particular, the
presence of the SiMeH fragment is supported by the obser-
vation in the "M NMR spectrum of a Si—H signal at
6.24 ppm (q, J(H-H)=3.3 Hz) coupled to the methyl group.
A Si—H band is seen in the IR spectrum at 2145 cm™'. The
compound 3e slowly decomposes in solution at room tem-
perature in the presence of PMe; to give [Nb(Cp)(=NAr)-
(PMes)(Cl),] (5). An intermediate exhibiting a Si—H hydride
signal at 7.24 ppm (d, J(P-H)=3 Hz) and tentatively as-
signed the rearranged species [Nb(Cp)(=NAr)(PMe;)(Cl)-
(SiHCl,)] (4e) was observed in the 'H NMR spectrum of
the reaction mixture kept at room temperature for 18 h.

The X-ray structure of complex [Nb(Cp)(=NAr)-
(PMe;)(H)(SiCly)] (3e) is shown in Figure 1. This compound

Figure 1. Molecular structure of 3e. Hydrogen atoms, apart from the hy-
dride, are omitted for clarity. Selected interatomic distances [A] and
bond angles [°]: Nb1-P1 2.534(3), Nb1-Sil 2.541(4), Nb1-N1 1.795(6),
Si1—CI1 2.088(5), Si1—CI2 2.094(7), Si1—CI3 2.098(5), Nb1-H1 1.91(4),
Sil—H1 2.32, P1-H1 2.39, Nb1-N1-C6 172.7(6), P1-Nb1-Sil 121.98(12),
P1-Nb1-N1 88.6(2), Sil-Nb1-N1 98.8(2), Nb1-Sil-CI1 113.7(3), Nb1-Sil-
CI2 116.05(19), CI1-Si1-CI2 104.3(3), Nb1-Sil-CI3 116.8(2), CI1-Si1-CI3
99.1(2), CI2-Si1-CI3 104.8(3).

is similar to the previously communicated molecular struc-
ture of complex 3% and to the tantalum complexes
[Ta(Cp)(=NAr)(PMe;)(H)(SiMe;_,Cl,)] (n=1, 2).1%%! The
Nb—Si bond length of 2.541(4) A is close to the Nb—Si
bonds in [Nb(Cp),(SiCls),(H)] (2.5597(5) and
2.5776(5) A).*) Unlike [Ta(Cp)(=NAr)(PMe;)(H)-
(SiMeCl,)]®! and the isolobal titanium complex [Ti(Cp),-
(SiClLy)(H)(PMe;)],™ there are no significant differences in
the Si—Cl bond lengths within the trichlorosilyl group (a
narrow range of 2.088(5)-2.098(5) A is observed), which in-
dicates the absence of any interligand hypervalent Si--H in-
teraction.*1%%3%1 The same conclusion applies to complex
3f%2 and the isolobal niobocene species [Nb(Cp),-
(SiCLy),(H)].®! Such lack of IHI can be ascribed either to
the diminished basicity of the hydride or to increased hyper-
conjugation between the chloride lone pairs and the
0*(Si—Cl) antibonding orbital of the chlorine atom lying

Chem. Eur. J. 2008, 14,296 -310
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trans to the hydride.’**! However, the latter explanation ap-
pears to be less likely in light of the nonclassical structure of
[Ti(Cp),(SiCl)(H)(PMe;)], which featured Si—Cl distances
of 2.1606(14) (Si—Cl trans to Ti—H), 2.1090(14) and
2.1036(12) A9

The X-ray structure of complex [Nb(Cp)(=NAr)-
(PMe;)(H)(SiPhH,)] (3g) is shown in Figure 2. Compared
with the related compounds 3e and 3f, the Nb—Si bond of
2.591(1) A is elongated due to the weaker electron-with-
drawing nature of substituents at silicon. In classical niobi-
um silyl complexes, the Nb—Si bond lengths fall in the range
2.624 —2.669(1) A3

Figure 2. Molecular structure of 3g. Hydrogen atoms, apart from the hy-
dride, are omitted for clarity. Selected interatomic distances [A] and
bond angles [°]: Nbl-N1 1.816(3), Nbl-P1 2.5236(9), Nbl-Sil
2.5908(10), Si1—C18 1.900(3), Nb1—H 1.74(3), Si1—H27 1.34(5), Si1—H28
1.54(4), NI-Nbl-P1 89.45(8), NI1-Nbl-Sil 97.66(8), C18-Sil-H27
104.5(18), C18-Si1-H28 99.5(14), Nb1-Si1-C18 114.92(10), Nb1-Sil-H27
120.4(19), Nb1-Sil-H28 116.3(13), H27-Si1-H28 98(2).

The reactions of [Nb(Cp)(=NAr')(PMe;),] with silanes: Re-
actions of less sterically encumbered diphosphine precursors
[Nb(Cp)(=NAT1)(PMes),] (6) (Ar =2,6-dimethylphenyl)
with silanes (Scheme 4) afford the same types of products,
but are much faster than in the case of Ar-substituted series
3a,cf and 2b,c. The reaction of 6 with HSiMe,Cl gives only
one isomer of the agostic compound [Nb(Cp){n’-N-
(Ar)SiMe,—H-}(Cl)(PMe;)] (7b, PMe; trans to H) within

[ HSiXRR' MesPe... | .Cl | o
Nb( " PMes Ar'N/ Nb and\or //Nb\\ H
ArN PMe; N A'N” SRR’
RR' X
6 7Tb,e,fh 8a,c-f
X H Cl Cl Cl Cl
R,R" Me,Ph  MeMe Me,Ph CILMe  Ph,Ph
a b ¢ d f

Scheme 4. The reactions of less sterically encumbered diphosphine precursors with silanes.
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5-8 min."® An analogous reaction with the bulkier silane
HSiMePhCl occurred within 35 min to give the [-agostic
compound [Nb(Cp){n’-N(Ar)SiMePh—H:-}(Cl)(PMe;) (7¢)
as a mixture of two diastereomers that differed in the orien-
tation of the Ph or the Me group at Si. One of these isomers
is predominant (95% yield), but the exact stereochemistry
could not be established. On heating at 60°C, these isomers
do not interconvert, but rather decompose into two uniden-
tified products.

In contrast to the case for [Nb(Cp)(=NAr)(PMe,),]
(Scheme 2), the reaction of 6 with HSiPh,Cl gives not only
the silylhydride product [Nb(Cp)(=NAr")(PMe;)(H)-
(SiPh,Cl)] (8f) but also (in about 20% yield) the f-agostic
compound [Nb(Cp){n’-N(Ar)SiPh,~H:)(Cl)(PMe;) (7).
Compound 7f, which was isolated and fully characterized,
shows a characteristic higher-field-shifted Cp signal at
4.79 ppm and a hydride signal at —2.45 ppm in its 'H NMR
spectrum. The reaction of [Nb(Cp)(=NAr')(PMe;),] with
H,SiMePh cleanly gives two diatereomers of the silylhydride
[Nb(Cp)(=NAr")(PMe;)(H)(SiPhMeH)] (8a).

An NMR tube scale reaction of 6 with HSiMeCl, gives a
complex reaction mixture in which the signals of the main
components, [Nb(Cp)(=NAr")(PMe;)(H)(SiMeCl,)] (8d)
and [Nb(Cp)(=NAr")(PMe;)(Cl)(SiMeHCl)] (9d), are seen
in approximate 1:1 ratio. Interestingly, a minor set of reso-
nances attributable to the B-agostic product [Nb(Cp){n’-N-
(Ar)SiMeCl-H-)(Cl)(PMe;)] was also observed; a Cp
signal at 4.74 ppm and Si—H--Nb hydride signal at —2.96 (d,
J(P—-H)=12Hz). An NMR tube scale reaction of 6 with
HSiCl; afforded a complex reaction mixture that contained
[Nb(Cp)(=NATr")(PMe;)(H)(SiCl;)] (8e) as well as a range
of uncharacterized products. A preparative scale reaction
was not attempted.

In contrast to the case for 1, the compound [Nb(Cp)
(=NAr")(PMe;),] does react slowly with HSiiPr,Cl, produc-
ing the agostic compound [Nb(Cp){n’-N(Ar)SiiPr,~
H-}(Cl)(PMe;) (7h) characterized by a Cp signal at
478 ppm and the up-field Si—H--Nb signal at —3.89 ppm.
The reaction was 17 % complete overnight and about 50 %
complete after 4 days, based on integration of the Cp
region. Unfortunately, attempted preparative scale reactions
also produced inseparable side-products, which hampered
the isolation of the product.

The reactions of [Nb(Cp)(=NR)(PPhMe,),] with silanes: To
determine the effect of phos-
phine substituents, a new di-

phosphine complex [Nb(Cp)

N PMes (=NR)(PPhMe,),] (10) was pre-

andhor T pared and its reactions with si-

H lanes were studied (Scheme 5).

A 1:1 reaction of 10 with HSi-

od Me,Cl gives a mixture of com-

ACl pounds [Nb(Cp)(=NR)-

Pry (PPhMe,)(H)(SiMe,Cl)] (11b)
h

and [Nb(Cp){n’-N(Ar)SiMe,—
H-}(Cl)(PPhMe,) (12b) and is
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| HSiCIRR' | .-PMe,Ph Clo,, | ..-PMe,Ph

PN PMe,Ph NTH and\or /I‘}b\H

AN PMe,Ph AN KRR ArN\’S,/

1

Cl RR'

10 11b,d 12b
R,R" MeMe ClLMe
b d

Scheme 5. A study of the reactions of silanes with the diphosphine com-
plex 10.

significantly slower than the analogous reaction of 1. Thus,
after 29 h the ratio of 10:11b:12b was 30:3:1, which changed
to 7:1:1 after 4.5 days. A preparative scale reaction gave a
mixture in which the agostic complex 12b was the major
component along with some amount of [Nb(Cp)(=NAr)-
(PPhMe,)(H)(SiMe,Cl)] (11b).

The reaction of 10 with HSiMeCl, also proceeds more
slowly (about 15h in an NMR tube experiment) than the
analogous reaction of 1. The conversion of the initial prod-
uct 11d into the rearranged species [Nb(Cp)(=NAr)-
(PPhMe,)(Cl)(SiMeHCI)] (13d) is so sluggish that it takes
weeks for completion. A preparative scale synthesis of 13d
required four weeks, affording compound 13d in 12 % yield.

