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This paper deals with the preparation and structural investigation of asymmetric bis(silyl) niobocene hydrides, Cp,-
Nb(SiHMe,)(H)(SiXMe,) (2; X = F (a), Cl (b), Br (c), | (d)) and Cp,Nb(SiXMe)(H)(SiYMe,) (X,Y= F-I; X = Y).
Complexes 2a—d were prepared by selective electrophilic activation of the Si—H bond in Cp,Nb(SiHMey),(H). The
Cp2Nb(SiXMe,)(H)(SiYMe,) complexes were prepared by electrophilic activation of the Si—H bond in 2a—d and, in
some cases, by electrophilic exchange of the X halides in Cp,Nb(SiXMey),(H) (1) for other halides, Y. The structures
of complexes 2b and 2c have been studied by X-ray and neutron diffraction (ND). The ND results unequivocally
established that the hydride ligand in 2c is shifted toward the SiBrMe; ligand and that in 2b is positioned symmetrically
between two nonequivalent silyl groups, with the H---SiClMe, distance being shorter because of the shorter Nb—
SiClMe, bond length. Analysis of the X-ray structures of complexes 2a—d and complexes Cp,Nb(SiXMe,)(H)-
(SiYMe,) shows that the largest structural distortions are observed for the silyl groups substituted by heavy halogen
atoms. These trends are rationalized in terms of stronger interligand hypervalent interactions (IHI) Nb—H-+-Si—X
for heavy atoms X from Group 7.

Introduction M—H bond of an early transition metal hydride on the
antibonding orbitab*(Si—X) of a functionalized silyl ligand,
SiXRy, resulting in structural and spectroscopic features
different from those observed in silanecomplexes (Figure
1). Such a model also implies a distinctive stereochemical
criterion for IHI, namely, the hydride and substituent X at
silicon should be in an approximate trans configuration. A
very similar interaction between a F&l bond and thg-silyl

The X-ray and neutron diffraction structures of compound
CpNb(SiCIMey)2(H) (1b) exhibit unusual structural distor-
tions, which were explained using the concept of interligand
hypervalent interactions (IHP? The IHI was suggested to
emerge as result of electron-density transfer from the basic
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Figure 1.

of structurad=* and spectroscopic featubesof IHI. Interac-
tions between one hydride ligand and one silyl ligands(3c
4e interligand interactiof and between one hydride and
two silyl groups (5e-6e interligand interactiok$*have been
found®

By analogy with hypervalent organosilicon compoufds,
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Scheme 1. Synthetic Strategy to Asymmetric Bis(silyl)niobocenes via
Selective StH Activation
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Results and Discussion

Synthetic Strategy.Investigation of the asymmetric Gp
Nb(SiYMey)(H)(SiXMe,) complexes faces a tricky problem
of defining an effective synthetic strategy toward this class
of complexes. The most common method of preparing silyl

it has been assumed that heavier halogen substituents aflerivatives, the oxidative addition of the-S#l bonds and

silicon would give rise to larger structural distortigfi€On

salt elimination reaction®,is not usually selective, and there

the other hand, lighter and more electronegative halogensareé only few reports on the silyl complexes featuring two

appear to form stronger SX bonds. For example, the
stability of species [Si¥? falls drastically as X descends
Group 78 One can expect that the ionic contribution should
be important for the most electron-withdrawing element,
fluorine, whereas covalent interaction should dominate for
the more polarizable bromine and iodine substituents.

different silyl ligandst! In our previous study of symmetrical
CpNb(SiXMey)2(H) compounds, we established several
effective routes to functionalized silyl complexes, based on
electrophilic activation of the SiH bond of the compound
CpNb(SiHMe),(H) (3).42P If such an activation could be
done selectively to give the asymmetric Mp(SiHMe)-