The reaction of the 2,6-dimethylphenyl imido analogue
[Nb(Cp)(=NAr)(PPhMe,),] (14) with HSiMe,Cl afforded
the p-agostic species [Nb(Cp){n>-N(Ar)SiMe,—H-}(Cl)-
(PMe,Ph) (15b) in 36 % isolated yield. Compound 15b was
characterized by spectroscopic methods and X-ray diffrac-
tion (Figure 3). The hydride ligand position was not deter-
mined. The structure of 15b is very similar to that previous-
ly determined for [Nb(Cp){n’-N(Ar")SiMe,—H--}(Cl)(PMe;)]
(7b)#32 and, as the latter, features the phosphine ligand

C22) ce2n

Figure 3. Molecular structure of 15b. Hydrogen atoms are omitted for
clarity. Hydride atom has not been determined. Selected bond distances
[A] and bond angles [°]: Nb1-N1 2.057(3), Nb1—CI1 2.4831(11), Nb1—P1
2.5966(13), Nb1-Sil 2.6794(12), Sil-N1 1.720(3), Si1—C6 1.867(5), Sil—
C7 1.865(4), N1-Nbl1-P1 93.57(10), N1-Nb1-CI1 101.12(9), N1-Nb1-Sil
39.93(9), C11-Nb1-Sil 96.69(4), P1-Nb1-Sil 132.95(4), N1-Si1-C6 117.3(2),
N1-Si1-C7 119.1(2), C6-Sil-C7 108.5(2), N1-Sil-Nbl 50.15(11), C6-Sil-
Nb1 119.04(17), C7-Si1-Nb1 130.05(17), Nb1-N1-Sil 89.93(15).
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trans to the agostic Si—-H bond. The Nb—Si distance of
2.6794(12) A in 15b is slightly longer than that in the related
complex [Nb(Cp){n’-N(Ar)SiMe,—H-}(C1)(PMe;)]  (2b,
2.646(1) A), which has a chloride ligand trans to the Si—H
bond. I¥ The difference in geometry corresponds well to the
difference in the Si—H coupling constant in 15b and 2b; the
trans phosphine induces a larger J(H-Si) (132 Hz in 15b
versus 96 Hz in 2b) and, presumably, stronger Si—H interac-
tion. It is interesting that in the isomers having chloride
trans to hydride the variation of phosphine does not signifi-
cantly affect the degree of Si—H:--M agostic bonding. Thus,
the J(H-Si) of 96 Hz in Cl-trans [Nb(Cp){n’-N(Ar)SiMe,~
H-}(Cl)(PMe;)] (2b) is comparable with the J(H-Si)=
100Hz in Cltrans [Nb(Cp){n’>-N(Ar)SiMe,~H:--}(Cl)-
(PMe,Ph)] (12b). Therefore, we can conclude that it is
mainly the trans-influence of the ligand trans to the
Si—H--M moiety that controls the extent of Si—H addition
to metal.

Reactions of [VCp(=NAr)(PMe;),] with chlorosilanes: In
contrast to its heavier Group 5 congeners, the vanadium
complex [VCp(=NAr)(PMe;),]* does not react with HSi-
Me,Cl over the course of several days. Even after heating to
60°C for an hour, there was no sign of reaction. In contrast,
the reaction with HSiMeCl, is fast and complete within
30 min, the spectroscopic features of the initial product are
consistent with its formulation as a silyl hydride
[VCp(=NAr)(PMe;)(H)(SiMeCl,)] (16). This product, how-
ever, is unstable at room temperature and decomposes into
the known paramagnetic compound [VCp(PMe;),(Cl),],”"
whose identity was established by X-ray diffraction analysis.
The reaction of [VCp(=NAr)(PMe,),] with HSiCl; gave a
mixture of products.

Mechanism of silane addition: The experimental data pre-
sented above clearly establish that reactions of complexes
[MCp(=NR)(PR;),] (M=V, Nb) with silanes a-h depend
on the identity of the metal, the substituent R at nitrogen,
the phosphine PR;" and the nature of the silane itself. Apart
from the Lewis acidity of the silane, steric considerations
appear to be the key factors controlling the rate of these re-
actions. In the Ar-substituted niobium compounds 1 and 10,
the reactions of the PMe; derivatives with CIHSiMe, occur
within a few hours, whereas several days are required in the
case of complexes with the bulkier phosphine PPhMe,. In
contrast, with the smaller imido N-substituent Ar’, the reac-
tions are fast both for the PMe; and PPhMe, homologues.
In fact, there appears to be an inverse correlation between
the basicity of the phosphine and the rate of the reaction
(complexes with the more basic PMe; react faster), and
therefore phosphine elimination is unlikely to be rate-deter-
mining. The bulky silane CIHSiiPr, does not react with
[Nb(Cp)(=NAr)(PMe;),], but a slow reaction with [Nb(Cp)-
(=NAr")(PMe;),] was observed in an NMR tube experiment.
The same sensitivity to steric factors is seen in the lack of
reaction between the vanadium diphosphine complex
[V(Cp)(=NAr)(PMe;),] and HSiMe,Cl. These observations
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are in accord with an associative mechanism, in which the
addition of silane precedes the elimination of phosphine.
The fact that more Lewis acidic silanes react much faster
also supports an associative mechanism (vide infra). Finally,
an important observation is that all rearrangement reactions
of the initially formed products are significantly accelerated
in the presence of phosphines. This suggests that a diphos-
phine species participates in the rearrangement even though
both the starting compound and product(s) contain only one
phosphine ligand.

To gain an insight into the mechanism of formation of the
B-agostic complex 2b, a set of 'H variable temperature
NMR investigations of the reaction of [Nb(Cp)(=NAr)-
(PMe;),] (1) with HSiMe,Cl were carried out. Addition of a
ten-fold excess of silane to 1 gives a mixture of the agostic
complex 2b and a new compound 3b, whose spectral fea-
tures are very close to those of the tantalum complex
[Ta(Cp)(=NATr)(PMe;)(H)(SiMe,Cl1)].'* Based on this anal-
ogy, this new product was assigned the structure [Nb(Cp)
(=NAr)(PMe;)(H)(SiMe,Cl)] (3b). In an hour, the ratio of
2b to 3b was about 1:1, with almost all of the 1 consumed.
Complex 3b is a kinetic product of the reaction and, if kept
in mother liquor at room temperature, transforms during
several hours into the thermodynamically more stable prod-
uct 2b. No signals for the possible “rearranged product”
[Nb(Cp)(=NAr1)(PMe;)(Cl)(SiMe,H)] were observed in the
reaction mixture. A spin saturation transfer experiment re-
vealed that all the key species (1, 2b, and 3b) present in the
reaction mixture were in equilibrium.

If excess silane HSiMe,Cl (about twenty equivalents) is
used, the decay of 1 at the early stage of reaction (/40—
50 min) follows pseudo-first-order kinetics with k,(21.5°C) =
9.8(4)x 107> min~!. Studying the reaction in the temperature
range —10 to +22°C allowed us to estimate the activation
parameters as AH*=9.7 (1.2)kcalmol™ and AS*=
—29.9(4.4) calmol ' K~'. The negative entropy of activation
suggests an associative mechanism and rules out phosphine
elimination from 2 in the rate-determining step. During the
reaction, the decay of 1 slows as the concentration of PMe;
increases, and addition of excess PMe; slows the reaction
significantly. Moreover, addition of phosphine either to 2b
or to a 1:1 mixture of 2b and 3b leads to the formation of 1,
in accord with the presence of an equilibrium.

After most of the 1 has been consumed, the decay of 3b
at the early stage of reaction (4-5h) follows pseudo-first
order kinetics with the k,(20.5°C) of 2.01(7)x 10> min™* (in
the presence of about 25 equivalents of HSiMe,Cl and
about 2 equivalents of PMe;). Studying the reaction in the
temperature range + 10 to +30°C gave an estimation of the
activation parameters as AH*=9.3(1.4) kcalmol™ and
AS* =-39.6(4.9) calmol ™' K. The negative entropy of acti-
vation indicates an associative mechanism for the transfor-
mation of 3b to 2b. When all the volatiles have been
pumped off and the residue is re-dissolved in fresh CsDg,
the rate of reaction decreases by an order of magnitude to
k,(20°C) =1.28(5)x 10~* min~'. After 3 equivalents of PMe;
have been added, the k, increases again to 7.7(2)x
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10 min~! at 29°C. These kinetic studies, although obscured
by the equilibrium between 1, 2b and 3b, establish that free
PMe; is required to facilitate the conversion of 3b into 2b.
Since both complexes contain only one phosphine ligand,
the PMe; is the catalyst of this reaction, once again suggest-
ing an associative mechanism.

Similar observations have been made for the rearrange-
ment of [Nb(Cp)(=NAr)(PMe;)(H)(SiMeCl,)] (3d) into the
chloride  silyl  complex  [Nb(Cp)(=NAr)(PMe;)(Cl)-
(SiHMeCl)] (4d). Pure 3d is stable in C¢D4 solutions at
least for several days. Addition of 12 equivalents of PMe;
causes the formation of a 3:1 mixture of 4d and 3d contami-
nated by some minor co-products. When a large excess of
PMe; is added, the main decomposition product is the
known paramagnetic compound [Nb(Cp)(PMe;),(Cl),]
isolated in the form of red crystals and characterized by an
X-ray diffraction study.

Altogether, these data suggest an associative mechanism
for the interactions of 1 with silanes (Scheme 6). The key in-
termediate, schematically shown as A, is an adduct of 1 with

-
| HSiCIRY, = PMe
N PMes b /?Nb""\""PMe—’ - PMey /7Nb'LH ’
RN7 PMe; RN7 PMe; PMes RN \/SiR’2
, ks ci
R= Ar, Ar HSICIR',
A B
/ \ —PME3
- PMes
| ..PMe;
/}Nb\icl
RNZ SiR',
/
H
R', = MeCl
C D

Scheme 6. Mechanism of the interaction of diphosphine complexes 1 and
6 with silanes.

silane, containing two phosphine ligands. Its structure will
be discussed in more detail in the next section. Decomposi-
tion of this complex either by Si—H or Si—Cl bond activation
leads to compounds B, C, or D. For M=Nb the product of
Si—H bond activation, compound B, is formed as a kinetic
product in reactions with HSiMe,Cl, HSiMeCl,, and HSiCl,
and as a thermodynamic product in the case of HSiPh,Cl.
Complex C is the final product in the reaction with of
HSiCl,Me, but no such product can be observed in the case
for HSiCIMe,. Complex [Nb(Cp)(=NAr)(PMe;)(H)(SiCl;)]
(3e) is more inert than [Nb(Cp)(=NAr)(PMe;)(H)-
(SiMeCl,)] (3d) but in the presence of phosphine it also
transforms to give the compound [Nb(Cp)(=NAr)-
(PMe;)(Cl),] (5), the product of formal extrusion of silylene,
SiHClL.

Based on the results of these kinetic studies, we have
eventually succeeded in the preparation of the elusive com-
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plex [Nb(Cp)(=NAr)(PMe;)(H)(SiMe,Cl)] (3b). The reac-
tion between [Nb(Cp)(=NAr)(PMe;),] (1) and HSiMe,Cl
was performed in pentane at room temperature. After 1.5h
the solution was concentrated in vacuo to produce a light
yellow powder of 3b in about 9% isolated yield. Pure com-
plex 3b is stable in solution in the absence of PMe; at least
for several hours, allowing for its characterization by spec-
troscopic methods.

Finally, it should be noted the idea of E—H bond (E=
group 14 element) activation on the imido ligand is not
quite new. Wolczanski et al.** and Bergman et al.?” docu-
mented C—H bond cleavage by early transition metal d°
imido complexes, for which oxidative addition pathway is
not feasible. However, these reactions are believed to pro-
ceed through an initial electrophilic C—H activation on the
metal centre.’*!! In contrast, our complexes [M(Cp)(=NR)-
(PR"3),] (M =Group 5 metal) are co-ordinatively saturated
and the Si—H activation process is different in that it pro-
ceeds through an initial nucleophilic addition of electron-
rich imido nitrogen atom to the silicon atom.

DFT study of the mechanism of silane-imido coupling: To
gain an insight into the structure of complexes A-D in
Scheme 6 and to establish their relative stability, we carried
out DFT calculations on model niobium complexes 17-27
(Tables 1 and 2, Figures 4, 5 and 6). For computational sim-

Table 1. Relative energies (AE) and selected interatomic distances [A] in
structures 18-23.

Structures
18 19-cis 19 20 21 23

AE 11.00! 3.6 1.4 0.0 6.0 11.4

Nb—H* 1.943 1.793  1.811 2052 3.378 1.765
Nb—N 1.998 1793 1792 2034 1784  2.012
Nb—P4, P5 2.587,2.552 2535 2542 2571 2638 2512
Nb-Si 2.909 2587 2576 2746 2664 3512
Nb—Cl 4.465 3904 3875 2515 2566  4.820
Si-N 1.806 3.083 3134 1730  3.057 1.731
Si—H* 1.607 2075 2035 1556 1500  3.458
Si—Cl 2.446 2149 2171 3885 3127 2116

[a] [kcalmol~']; [b] The energy of free PMe; is subtracted.

Table 2. Relative energies (AE) and selected interatomic distances [A] in
structures 17, 22-27.

Structures

17t 2210 24 250 26" 270
AEY (dl fe] 9.35 0.62 934 0.00
Nb—H* - - 1.928 1.806 2218 -
Nb—N 1.824 1.797 1.995 1.789 2.031 1.782
Nb—P4, 2.521,2.536  2.521 2.552,2.579 2.541 2549 2.632
P5
Nb-Si - - 2.901 2.551 2792 2.672
Nb—Cl - - - - 2.508 2.572
Si-N - - 1.786 - 1.724 -
Si—H* - - 1.609 2.052 1.507 1.494
Si—Cl - - 2.289,2.152 2.144,2.124 2.100 2.154

[a] The energy of free HSiCl,Me is added; [b] the energy of free PMe; is
added; [c] [kcalmol'];[d] 4.9 kcalmol ™" relatively 20, 10.4 kcalmol ™" rela-
tively 27; [e] 41.2 kcalmol ™ relatively 20; 46.7 kcalmol ™' relatively 27.
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plicity a methyl substituent at nitrogen was used instead of
aryl groups. There is a very good agreement between the
calculated and observed geometries, when the latter are
available from X-ray analyses.

In accord with our experimental findings, the most ther-
modynamically favourable product on the electronic energy
scale is the agostic compound 20, the silylhydride 19 is only
1.4 kcalmol ! less stable (Figure 4). The order is, however,
reversed on the Gibbs energy scale (—1.7 kcalmol™). In
both cases the difference is at the limits of accuracy of our
calculations. An isomer of 19, the complex 19-cis, having a
methyl group at silicon trans to hydride, is further destabi-
lized by 2.2 kcalmol ' The least stable product is the “re-ar-
ranged” complex 21, which accounts for our failure to ob-
serve it experimentally.

We have considered two reaction pathways for the forma-
tion of complexes 19, 20, and 21: i) dissociative, proceeding
through phosphine elimination from 17 to give the mono-
phosphine complex 22 followed by silane addition to pro-
duce 19 (Figure 4), and ii) an associative one, going via a
penta-coordinate silicon compound 18. The latter complex
serves as a model for the proposed key intermediate A dis-
cussed above in Scheme 6. The dissociative mechanism is
strongly disfavoured on the electronic energy scale (complex
22 lies 30.2 kcalmol™' above 18), but becomes competitive
with the associative mechanism on the free energy scale
(Figure 4). It should be noted that the potential energy sur-
face (PES) around intermediate 22 is very shallow so that
the transition state TS;;,, stands out from the intermediate
22 by merely 1 kcalmol ' and thus, can be characterized as a
“loose” transition state.’*} Phosphine elimination from 17
via TS;7.,, however, is much less favourable on the Gibbs
free energy scale (33.1 kcalmol ™).

Addition of HSiMe,Cl to the imido group of diphosphine
17 to give complex 18 goes via the transition state TS;; 5
which requires a significant barrier of 33.9 kcalmol™ (free
energy scale), which is close (within the accuracy of our cal-
culations) to the TS;;5. An interesting feature of complex
18 is that it contains a penta-coordinate silicon centre inter-
acting with the metal through agostic Si—H:--M bonding
(vide infra).

We also searched for an alternative associative mechanism
based on direct silane attack on the metal of 17 to give a n'-
silane complex [Cp(MeN)Nb(n'-HSiMe,Cl)(PMe,),] or a
similar type of structure. Such a pathway might have been
envisioned, for example, as stemming from changing the
order of the M—N bond from three to two (as a result of dis-
sociation of the nitrogen lone pair) followed by the coordi-
nation of the °"H—*Si polarized bond to the freed coordi-
nation site. However, all attempts to determine such a struc-
ture, either as intermediate or transition state, failed.

The question of how the intermediate 18 transforms into
the kinetic product 19 is of interest. Given the agostic
nature of 18, a conceivable pathway might include phos-
phine dissociation and hydride migration from silicon to
niobium to give the unsaturated species 23 (Figure 5). Silyl
migration from nitrogen to the metal would then complete

Chem. Eur. J. 2008, 14,296-310


www.chemeurj.org

Metastable Group 5 Imido Complexes

417 &S
@ 412 \
S TSppas T (245) AN
. MeN PMe;
22

Figure 4. Relative electronic energies [kcalmol '] of intermediates and products in the reaction of [Nb(Cp)(=

NMe)(PMe;),] with HSiMe,Cl. Gibbs energies are given in brackets.

| PMe;
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Figure 5. Two possible routes for the transformation of 18 into 19. Relative electronic energies [kcalmol'].

Gibbs energies are given in parentheses.

this rearrangement. To determine the possible structure of
23, we started from an anticipated geometry, in which the
chlorine group on silicon was in the vicinity of metal, thus
amenable to the donation of a chlorine lone pair to a vacant
orbital on niobium to compensate for its unsaturation.*’! To
our surprise, the optimization revealed a structure with a
significant separation (4.820 A) of the chloride group and
the metal. In fact, there is a weak agostic bonding between
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the methyl group on nitrogen
and niobium (Nb--H distance
of 2404A; C-N-Nb bond
angle of 99.7° versus a
Si—-N—Nb bond angle of 139.4°)
instead of C1—-Nb donation. In
spite of their pronounced struc-
tural differences, 23 was found
to be only 0.4 kcalmol ' above
18. However, it is much more

Me. stabilized on the Gibbs energy

N T scale, owing to the favourable

\SiMc2 entropy change upon elimina-

o tion of an equivalent of PMe;

6.0 (AAG=16.8 kcalmol™"). Trans-

IaNCAL] formation of 23 to 19 goes via a

transition state TS,3 49, in which

the silyl group is a slightly

shorter distance from the metal

| PMes than in 23, and requires a
ZNOTH Do .

MeN inte, modest actli/lan(.)n barrier .of

5l 18.2 kcalmol ™. Since TS,; 4o lies

only 1.4kcalmol™' above the
starting complex 18, the highest
barrier in the dissociative path-
way is that separating 18 and 23
(AG*~8.1 kcalmol ).

We also found a transition
state TS5 19 for the direct trans-
formation of 18 into 19
(Figure 5). This pathway goes
through a concerted silyl and
hydride migration to niobium
and requires a slightly higher
barrier  of  11.4 kcalmol ™!
(Gibbs energy scale). The rela-
tive stability of TS,; 19 and TSyg_
19 1s reversed on the electronic
energy scale (AE=
—3.5 kcalmol™"). Thus, overall,
a stepwise migration of hydride
and silyl ligands from the imido
group to niobium appears to be
entropically favoured. Howev-
er, the difference between TS;4
23 and TSys 4o is close to the ac-
curacy of our calculations,
which does not allow us to
make a clear-cut differentiation
of the two mechanistic alternatives.

The reaction of 17 with the more acidic dichlorosilane
HSiCl,Me differs in that the direct addition of HSiMeCl, to
the imido moiety to give the adduct 24 is by 0.9 kcalmol ™
more stable on the electronic energy scale than the starting
diphosphine complex (Figure 6). Although its formation is
still thermodynamically disfavoured (AG;=16.1 kcalmol ')
for entropic reasons, the dissociative pathway via the unsa-
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unique chlorine atom lies trans
to the nitrogen centre, whereas
two methyl groups and the hy-
dride form an equatorial plane
of a distorted trigonal bipyra-
mid. The apical Si—Cl bond is
significantly elongated (2.446 A
versus average 2.02 A in mono-
chloro organosilanes),*!! as is
usually observed in hypervalent
silicon compounds. The equato-
rial Si—H bond of 1.607 A in 18
is also much longer than the
usual Si-H bond of 1.48A,
which can be attributed to the
presence of agostic interaction.
In the dichlorosilane adduct 24,
the apical Si—Cl bond is notice-
ably longer than the equatorial
one (2.289 A versus 2.152 A),
as expected. Surprisingly, the
different substitution at silicon
in the adducts 18 and 24 does

27 (0.0)

Figure 6. Relative electronic energies [kcalmol™'] of stable intermediates and products in the reaction of
[Nb(Cp)(=NMe)(PMe;),] with HSiMeCl,. Gibbs energies are given in brackets.

turated complex 22 turns out to be less profitable on both
the electronic (AAE=37.4kcalmol™) and Gibbs free
energy scales (AAG;=6.4 kcalmol ). Transformation of the
silane adduct 24 into the agostic product 26 is thermody-
namically feasible (Figure 6), but is by about 10 kcalmol™!
less favourable than the formation of silylhydride 25. This
accounts for our failure to observe this agostic species. In
accord with our experimental findings, the “rearranged”
chloride-silyl derivative 27 is the most stable product on the
electronic energy scale, but is slightly disfavoured relative to
25 on the Gibbs energy scale. Again, these small differences
are within the error margin of our calculations.