Therefore, the effect of the halogen substituent on the extent(H)(SiXMeZ) (2) complexes in the first step, then a powerful

of Si—H interligand bonding is not straightforward. To attack

this problem, we set out to investigate the class of asymmetric

complexes CPNDb(SiYMe,)(H)(SiXMey). We anticipated that
nonequivalent silyl groups would compete for the interactions
with the central hydride, which should have its manifestation

in the structural properties. This assumption gives rise to

two important points: (i) systematic structural studies should

be carried out, and (i) ND studies should be performed at

synthetic method for the preparation of the targetNip
(SiYMey)(H)(SiXMe;) complexes would be developed
(Scheme 1). To the best of our knowledge, selectiverSsi
activation in transition metal silyl complexes has not been
yet investigated? In the following discussion, we shall first
consider preparation of mono(halogenated) compoRrzaisl
then their application to the synthesis of doubly functional-
ized complexes Glb(SiYMe,)(H)(SiXMey) (X,Y = F—I;

X =Y). After that, we shall discuss the structural and NMR

least for several compounds of this series to establlshfeatures of these new compounds.

unequivocally the asymmetric, if any, position of the hydride.
In our previous ND study of the compourd, the hydride
was found to be located symmetrically between two identical
chlorosilyl groups.

Syntheses. Monofluorination of 3.Selective substitution
of only one StH hydride for a fluoro group turned out to
be the most difficult stage of this study. A variety of reagents
and conditions have been tried (1/3 [GPRFg], 1/4 [CPhy]-

In this paper, we report syntheses and systematic X-ray[BF,], 1/3 FB-E,0, NHsF, FSnMe, KHF>) but generally

investigations of complexes @@b(SiYMe,)(H)(SiXMey)
and the neutron diffraction studies of complexesXip
(SiHMey)(H)(SiCIMe,) (2b) and CpNb(SiHMey)(H)(SiBrMe;)
(20). A preliminary communication has appeafed.

speaking, the selectivity of fluorination was very low. As a
rule, a significant amount of the symmetrical complex-Cp
Nb(SiFMe).(H) (1a) was formed, and in some cases, the
starting compoun@ was also present. Since all these species
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2005 24, 587.
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Scheme 2. Preparation of Complexeza—2c
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have comparable solubility, the isolation of p@a@was very ~ Scheme 3. Preparation of Com,\i'exe@a”d?’d .
complicated. All three B-F bonds of B are active but the " @ \ @ \
TR - ; S SiMe e CSMez  [phMe,H]I Qg iMez
selectivity is low (1:1:3 ratio of3/1a/2a by NMR). The N _Meti N g N
variation of reaction conditions (temperature, solvent) or %\sﬁmz 66% %\/Wez 56% % i,
addition of amine NEtdoes not improve the selectivity. The cl H ,/
literature compound FSnME€ fluorinates only one SiH b 4 sd

bond of CpNb(SiHMe)>(H). Unfortunately, this material
also contains a significant amount of CISniMep to 10%),
which affects the competitive chlorination 8f In contrast,
very pure polymeric (FSnMg, is not active at all. We
believe that it is the weak linkage-Me,Srr--Cl—SnMe
in the polymer chain of (FSnMg(CISnMe)n, which gives
rise to a reactive center. NH and KHF, were inactive in bromination of3 under the action of/, equiv of Br-diox
this reaction. (vield 44%), 2 equiv of BrSnMe(53%), or 1 equiv of
The best result was eventually achieved with a 1/3 equiv [PhNHMe,]Br (45%, Scheme 2). Compourit is a useful
of the trityl compound [PC][PFg], affording a mixture of  starting material for the preparation of the Br-substituted
mono- and bis(fluorinated) complex@sa and 1a, respec-  series CENb(SiXMey)(H)(SiBrMe,) (X = F, Cl, I) (vide infra).
tively, in the ratio 1:2 (Scheme 2). Multiple recrystallization Monoiodination of 3. Reagents,} IMe, ISiMes, ISnMe,
from ether afforded analytically puizain a 27% yield. and [PhNHMe]l have been screened for selective monoio-
As an alternative approach #a, we investigated nucleo-  gination. The best result was achieved with the ammonium
philic halogen substitution in the monohalide derivatives-Cp salt, which allowed for the preparation @d in a 35%
ND(SiHMe)(H)(SiXMe,) (X = CI (2b), 1 (2d), vide infra). isolated yield. The relatively low yield is the result of the
Attempted fluorination with NEF-2H.0 afforded a mixture  gjge-reaction of the product with the solvent, diethyl ether.
of the starting compouncb or 2d), Cp:NbH;, and2ain a Although this problem does not exist in aromatic solvents,
ratio of 1:1:2, which complicated the isolation of the target he reaction in BO goes faster. Therefore, the isolation of
product. Surprisingly, when GNb(SiHMe;)(H)(SiCIMe;) the product should be done immediately upon completion
(2b) was reacted with CsF, the only observable product o the reaction (a few hours in ether). Fortunatelg,like
formed, in addition to the starting compound, was,Klp 1d is sparingly soluble both in ED and toluene, allowing
(SiCIMe)2(H) (1b). Evolution of a noncondensable gas, fqy jts easy isolation from the more soluble byproducts.