To summarize, DFT calculations of model complexes es-
tablish that an associative mechanism of silane addition to
[Cp(RN=)Nb(PMe;),] is thermodynamically comparable
with the dissociative mechanism in the case of HSiClMe,
and is the preferred mechanism in the case of more acidic
silane HSiCl,Me.

DFT calculations—Structural aspects:

Silane/imido adducts: The structures of the calculated com-
plexes are of interest too and deserve a more in depth dis-
cussion. As mentioned above, in addition to the anticipated
penta-coordinate silicon centre the silane/imido adducts 18
and 24 display p-Si—H-+M agostic bonding. For instance, in
the compound 18 the Nb—H distance of 1.943 A is even
shorter than the Nb—H distance in the B-agostic silylamido
complex 20 (2.052 A). In the adduct of HSiMe,Cl (18), the
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not significantly affect the
degree of Si—H bond activation
in these compounds. For exam-
ple, the Si—H bond of 1.607 A
in 18 is identical within error to
1.609 A in 24, and the Nb—H distances are also comparable
(1.943 A versus 1.928 A, respectively). A similar situation,
contradicting the common anticipation that more electron-
withdrawing substituents at silicon lead to more advanced
Si—H bond activation,*? has been very recently discovered
in the related agostic complexes of molybdenum [Mo(=NR)-
M -N(R)SiMeX—H-}(CI)(PMe;),] (X=Me or Cl).?" Such a
behaviour can be rationalized in terms of near cancellation
of the increased back-donation from metal to the o*(Si—H)
antibonding orbital by the decreased direct donation from
the o(Si—H) bonding orbital to a vacant orbital on metal.?”!

Silane coordination to the imido centre of the formally d?
complex 17 results in the elongation of the Nb-N multiple
bond. Thus, the Nb=N bond of 1.824 A in 17 elongates to
1.943 A in 18 upon the addition of HSiMe,Cl. On the other
hand, in the d’ complexes 19, 21, 25 and 27, the Nb—N bond
is noticeably shorter (range 1.784-1.793 A). This is consis-
tent with an incomplete electron lone pair transfer from the
imido ligand to the metal in 17, so that the character of the
metal-imido bond should be regarded as intermediate be-
tween double and triple. Obviously, it is the electron defi-
ciency of the metal centre, enhanced by the Lewis acid coor-
dination to the imido group, which allows for the formation
of the Si—H--M agostic bonding in the compounds 18 and
24.

Mountford et al. have recently showed that in arylimido
complexes [Ti(COT)(=NR)] (COT =cyclooctatetraene) for
R =Aryl the electron density of the ring is effectively delo-
calized on the M=N linkage, pushing the nitrogen lone pair
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higher in energy and thus making it more amenable for an
attack of an electrophile.”®! On the other hand, Sundermey-
er etal. considered the multiple metal-nitrogen bond in
half-sandwich silylimido complexes to be in the limit of -
saturation (i.e. a genuine triple M=N bond).*! These argu-
ments and the findings of the current work allows us to ra-
tionalize the earlier observed discrepancy in the reactivity of
the compounds [Nb(Cp)(=NAr)(PMe;),] and [Nb(Cp)
(=NtBu)(PMe;),]:!¥ it is the lack of electron density on the
nitrogen centre in the latter that prevents the effective cou-
pling of silane with the imido moiety.

Silyl hydrido complexes: The calculated structures of the
silyl hydrido complexes 19 and 25 are consistent with the
presence of THLI'%1828 There is a very good agreement
with the previously calculated tantalum complexes [Ta(Cp)-
(=NMe)(PMe;)(H)(SiMe,Cl;_,)] (n=0-3).”" In particular,
the Si—H contacts are shortened!"*'%'528! (2,035 and 2.052 A,
respectively) and two types of Si—Cl bonds!'>%*! (one elon-
gated (2.144 A), trans to hydride, and one normal (2.124 A))
were observed in 25. IHI consists of electron density trans-
fer from electron-rich metal-hydride bond on the antibond-
ing 0*(Si—X) orbital of the frans Si—X bond, leading to the
elongation of M—H bond, the contraction of M—Si bond and
the elongation of Si—X bond.'¢1828 OQbviously, the overlap
of o(M—H) and o*(Si—X) is optimal when substituent X at
Si is trans to hydride.!"!

To verify this stereochemical aspect of IHI, we also calcu-
lated a “cis-rotamer” of 19 in which the position trans to the
hydride is occupied by the methyl group. The complex 19-
cis, although having almost identical steric properties as 19,
is destabilized by 2-3 kcalmol !, owing to the loss of IHI.
The rotation of silyl group leads to a shorter Nb—H bond
(1.793 A in 19-cis versus 1.811 A in 19), longer Nb—Si bond
(2.587 A in 19-cis versus 2.576 A in 19), shorter Si—Cl bond
(2.149 A in 19-cis versus 2.171 A in 19) and longer Si—H dis-
tances (2.075 A in 19-cis versus 2.035 A in 19). The short
Nb—H bond of 1.793 A in 19 compares well with the classi-
cal Nb—H bond of 1.765 A in 23, further substantiating our
conclusion that IHI causes relative elongation of the M—H
bonds.'*1822 These minor differences in energy and bond
lengths are of little importance when ground states only are
considered, but can be vital in differentiating between tran-
sition states or reactive intermediates in metal mediated
transformations of organosilanes.

Interestingly, optimization of another isomer of 19, which
has the silyl ligand cis to the PMe; group, converged to a o-
complex type structure [Nb(Cp)(=NAr)(PMe;)
(n?-H—SiMe,Cl)] that has a Si—H distance of 2.012 A and an
elongated Nb—Si distance of 2.697 A (2.576 A in 19). In con-
trast, the Nb—H distance of 1.741 A is normal for a Nb—Hy-
dride bond and is comparable with the one in 23. These
data are compatible with the presence of a stretched silane
o-complex, which is formed to minimize the steric repulsion
between bulky PMe; and SiMe,Cl groups.”'®! This view is
supported by significant elongation of the Nb—P distance of
2.668 A versus 2.542 A in 19.
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Agostic complexes: The structure of agostic complex 20 is
in good accord with our previous calculation employing the
BP86 potential.'® The agostic species 26, featuring a chlo-
ride group on the silicon centre, has a less activated Si—H
bond (i.e. stronger Si—H interaction) than its dimethyl sub-
stituted analogue 20. For example, the Nb—H bond elon-
gates (2.052 A in 20 versus 2.218 A in 26) whereas the Si—H
bond contracts (1.556 A in 20 versus 1.507 A in 26). Weaker
Nb—H interaction in 26 corresponds well to longer Nb—Si
distance (2.792 A). Such a weakening of agostic Si—H--M
bonding upon chlorine-for-methyl substitution contradicts
the usual observation that electron-accepting groups at sili-
con promote stronger Si—H bond activation®! and can be
rationalized in terms of decreased bacisity of the Si—H bond
caused by the presence of an electron-withdrawing chlorine
group at silicon.*”

Conclusion

The imido ligand has been intensively studied as an isolobal
analogue of the ubiquitous Cp ligand, and in particular has
been extensively used in designing new olefin metathesis
and polymerization catalysts and silane o-bond metathesis
catalysts. This work presents a study case when the imido
ligand shows a distinctly non-innocent behaviour toward si-
lanes: it either transforms itself into an agostic silylamido
ligand or acts as a “chemical smuggler” in silane transfer to
the metal when the final products appear to have an intact
imido ligand, such as in complexes [Nb(Cp)(=NR’)-
(PMe:)(H)(SIR,Cl, )], [Nb(Cp)(=NR')(PMe;)(Cl)
(SiHR,Cl,_,)] or [Nb(Cp)(=NR’)(PMe;)Cl,]. Combined ex-
perimental and theoretical evidence tends to suggest that
direct silane addition to imido group is a realistic mechanis-
tic concurrent with a “text-book” pathway based on phos-
phine dissociation from the 18e precursor [Nb(Cp)(=NR')-
(PMe;),] and Si—H addition to the 16e intermediate
[Nb(Cp)(=NR")(PMe;)]. According to the new mechanism,
reactions of complexes [Nb(Cp)(=NR')(PR";),] with silanes
proceeds via an intermediate adduct [Nb(Cp){=N(—
SiHCIR,)R’}(PR";),] that rearranges into the initial products
[Nb(Cp)(=NR')(PR";)(H)(SiR;)]  andlor  [Nb(Cp){r'-
N(R")SiR,CI-H--}(PR";)(Cl)]. Conversion of kinetic prod-
ucts into the thermodynamic products is catalyzed by phos-
phine addition and proceeds via the same intermediate
[Nb(Cp){=N(—SiHCIR,)R'}(PR"3),]. The identity of these
products is controlled by the substitution at silicon and ni-
trogen and the steric properties of the phosphine. Donor
groups at silicon in chlorosilanes and smaller substituents at
nitrogen favour the formation of -Si—H:-Nb agostic prod-
ucts, whereas electron-withdrawing groups at silicon stabi-
lize metal silyl derivatives. The lower stability of agostic
product in the case of HSiCl,Me addition in comparison
with HSiCIMe, can be ascribed to the lower basicity of the
Si—H bond caused by the presence of an accepting chlorine
group at silicon in the former.
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The initial products of silane addition to [Nb(Cp)(=NR’)-
(PR;),] are metastable if there are two or three chlorine
groups at silicon atom, decomposing in the presence of
phosphine  to  complexes [Nb(Cp)(=NAr)(PMe;)(Cl)
(SiHR,Cl,_,)], [Nb(Cp)(=NAr)(PMe;)CL], and/or to
[Nb(Cp)(PMe;);ClL,]. These findings suggest that imido-
group may be not a good platform for supporting o-bond
metathesis type reactions because of its possible involve-
ment in the activation of E—X bonds. This conclusion can
have far-reaching implications for the current research in
the field of early-transition metal catalysis of silane transfor-
mations. 5!

Experimental Section

All manipulations were carried out using conventional glove-box and
Schlenk techniques. Solvents were dried over sodium or sodium benzo-
phenone ketyl. NMR spectra were recorded on a Varian Mercury-vx (‘H,
300 MHz; “C, 75.4 MHz; *'P, 121.5 MHz) and Unity-plus (‘*H, 500 MHz;
BC, 125.7 MHz) spectrometers. IR spectra were obtained as Nujol mulls
with a FTIR Perkin—-Elmer 1600 series spectrometer. Silanes were ob-
tained from Sigma-Aldrich and Lancaster and distilled over CaH,. Start-
ing complexes [Nb(Cp)(=NR’)(Cl),] and [Nb(Cp)(=NR')(PR";),] (R'=Ar,
Ar'’; R”;P=Me;P, PhMe,P) were prepared in analogy with literature
methods (see Supporting information for details). Compounds 2b and 7b
were previously reported.'®!

[Nb(Cp)(=NAr)(PMe;)(H)(SiMePhH)] (3a): H,SiMePh (0.52mL,
3.80 mmol) was added through a syringe to a toluene solution (15 mL) of
[Nb(Cp)(=NAr)(PMe;),] (0.37 g, 0.76 mmol). The mixture was left for
two days under stirring and constant purging with nitrogen. The volatiles
were removed in vacuo, affording yellow-brown oil. NMR spectra
showed quantitative formation of [Nb(Cp)(=NAr)(PMe;)(H)(SiMePhH)]
as a mixture of two isomers. IR (Nujol): #=2068 (Si—H), 1644 cm™'
(Nb—H).

First isomer: '"HNMR (C,Dg): 6=7.96 (d, J(H-H)=8.0 Hz, 2H; Ph),
7.33-6.95 (m, 6H; CH; + Ph), 5.96 (h, J(H-H)=3.7Hz, 1H; Si—H),
527 (d, J(P-H)=1.8Hz, 5H; Cp), 411 (q, J(H-H)=69Hz, 2H;
CHMe,), 2.02 (d, J(P-H) =67 Hz, 3H; Nb—H), 1.28 (d, J(H-H)=6.9 Hz,
6H; CHMe,), 123 (d, JHH-H)=69Hz, 6H; CHMe,), 095 (dd,
J(H-H)=4.1 Hz, J(P-H)=0.7 Hz, 3H; SiMe), 0.90 ppm (d, J(P-H)=
8.4 Hz, 9H; PMe;).

Second isomer: "'H NMR NMR (C¢D): 6=7.88 (d, J(H-H)=8.0 Hz, 2H;
Ph), 5.96 (q, J(H-H)=3.7 Hz, 1H; Si—H), 5.29 (d, J(P-H)=1.8 Hz, 5H;
Cp), 4.06 (h, J(H-H)=6.8 Hz, 2H; CHMe,), 1.27 (d, J(H-H)=6.9 Hz,
6H; CHMe,), 1.17 (d, J(H-H)=6.9 Hz, 6H; CHMe,), 0.98 (d, J(H-H)=
4.0 Hz, 3H; SiMe), 0.91 (d, J(P-H)=8.1 Hz, 9H; PMe;), 2.24 ppm (d,
J(P-H)=68 Hz, 3H; Nb—H); *P NMR (C,Dy): 6=14.0 ppm (b); ¥Si
NMR (C¢Dy): =133 ppm ('J(Si—H)=156 Hz, *J(Si-H) <15 Hz (esti-
mated from the line width).

Isolation of [Nb(Cp)(=NAr)(PMe;)(H)(SiMe,Cl)] (3b): To [Nb(Cp)-
(NAr)NbPMe;),] (0.202 g, 0.42 mmol) in pentane (20 mL) was added
excess HCISiMe, (1.5 mL). After 1.5h of stirring at room temperature
the initial dark solution developed a distinctly green-yellow colour. The
solution was concentrated in vacuo to 3 mL and filtered off, the residue
was washed by 1.5mL of pentane and dried in vacuo. Yield: 0.018 g
(0.04 mmol, 9%). '"HNMR (C¢Dg): 6=5.56 (d, J(P-H)=1.5Hz, 5H;
Cp), 4.14 (sept, J(P-H)=6.9 Hz, 2H; CH), 1.65 (broad s, 1H; NbH),
1.26 (d, J(H-H)=7.2 Hz, 6H; Me), 1.24 (d, J(H-H)=7.2 Hz, 6H; Me),
1.19 (s, 3H; SiMe), 0.92 (s, 3H; SiMe), 0.83 ppm (d, J(P-H)=8.1 Hz,
9H; PMe;); "C NMR (C¢D;): 6=143.4, 123.3, 122.8 (C4H;), 100.9 (Cp),
27.1 (CH), 244, 243, 19.5 (d, J(C—P)=26.9 Hz, PMe;), 14.9 (Si—Me),
14.4 ppm (Si—Me); IR (Nujol): #=1681cm™ (Nb—H). Analogous Ta
compound was prepared and fully characterized.®!

306 ——— www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Reaction of [Nb(Cp)(=NAr)(PMe;),] with HSiMePhCl: To a pentane so-
lution (40 mL) of [Nb(Cp)(=NAr)(PMe;),] (0.522 g, 1.08 mmol) was
added HSiMePhCl (0.16 mL, 1.08 mL). The mixture was left at room
temperature in dark for 3 days. The solution was filtered from small
amount of grey deposit and left at —30°C for 5 days, affording a grey
precipitate. After keeping the mixture at —80°C for a day the cold solu-
tion was filtered, the residue dissolved in ether, filtered and cooled to
—80°C, affording a light-beige microcrystalline compound. The yield:
0.18 g (0.32 mmol, 30% ). The second crop was obtained by concentrating
the mother liquor to 4 mL and cooling it to —80 C. Total yield: 0.28 g
(0.50 mmol, 46%); IR (Nujol): #=1632 cm ' (Nb—H, broad, overlapping
signals due to 2c¢ and 3c); elemental analysis caled (%) for
C,;H,(CINNDbPSi: C 57.29, H 7.12, N 2.47; found: C 56.52, H 6.15, N 2.13.

The '"H NMR showed formation of a mixture of two isomers of agostic
complex and two isomers (Ph up and Ph down) of a silylhydride com-
plex:

Agostic major (2¢): '"HNMR (C¢D;): 6=7.48 (m, Ph), 4.73 (d, J(P-H)=
1.7Hz, 5H; Cp), 2.83 (q, J(H-H)=6.9Hz, 1H; CHMe,), 2.57 (q,
J(H-H)=6.9 Hz, 1H; CHMe,), 1.11 (d, J(H-H)=6.9 Hz, 1H; CHMe,),
1.11 (d, J(H-H)=6.9 Hz, 1H; CHMe,), 0.98 (d, J(P-H)=10.2 Hz, 9H;
PMe;), 0.59 (s, 3H; SiMe), —4.75ppm (d, /J=9.1Hz, 1H; Nb—H);
BCNMR (C¢Dg): 6=93.8 (s, Cp), 17.9 ppm (d, J(P—C)=24 Hz, PMe;);
P NMR (C¢Dg): 6=9.5 ppm.

Agostic minor (2'c): '"HNMR (C¢De): 6=4.83 (d, J(P-H)=1.7 Hz, 5H;
Cp), —3.23 ppm (s, 1 H; Nb—H); "*CNMR (C¢Dy): 6=95.6 ppm (s, Cp).
Silylhydride major (3¢): "H NMR (C¢Dy): 6=8.06 (d, J(H-H)=8.5 Hz,
2H; Ph), 7.31 (pseudo t, J(H-H)=7.3 Hz, 2H; Ph), 7.17 (m, Ph), 7.05
(m, Ph), 540 (d, J=1.6 Hz, 5H; Cp), 2.15 (d, J(P-H)=64.1 Hz, 1H;
Nb—H), 416 (q, J(H-H)=69Hz, 1H; CHMe,), 127 (d, JH-H)=
6.9 Hz, 1H; CHMe,), 1.23 (d, J(H-H)=6.9 Hz, 1H; CHMe,), 0.93 ppm
(d, J(P-H)=8.1 Hz, 9H; PMe;); *C NMR (C¢Dy): 6=101.6 (s, Cp), 24.5
(s, CHMe,), 23.3 (s, CHMe,), 19.5 (d, J(P—C)=28 Hz, PMe;), 13.8 ppm
(s, SiMe); *'P NMR (C,Dg): 6 =12.5 ppm.

Silylhydride minor (3¢"): "H NMR (C¢Dy): =820 (d, J(H-H)=8.5 Hz,
2H; Ph), 5.61 (d, J=1.6 Hz, 5H; Cp), 3.95 (q, J(H-H)=6.9 Hz, 1H;
CHMe,), 2.19 (d, J(P-H)=64.1Hz, 1H; Nb—H), 1.37 (d, J(H-H)=
6.9Hz, 1H; CHMe,), 1.15ppm (d, JH-H)=6.9Hz, 1H; CHMe,);
BCNMR (C¢Dg): 6=101.4 (s, Cp), 19.4 (d, J(P—C)=28 Hz, PMe,);
P NMR (C(Dg): 6 =—11.7 ppm.

Complexes 2¢, 2¢ and 3¢: ®SiNMR (CDg): =-51ppm (J(Si—H)=
96 Hz, “agostic”, CI trans to H), —72 ("J(Si—H) =121 Hz, “agostic”, PMe,
trans to H), 78.8 ppm (broad, “silylhydride”).
[Nb(Cp)(=NAr)(PMe;)(H)(SiMeCl,)] (3d): HSiMeCl, (0.15mL,
1.44 mmol) was added to a cooled (—30°C) pentane solution (40 mL) of
1 (0.40 g, 0.82 mmol). The cold mixture was kept at —30°C overnight.
Dark yellow crystals formed. The mother liquor was filtered and the resi-
due dried in vacuo. Yield: 0.287 g (0.55 mmol, 67%). '"HNMR (C¢Dq):
0=546 (d, J(P-H)=1.8Hz, 5H; Cp), 3.97 (h, J(H-H)=6.8 Hz, 2H;
CHMe,), 2.51 (d, J(P-H)=70.2Hz, 1H; Nb—H), 1.48 (s, 3H; Si—Me),
121 (d, J(H-H)=6.8 Hz, 6H; CHMe,), 1.17 (d, J(H-H)=6.8 Hz, 6H;
CHMe,), 0.83 ppm (d, J(P-H)=8.5Hz, 1H; P-Me); “C NMR(C¢Dy):
0=143.5, 124.0, 122.8, 102.4 (Cp), 27.3, 24.3, 242, 19.2 ppm (d, J(P—C) =
283 Hz, P-Me); *P NMR (C¢D;): 6=11.4ppm (b); IR (Nujol): #=
1620 cm™' (Nb—H); elemental analysis calcd (%) for C,HssClL,NNbPSi:
C 48.10, H 6.73, N 2.67; found: C 48.08, H 7.26, N 2.52.