e e s e, Ve Ui i sed, a dfcul-seprse e
: P of 2d and 1d (along with 3) emerges. The presence of 5

and the fate 01_‘ another equivalent of the presumed moboceneequiv of NE§ in the reaction does not solve this problem.
product remain unclear.

. . L The r ion with IMe in ether is violent and |
Monochlorination of 3. Selective monochlorination & € reaction of3 wit € in ether is violent and leads to

to give2b can be affected by several reagents, as summarizedp omplete .decomposmon @rbut avery low yield 0.12 d. In
in Scheme 2. In the case of CIRER equiv of ’chlorophos— contra_st, in benzene, th_e reaction is both slugg_sh and not
phine are req.uired because 1 equiv is consumed by the initials.elecuve.: 30% conversion was af:h|eved only In a year to
phosphorus product HPED give [E4PH— PEEICL. In all give a mlxtu_r(_a of2d and1d. IS|Me?, is more reactive under
three cases, the reactions occur under mild condi.tions Withinthese conditions (hglf conversion n ben;ene at room
’ ) . . temperature was achieved in a week) but still not selective.

a few hours. The undesired bis(chloro) compldxis not
formed in any significant amount.

Interestingly, the result of the reaction betwegrand
CISnMe; crucially depends on the solvent employed. In ether,
the main product is the targ2b, whereas in toluene, a severe ;4 '\(';?ggﬂm&ye[ M:?ﬂhog”hg;‘:’“}f%?Goisggmet. ChemL996 506
decomposition occurs, and the main soluble product is the 221.

known compound GINb(SiMe;),H (11%)14 The fate of tin
coproducts of this unusual reaction and its mechanism remain
unknown.

Monobromination of 3. Complex CpNb(SiHMe)(H)-
(SiBrMe;) (2¢) can be conveniently obtained by selective

(13) (a) Herzog, A; Liu, F.-Q.; Roesky, H. W.; Demsar, A.; Keller, K;
Noltenmeyer, M.; Pauer, FOrganometallics1994 13, 1257. (b)
Murphy, E. F.; Yu, P.; Dietrich, S.; Roesky, H. W.; Parsini, E.;
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Scheme 4. Preparation of Comple0
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The reaction of3 with 1ISnMe; in toluene is facile but
gives, unexpectedly, theono(alkylation product CpNb-
(SiMes)(H)(SiHMe,) (4). Compound4 was independently
prepared by the reaction @b with MeLi (66%, Scheme 3).
Like 3, this compound reacts violently with air (pyrophoric

in the form of fine powder). At the moment, we have no
rationale for this reaction and are curious why in toluene

ISnMe; results in the mono(alkylation) a3, whereas the
related compound CISnM@ives CpNb(SiMe;),(H) (vide
supra). The reaction efwith [PhNHMe)]I gives the mono-
(iodo) derivative CgNb(SiMe;)(H)(SilMe,) (5d), isolated in
a 56% vyield (Scheme 3).