[Nb(Cp)(=NAr)(PMe;)(H)(SiCl;)] (3e): HSiCl; (0.12mL, 1.12 mmol)
was added through a syringe to a solution of 1 (0.270 g, 0.56 mmol) in
ether (10 mL) resulting in a quick colour change to yellow. All volatiles
were removed at reduced pressure and the residue was redissolved in
15 mL of ether, filtered, concentrated to 10 mL and charged with 1 mL of
pentane. The mixture was placed in the —30°C freezer for a day, afford-
ing yellow crystals (0.035 g). The cold solution was decanted and placed
in —80°C for 2 days, resulting in further crystallization. Combined yield:
0.237 g (78%). 'HNMR (C,Dy): 6=7.00 (d, J(H-H)=3.6 Hz, 1H; Ar),
6.98 (s, 2H; m-Ar), 6.92 (m, 1H; p-Ar), 5.58 (d, J(P-H)=1.5Hz, 5H;
Cp), 3.96 (h, J(H-H)=6.9 Hz, 2H; CHMe,), 3.00 (d, J(P-H)=72.6 Hz,
1H; NbH), 1.25 (d, J(H-H)=6.9 Hz, 6H; CHMe,), 1.17 (d, J(H-H)=
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6.9Hz, 6H; CHMe,), 0.82ppm (d, J(P-H)=9.1Hz, 9H; PMe);
BCNMR (CDy): 6=143.9, 124.6, 122.9, 102.7 (Cp), 27.5 (CHMe,), 24.3
(CHMe,), 24.1 (CHMe,), 18.9 ppm (d, J(P—C) =29.6 Hz, PMe); *'P NMR
(C¢Dg): 6=9.0 ppm (b); IR (Nujol): #==1626 cm™~' (Nb—H); elemental
analysis calcd (%) for C,)H3,CL,NNDBPSi: C 44.09, H 5.92, N 2.57; found:
C 44.19, H 5.58, N 2.39.

[Nb(Cp)(=NAr)(PMe;)(H)(SiPh,C1)] (3f): HSiPh,Cl  (0.25mL,
1.28 mmol) was added to a pentane solution (30 mL) of 1 (0.50 g,
1.03 mmol). The mixture was kept at room temperature for 9 days, af-
fording a beige microcrystalline compound. The solution was filtered and
the residue was washed with pentane (5 mL) and dried to give 0.224 g.
Second crop (0.275 g) was obtained after keeping the mother liquor at
—80 C. Total yield: 0.499 (0.79 mmol, 77 %). "H NMR (C¢Ds): 6=8.19 (d,
J(H-H)=7.9Hz, 2H; Ph), 8.06 (d, J(H-H)=84Hz, 2H; Ph), 7.23
(pseudo t, J(H-H)=7.6 Hz, 2H; Ph), 7.17(m, Ar/Ph), 7.09 (m, Ar/Ph),
7.04-6.90 (m, Ar/Ph), 545 (d, J(H-H)=1.6Hz, 5H; Cp), 4.04 (q,
J(H-H)=7.0 Hz, 2H; CHMe,), 2.86 (d, J(H-H)=63.5 Hz, 1H; Nb—H),
1.16 (d, J(H-H)=6.9 Hz, 6H; CHMe,), 0.96 (d, J(H-H)=6.5Hz, 6H;
CHMe,), 0.94 ppm (d, J(H-H)=7.9 Hz, 6H; P-Me); “C NMR (C,D):
0=146.0 (quaternary), 143.8, 136.0, 134.9, 127.52, 127.46, 123.8, 122.8,
102.0 (Cp), 27.4 (CHMe,), 24.2 (CHMe,), 24.1(CHMe,), 19.2 ppm (d, J-
(P—C)=27.1 Hz, P-Me); *'P NMR (C¢Dq): =8.0 ppm (vb); IR (Nujol):
7=1616cm™'  (Nb—H); elemental analysis caled (%) for
C;,H,,CINNDBPSi: C 61.19, H 6.74, N 2.23; found: C 60.41, H 6.33, N 2.05.

[Nb(Cp)(=NAr)(PMe;)(H)(SiPhH,)] (3g): To a solution of 1 (0.023 g,
0.05 mmol) in C;Dg (0.7 mL) was added H;SiPh (5.9 pL, 0.05 mmol). Im-
mediate colour change from dark-green to brown occurs. The NMR spec-
tra indicated clean conversion into the product [Nb(Cp)(=NAr)-
(PMe;)(H)(SiPhH,)]. The content of the NMR tube was transferred into
a 5 mL Schlenk tube and dried in vacuo. The residue was redissolved in
small amount of ether and cooled to —30°C. Nice yellow crystals
(0.017 g) were formed in the course of several days. The cold solution
was accurately removed by pipette was dried. The residue was used to
record the IR spectrum. The crystals left were used for X-ray. 'H NMR
(C¢Dg): 6=8.02 (d, J(H-H)=6.6 Hz, 2H; o-Ph), 726 (d, JH-H)=
6.9 Hz, 2H; m-Ph), 7.15 (m, 1H; p-Ph), 7.06 (m, 2H; m-Ar), 6.96 (m,
1H; p-Ar), 5.84 (s, 1H; Si—H), 5.64 (s, 1H; Si—H), 5.33 (s, 5H; Cp), 4.06
(q, JH-H)=6.9 Hz, 2H; CH), 2.30 (d, J(P-H)=66.9 Hz, 1H; Nb—H),
129 (d, J(H-H)=6.9 Hz, 6H; Ar), 1.21 (d, J(H-H)=7.2 Hz, 6H; Ar),
0.87 ppm (d, J(P-H)=7.8 Hz, 9H; PMe); *C NMR (C¢Dy): 6=143 (s, o-
Ar), 0-Ph), 128.5 (s, p-Ph), 127.5 (s, m-Ph), 123.1 (s, p-Ar), 122.7 (s, m-
Ar), 27.7 (s, CH), 24.1 (s, Ar-CH;), 19.6 ppm (d, J(P—C) =27.4 Hz, PMe);
PNMR (C¢Dg): 6=11.7ppm (bs); IR (Nujol): #=2061 (Si—H),
1627 cm™' (Nb—H); elemental analysis calcd (%) C,sH3;,NNbPSi: C 60.33,
H 7.60, N 2.71; found: C 59.44, H 7.39, N 2.38.

[Nb(Cp)(=NAr)(PMe;)(C1)(SiMeHCl)] (4d): HSiMeCl, (0.20mL,
1.92 mmol) was added to pentane solution (30mL) of 1 (0.346g,
0.71 mmol). The mixture was left at room temperature for two days, af-
fording a yellow solution and light beige crystals. The solution was fil-
tered and the residue dried in vacuo. Yield: 0.234 g (0.45 mmol, 63%).
'HNMR (CDy): 6=6.98 (m, 2H; m-Ar), 6.95 (m, 1H; Ar), 6.24 (q,
J(H-H)=3.3 Hz, 1H; SiH), 5.72 (s, 5H; Cp), 3.87 (h, J(H-H)=6.9 Hz,
1H; CHMe,), 1.35 (d, J(H-H)=6.9 Hz, 6H; CHMe,), 1.23 (d, JH-H)=
3.3 Hz, 3H; SiMe), 1.19 (d, J(H-H)=6.9 Hz, 6H; CHMe,), 0.79 ppm (d,
J(P-H)=3.3 Hz, 9H; PMe); "CNMR (C¢Dy): 6=145.8, 125.7, 1232,
105.4 (Cp), 27.5 (CHMe,), 25.1 (CHMe,), 24.8 (CHMe,), 22.7 (SiMe),
12.8 ppm (d, J(P—C)=23 Hz, PMe); *'P NMR (C¢Dy): 0=-8.9 ppm; IR
(Nujol): #=2145cm™" (Si—H); elemental analysis caled (%) for
C,H;;CLNNDBPSi: C 48.10, H 6.73, N 2.67, Cl 13.52; found: C 47.63, H
6.55, N 2.44, Cl1 13.10.

[Nb(Cp)(=NAr)(PMe;)(H)(SiMePhH)] (8a): To an ether solution
(20mL) of [Nb(Cp)(=NAr')(PMe;),] (0.323 g, 0.75 mmol) was added
H,SiMePh (0.50 mL, 3.60 mL). The mixture was left for 3 days with peri-
odic purging of the Schlenk tube with argon to remove PMe; released.
The volatiles were removed in vacuo, giving dark-brown oil. This was dis-
solved in pentane (10 mL) and cooled first to —10°C for overnight and
then to —30°C. Grey crystals were formed. The cold solution was filtered
and the residue dried. Yield: 0.12 g (0.25 mmol, 34 %) of microcrystalline
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compound, a 1:1 mixture of two diastereomers according to '"H NMR
spectroscopy. 'H NMR (C¢Dy): 6=7.94 (d, J(H-H)=7.8 Hz, 1 H; m-Ar),
7.87 (d, JH-H)=7.8 Hz, 1H; m-Ar), 7.38 (t, JH-H)=7.5Hz, 1H; p-
Ar), 729 (t, JH-H)=7.7 Hz, p-Ph), 7.24 (t, JH-H)=7.4 Hz, 2H; m-
Ph), 7.2-7.1 (m, Ar/Ph), 6.9 (m, 2H; o-Ph), 6.8 (m, 1H; Ph), 6.06 (q,
J(H-H)=3.6 Hz, 1H; Si—H), 5.94 (q, J(H-H)=3.6 Hz, 1H; Si-H), 5.27
(d, J(P-H)=1.2 Hz, 5H; Cp), 5.25 (d, J(P-H)=1.2 Hz, 5H; Cp), 2.41 (s,
6H; C¢H;Me), 2.33 (s, 6H; C¢H;Me), 2.25 (bd, J(P-H)=68 Hz, 1H;
NbH), 2.02 (bd, J(P-H)=67 Hz, 1H; NbH), 0.99 (d, J(H-H)=3.6 Hz,
3H; SiMe), 0.95 (d, J(H-H)=3.6 Hz, 3H; SiMe), 0.84 (d, J(P-H)=
7.8 Hz, 9H; PMe), 0.83 ppm (d, J(P-H)=8.4 Hz, 9H; PMe); *C NMR
(C¢Dg): 6=149.4 (0-Ar), 148.8 (0-Ar), 135.2 (m-Ar,), 135.1 (m-Ar), 127.9
(p-Ar), 127.8 (p-Ar), 127.6 (p-Ph), 127.1, 127.0, 121.9, 99.9 (Cp), 99.7
(Cp), 2.9 (s, CcH;Me), 20.8 (s, C¢H;Me, 20.2 (d, J(P—C)=60.4 Hz, PMe),
19.9 (d, J(P—-C)=60.4Hz, PMe), 4.7 (s, SiMe), 2.9 ppm (s, SiMe);
PNMR (CeDg): 6=113ppm (bs); IR (Nujol): #=2026 (Si—H),
1644 cm™ (Nb—H).

[Nb(Cp){ns-N(Ar’)SiMePH*H---}Nb(PMes)(Cl)] (7¢): To a solution of
[Nb(Cp)(=NAr")(PMe;),] (0.502 g, 1.17 mmol) in toluene/pentane 1:3
(20 mL) was added HSiMePhCl (0.28 mL, 1.86 mL). The mixture was left
at room temperature in the dark for 2 days. The solution was filtered
from dark crystals formed, affording (after drying) 0.421 g (6.83 mmol,
71%) of [Nb(Cp){n*-N(Ar)SiMePH—-H-}]Nb(PMe;)(Cl)] (PMej; trans to
H). The 'HNMR showed formation of only one isomer of an agostic
complex. '"HNMR (C,Dg): 6=8.08 (m, 2H; SiPh), 7.19 (m, 3H; SiPh),
691 (d, J(P-H)=7.4 Hz, 2H; m-CH;), 6.78 (m, 1H; p-CHj;), 4.81(s,
5H; CsHs), 2.25 (s, 3H; CgHszMe,), 1.25 (s, 3H; SiMe), 0.63 (d, J(P-H)=
7.1 Hz, 9H; PMe;), 0.15 (s, 3H; C¢H;Me,), —2.99 ppm (s, 1H; Nb—H);
BN NMR (C¢Dg): 6=136.4, 130.4, 122.6, 118.7, 95.8 (s, CsHs), 22.7 (s,
CsH;Me,), 19.2 (s, C¢HsMe,), 18.7 (s, SiMe), 15.3 ppm (d, J(P—C) =21 Hz,
PMe;); *PNMR (CDy): 0=16ppm (b); ¥SiNMR (CDy): o=
—74.8 ppm ('J(Si—H) =120 Hz); IR (Nujol): #=1660 (NbHSi); elemental
analysis calcd (%) for C,3H;,CINNDBPSi: C 54.17, H 6.33, N 2.75; found:
C 53.74, H 6.86, N 2.63.

[Nb(Cp) (=NAYr')(PMe;)(H)(SiMeCl,)] (8d): To ether solution (20 mL) of
[Nb(Cp)(=NAr')(PMe;),] (0.228 g, 0.52mmol) was added HSiMeCl,
(0.15mL, 1.44 mL). The mixture was left overnight at room temperature
without stirring and then placed into —30°C freezer. In two days the so-
lution was filtered from red crystals of [Nb(Cp)(PMes);(Cl),] (0.068 g,
0.15 mmol), charged with 2 mL of hexane and cooled to —30°C. In three
days the cold solution was filtered from yellow crystals. Yield: 0.066 g
(0.14 mmol, 27%) of [Nb(Cp)(=NAr')(PMe;)(H)(SiMeCL,)]. The com-
pound is unstable in solutions at room temperature and decomposes to
give red [Nb(Cp)(PMe;);(Cl),] as one of the products. 'H NMR (C,D):
0=06.82 (d, J=7.8 Hz, 2H; C{H3), 6.73 (pt, J=7.5 Hz, 1H; CsH;), 5.89 (d,
J(P-H)=1.6 Hz, 5H; Cp), 2.93 (b, 1H; Nb—H), 2.27 (s, 6H; CsH;Me,),
1.46 (s, 3H; SiMe), 0.67 ppm (d, J(P-H)=8.3 Hz, 9H; PMe). *C NMR
(CDg): 0=135.1, 1288, 127.1, 1255 (all Ar), 107.3 (Cp), 202
(C¢H;Me,), 14.3 (SiMe), 12.9 ppm (d, J(P—C)=22.1 Hz, PMe); *'P NMR
(C¢Dg): 6=—10.4 ppm (s); IR (Nujol): #=1620 cm™' (Nb—H); elemental
analysis caled (%) for C;H,;CLLNNbPSi: C 43.60, H 5.81, N 2.99; found:
C 40.74, H 5.30, N 2.84.

Reaction of [Nb(Cp)(=NAr)(PMe;),] with HSiPh,Cl to give [Nb(Cp)(=
NAY)(PMe;)(H)(SiPh,CI)] (8f): HSiPh,Cl (0.26 mL, 1.33 mmol) was
added to toluene/pentane 1:3 solution (15mL) of [Nb(Cp)(=NAr)-
(PMe;),] (0.501 g, 1.17 mmol). The mixture was left at room temperature
in the dark for 2 days. The solution was filtered from a grey deposit,
which dissolves poorly in CsD4 and is most likely a decomposition prod-
uct. An NMR check showed formation of a mixture, the major compo-
nents of which are [Nb(Cp)(=NAr')(PMe;)(H)(SiPh,Cl)] and an agostic
species [Nb(Cp){n’-N(Ar)SiPh,~H--}(PMe;)(Cl)]. The mother liquor
was dried in vacuo and the residue was extracted by pentane (5 mL). The
solution was cooled to —80 C, producing crystals of 8 f. The yield: 0.044 g
(0.08 mmol, 7%). '"HNMR (C¢Dy): 6=8.09 (d, J(H-H)=8.1 Hz, 4H; o-
Ph), 7.26 (pt, JH-H)=7.5Hz, 4H; m-Ph), 711 (m, Ph), 6.89 (d,
J(H-H)=7.5 Hz, 2H; C¢H,), 6.74 (pt, J(H-H)=7.2 Hz, 1H; C4H,), 5.41
(d, J(P-H)=7.1 Hz, 5H; Cp), 2.69 (d, J(P-H)=64 Hz, 1H; Nb—H), 2.12
(s, 6H; CqH;Me,), 0.89 ppm (d, J(P—H)=8.1 Hz, 9H; PMe,); *'P NMR
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(C¢Dg): 6=10.8 ppm (bs); "N NMR (C¢De): 6=102.0 (Cp), 23.0 (Ar'),
19.0 ppm (PMe;); *'P NMR (C¢D): 2 ppm (bs); IR (Nujol): v=1632 cm ™!
(Nb—H).Signals attributed to [Nb(Cp){n’-N(Ar)SiPh,~H-}(PMe;)(Cl)
(7f): '"HNMR (C¢Dy): 6=4.79 (s, 5H; Cp), 2.10 (s, 6H; CsH;Me,), 0.67
(bd, J(P—H)=3.9 Hz, 9H; PMe;), —2.05 ppm (bs, 1 H; Nb—H), other sig-
nals are obscured by the signals of other products.

NMR tube preparation of [Nb(Cp)(=NAr)(SiMeCl,)(H)(PPhMe,)]
(11d): Two equivalents of the silane HSiMeCl, were added to [Nb(Cp)
(=NAr)(PPhMe,),] (0.019 g) in C,D¢ (0.6 mL). The spectrum run after
29 min showed 10% conversion into 11d. After 24 h the reaction was
complete, with 11d being the predominant component of the mixture.
After 13 days a 1:1 mixture of 11d and [Nb(Cp)(=NAr)(SiMeCIH)(Cl)-
(PPhMe,)] was discovered [Nb(Cp)(=NAr)(SiMeCl,)(H)(PPhMe,)].
'"H NMR (C,Dy): 0=7.41 (m, Ar/Ph), 7.30 (m, Ar/Ph), 7.01-7.00 (m, Ar/
Ph), 5.63 (s, 5H; Cp), 3.29 (sept, J(H-H)=6.8 Hz, 2H; 2x CHMe,), 2.72
(d, J(P-H)=66.3 Hz, 1H; Nb—H), 1.47 (s, 3H; SiMe), 1.25 (d, J(P-H)=
17.7 Hz, 9H; PMe), 1.15 (d, J(H-H)=6.6 Hz, 6H; p-CHMe,), 1.13 ppm
(d, J(H-H)=7.5Hz, 6H; CHMe,); *'P NMR (C¢D): 6 =20 ppm (very
broad); IR (Nujol): #=1621 cm™' (Nb—H).
[Nb(Cp){n*-N(Ar)SiMe,-H--}NbCI(PPhMe,)] (12b): HSiMe,Cl
(0.25mL, 2.3 mmol) was added to a stirred suspension of [Nb(Cp)
(=NAr)(PPhMe,),] (0.491 g, 0.81 mmol) in hexane (15 mL). The mixture
obtained was placed in the dark for a week, affording a dark precipitate.
The mixture was cooled —20 C, the supernatant solution was decanted
and the residue was washed several times by hexanes (total volume
10 mL). The product was recrystallized from ether by cooling the solution
to —20 C. The yield of dark green crystals: 0.050 g (11%). '"H NMR
(C¢Dg): 6=17.34 (t, J(H-H)=8.8Hz, 2H; m-Ph), 7.26 (d, JH-H)=
7.2 Hz, 1H; m-Ar), 7.19 (d, JH—H)=7.2 Hz, 1H; m-Ar), 7.04 (m, 3H;
o-Ph and p-Ar), 4.63 (d, J(P—H)=2.1 Hz, 5H; CsH;), 3.30 and 2.35 (sept,
J(H-H)=7.0Hz, 2H; 2xCHMe,), 149 (d, J(H-H)=6.9 Hz, 6H; 3x
CHMe,), 1.42 (d, J(H-H)=6.9 Hz, 3H; PMe,), 1.37 (d, J(H-H)=6.9 Hz,
3H; PMe,), 132 (d, JHH-H)=69Hz, 3H; 2xCHMe,), 128 (d,
J(H-H)=6.9 Hz, 3H; 2xCHMe,), 1.12 (d, J(H-H)=6.9 Hz, 3H; 2x
CHMe,) 0.36 (s, 3H; SiMe,H), 0.19 (s, 3H; SiMe,H), —5.63 ppm (bs, 1H;
Nb—H); “NNMR (C,Dy): 6=149.0 (i-Ar), 141.1 (0-Ar), 139.4 (0-Ar),
130.3 (d, J(P—C)=9.0 Hz, m-Ph), 129.2 (Ph), 128.5 (0-Ph), 123.5 (p-Ar),
123.2 (m-Ar), 123.4 (m-Ar), 94.6 (Cp), 27.7 (CHMe,), 27.4 (CHMe,),
26.9 (CHMe,), 25.7 (CHMe,), 25.2 (CHMe,), 24.5 (CHMe,), 17.9 (d, J(P—
C)=21.5 Hz, PMe), 14.2 (d, J(P—C) =22.8 Hz, PMe), 3.5 (SiMe), 1.9 ppm
(SiMe); *'P NMR: 9=33.5 ppm (bs); ¥Si NMR: 6 =-52.9 ppm (d, J(H—
Si)=100.0 Hz); IR (Nujol): #=1617 cm™' (Si—H); elemental analysis
caled (%) for C,;H,CINDNPSi: C 57.29, H 7.12, N 2.47; found: C 57.31,
H 7.27, N 2.20.

[Nb(Cp)(=NAr)(SiMeHCI)(Cl)(PPhMe,)] (13d): HSiMeCl, (0.2mL,
2.0 mmol) was added to a solution of [Nb(Cp)(=NAr)(PPhMe,),]
(0.294 g, 0.48 mmol) in THF (10 mL). The mixture was left for 4 weeks in
the dark at room temperature. This resulted in a yellow-brown solution
over a small amount of yellow precipitate. The solution was concentrated
to 2mL and charged by pentane (4 mL), resulting in precipitation of a
yellow-brown solid. The precipitate was filtered, washed by 1 mL of pen-
tane and dried to give 0.034g (0.06 mmol, 12%) of 13d. 'HNMR
(C¢Dg): 0=17.85 (d, J(H-H)=6.6 Hz, 2H; o-Ph), 7.31 (t, JH-H)=
72Hz, 1H; p-Ph), 724 (t, JH-H)=6.6Hz, 2H; m-Ph), 7.11 (d,
J(H-H)=38.1 Hz, 2H; m-Ar), 6.98 (pt, J(H-H)=7.4 Hz, 1H; p-Ar), 6.17
(q, J(H-H)=3.8 Hz, 1H; SiHCIMe), 5.27 (d, J(P-H)=1.5 Hz, 5H; Cp),
4.08 (sept, J(H-H)=6.9 Hz, 2H; CHMe,), 1.30 (d, J(H-H)="7.5 Hz, 6 H;
CHMe,), 124 (d, J(H-H)=6.6 Hz, 6H; CHMe,), 1.02 (d, J(H-H)=
4.5Hz, 3H; SiMeHCl), 1.94 ppm (d, J(P-H)=9.0 Hz, 6H; PPhMe,);
BN NMR (C¢Dg): 6 =153.1 (s, i-Ph), 149.1 (s, i-Ar’), 143.1 (s, 0-Ar’), 135.6
(s, 0-Ph), 127.9 (s, +-Ph), 127.1 (s, m-Ph), 122.7 (s, m-Ar’), 122.5 (s, p-Ar’),
99.4 (s, Cp), 27.3 (s, CHMe,), 244 (s, CHMe,), 24.35 (s, CHMe,),
19.9 ppm (d, J(P—C)=29.7 Hz, PPhMe,); *'P NMR: 6 = —1.6 ppm (s); IR
(Nujol): v=1622cm™" (Nb—H); elemental analysis calcd (%) for
CyH;;CLLNbNPSi: C 53.25, H 6.36, N 2.38; found: C 49.22, H 5.87, N
1.80.

[Nb(Cp){n*-N(Ar)SiMe,-H--}(Cl)(PPhMe,)] (15b): Excess of HSiMe,Cl
(0.20 mL, 1.8 mmol) was added to a suspension of 0.315 g (0.57 mmol) of
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[Nb(Cp)(=NAr')(PPhMe,),] in hexane (10 mL). A grey-green precipitate
started to form immediately upon the addition, accompanied by the
colour change from dark-purple to dark-green. In 1h the solution
became lighter and dark-green needles deposited. Next day, the crystal-
line precipitate was washed with hexane and dried. The yield: 0.105 g
(36%). '"HNMR (C4Dg): 6=7.13 (d, obscured by C;DsH, o-Ar), 7.06 (t,
J(H-H)=8.0, 1H; p-Ph), 7.0-6.88 (m, 5H; m-PPh and Ar), 470 (d,
J(P-H)=1.5Hz, 5H; CsH;), 2.96 (s, 3H; CsH;Me,), 1.24 (d, J(P-H)=
7.5 Hz, 3H; PMe), 1.08 (s, 3H; CsH;Me;,), 1.03 (d, J(P-H)=6.6 Hz, 3H;
PMe,), 0.53 (s, 3H; SiMe), —0.24 (bs, 3H; SiMe), —3.48 ppm (bs, 1H;
Nb—H); "N NMR (C¢Dy): 0=130.1 (bs, 0-Ar"), 129.6 (d, J(P—C)=9.0 Hz,
0-Ph), 129.4, 129.0, 128.7, 128.2, 122.8 (s, Ar’), 96.8(s, CsHs), 20.5 (s, Me),
19.0 (s, Me), 13.5 (bs, PMe,), 13.3 (bs, PMe,), 0.1 (s, SiMe,), —2.0 ppm (s,
SiMe,); *'P NMR: §=15.5 ppm (bs); ¥Si NMR: 0 =—67.8 ppm (d, Jy.5;=
132 Hz); IR (Nujol): #=1622 cm™' (Nb—H); elemental analysis calcd (%)
for C, H3;,CINNDPSi: C 54.17, H 6.33, N 2.75; found: C 55.44, H 7.20, N
2.44.

[V(Cp)(=NAr)(PMe;)(H)(SiMeCl,)] (16): HSiMeCl, (020 mL,
1.92 mmol) was added to a pentane solution (20 mL) of [V(Cp)(=NAr)-
(PMe;),] (0.50 g, 1.13 mmol). A dark-green solution was formed in
30 min at room temperature and crystallization of green needles began.
The mixture was placed overnight in the —30°C freezer. The mother
liquor was filtered; the residue was washed by pentane (4 mL) and dried
in vacuo. Yield: 0.112g (0.23 mmol, 21%). Second crop (0.130g,
0.24 mmol, 24%) was obtained by cooling the mixture to —30°C.
"HNMR (C¢Dy): 0=6.94 (m, 2H; Ar), 6.88 (m, 2H; Ar), 5.28 (s, 5H;
Cp), 417 (h, J(H-H)=6.9 Hz, 2H; CHMe,), 2.60 (d, J(P-H)=48 Hz,
1H; V-H), 1.37 (s, 3H; Si—Me), 1.18 (d, J(H-H) =6.9 Hz, 6 H; CHMe,),
1.17 (d, J(H-H)=6.9 Hz, 6H; CHMe,), 0.86 ppm (d, J(P-H)=8.5 Hz,
1H; P-Me); "CNMR (C,D): 0=94 ppm (s, Cp), other signals cannot
be assigned due to decomposition during acquisition; IR (Nujol): 7=
1672 cm™ (V—H); elemental analysis calcd (%) for C,H;sCLNVPSi: C
52.28, H 7.31, N 2.90; found: C 51.90, H 7.76, N 2.73.

DFT calculations: All calculations were carried out with the Gaussian 03
program packagel* using DFT applying the Becke three parameter
hybrid exchange functional”’? in conjunction with the gradient-corrected
non-local correlation functional of Perdew and Wang (B3PW91).“""! The
compound basis set used for the calculation consisted of the 6-31G(d)
basis set for the Si, P, N and Cl atoms, 6-31G for the carbon atoms and
the 3-21G basis set for the H atoms of the Cp ring and Me groups. The
basis set augmented by the p-polarization function (6-31G(d,p) basis set)
was used for the hydride H atom. The Hay-Wadt effective core potentials
(ECP) and the corresponding VDZ basis sets were used for the Nb
atom.*!

X-ray structure analyses: The crystals of 3e, 3g and 15b were grown
from ethereal solutions by cooling to —30°C. For all compounds, the
crystals were mounted in a film of perfluoropolyether oil on a glass fibre
and transferred to an Enraf-Nonius KappaCCD diffractometer. For all
structures the data were corrected for Lorentz and polarization effects.
The structures were solved by direct methods and refined by full-matrix
least squares procedures.*”) All non-hydrogen atoms were refined aniso-
tropically. In the case of 3e and 3g, the hydride atoms were located from
Fourier difference synthesis and positionally refined isotropically subject
to a loose Nb—H distance restraint, all other hydrogen atoms were placed
in calculated positions and refined in a “riding” model. For 15b, the hy-
dride position was not determined, all other hydrogen atoms were placed
in calculated positions and refined in a “riding” model. The location and
magnitude of the residual electron density was of no chemical signifi-
cance.

Crystal data for 3e (C,H;,CL;NNDPSI): yellow (wedge), 0.14x0.22x
0.22 mm, M =530.80, orthorhombic, space group Pbca; a=16.2130(3),
b=17.6513(4), c=17.8176(4) A; a=f=y=90°; V=5099.1(2) A*; Z=8,
Peac=138gecm ™. Data collection: T=150K, #=090mm~', A=
0.71070 A, 26,,,,=55.0°, 11564 measured reflections, 5840 unique, 248 pa-
rameters, R;=0.096, wR,=0.0971 (3343 observed reflections with />
36(1)), and R,;=0.1488 and wR,=0.1404 (all data), GOOF=1.03. The
largest peak in the final difference Fourier map had an electron density
of 1.87 ¢ A~ and the lowest hole was of —0.98 e A3,
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Crystal data for 3g (CyH3NNDbPSi): brown-yellow (block), 0.08x0.14 x
0.14 mm; M =517.55; orthorhombic, space group Pca2;; a=17.2632(4),
h=9.2235(2), c=17.0060(4) A; a=S=y=90°; V=2707.93(11) A%, Z=4,
Peate=1.269 gem ™. Data collection: T=150K, x=056mm~', A=
0.71070 A, 26,,,.=54.96°, 19580 measured reflections, 5845 unique, 283
parameters, R, =0.0361, wR,=0.0755 (4981 observed reflections with />
260(1)), and R,;=0.0505 and wR,=0.0814 (all data), GOOF=1.067. The
largest peak in the final difference Fourier map had an electron density
of 0.942 ¢ A~ and the lowest hole was of —0.606 ¢ A~>.

Crystal data for 15b (C,H; CINNDPSI): dark green (block), 0.12x0.17 x
0.22 mm; M =508.93; orthorhombic, space group P2,2,2,; a=8.3037(17),
b=13.897(3), c=20.980(4) A; a=pf=y=90°; V=2421.08) A’>; Z=4,
Peac=1.396 gcm ™. Data collection: T=150K, x#=0.732mm"}, A=
0.71070 A, 20,,,.=54.96°, 23491 measured reflections, 5442 unique, 254
parameters, R, =0.0384, wR,=0.0381 (4300 observed reflections with />
36(1)), and R,=0.0586 and wR,=0.0543 (all data), GOOF=1.102. The
largest peak in the final difference Fourier map had an electron density
of 0.64 ¢ A= and the lowest hole was of —0.59 ¢ A,

CCDC-636863 (for 3e), CCDC-636864 (for 3g) and CCDC-636865 (for
15b) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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