Fluorosubstiuted Complexes CpNb(SiFMe,)(H)(SiXMe,)
(X = Cl, Br, I). Because the mono(fluorid@gnis not readily
accessible, the preparation of the F derivativesNbp
(SiIFMe&)(H)(SiXMe,) was achieved by the fluorination of
CpNb(SiH Me)(H)(SiXMe) (X = ClI, Br, 1). The CI
derivative CpNb(SiFMe)(H)(SiCIMe,) (6) can be easily
prepared in a 73% isolated yield by the reactior2bfwith
1 equiv of [PRC][BF4] in THF. The Si~Cl bond turned out

to be reactive to the trityl cation too, so that the application

of 2 equiv of [PRC][BF,] leads to the difluoridela (eq 1).

H
)
S wSiMe ]
/Nb_, —_—
0,
/
cl
2b
R R
\... \..
.SiMe, .SiMe,
N2 [PhyCIBF,] O
Nb _— b—H
NS 90 % NS
% JSiMe; ° Sinte,
cl F
6 1a (1)

Analogously, the reaction of GNb(SiBrMe)(H)(SiHMe,)
(20) with [PhC][BF4] in THF affords the mixed Br/F-
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substituted complex GNb(SiBrMey)(H)(SiFMey) (7, 72%).
The difluoridelawas also observed in a small amount. The
latter product most likely emerges as a result of the attack
of evolving KRB on the S+-Br bond. Such a complication
has not been observed @b, most likely, because the Si

Cl bond is stronger than the -SBr bond. Electrophilic
fluorination of 1c by FB does occur, but it is a less
convenient method of making because the reaction is
slower (5:1 mixture off and1cwas observed after 3 days).
Analogous CI/F exchange in the dichloritlle does not occur
over an extended period of time.

For an even better leaving group, iodine, the I/F exchange
in 1d is a practical method to prepare the asymmetric
complex CpNb(SilMey)(H)(SiFMe) (8) (eq 2). Thus, the
1:1 reaction of CENb(SilMey)2(H) (1d) with FsB-Et,O in
toluene affords8 in a 35% isolated yield. It is interesting
that, although the initially formed product,8-Et,O, could
be expected to be a more-active fluorinating agent (because
of its increased Lewis acidityf,only one Si-l bond of 1d
is touched. We explain this controversy in terms of facile
iodation of the ether part of the adduct,B-Et,O to give
the less-acidic (EtOYB. The isolation of slightly solubl&
by recrystallization from the unreacted and also slightly
soluble 1d has been achieved only after ultrasonication of
the mixture. In light of this, it is not surprising that the
reaction ofld and RB-Et,0 in THF gives the fluoro-alkoxide
derivative CpNb(Si(O(CH)4l)Me2)(H)(SiFMe) (9), the
product of ring opening in the THF. The attachment of the
fluoro group to the SiMgmoiety rather than to the butylidene
fragment follows from the observation of an+f coupling
constant for the methyl group signal in tH&l NMR
spectrum,J(H—F) = 8 Hz. The same pattern is observed
for all other complexes featuring the SiFMgroup.

I K

)Y 2
R JiMe, BF3*E{,0 N\ S‘.lMez
S e
0,
% SiMe, 35% % SiMe,
/ /
I i
1d 8 @)

Attempted chlorine substitution in the compound;Sp-
(SiIFMey)(H)(SiCIMe,) (6) by ISiMes in ether resulted in
decomposition.

Chlorosubstiuted Complexes CpNb(SiCIMe)(H)-
(SiXMey) (X = Br, 1). The compound GNb(SiClMe))-
(H)(SiBrMe;,) (10) can be obtained either by the chlorination
of 2c or by the bromination ofb, both starting materials
being readily available through the selective halogenation
of 3 (Scheme 4). Chlorination o2c by CIPE: or by
[PhNHMeg;]CI gives 10in high yield. Bromination o2b by
[PhNHMg]Br affords 10 in a 34% yield. Other reagents
tested in these reactions, Bfioxane, CISi, and CISnMeg
were not effective.

(15) Mingos, D. M. P Essential Trends in Inorganic Chemistr@xford
University Press: Oxford, U.K., 1998.
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Figure 2. Molecular structure of complex GNb(SiHMe)(H)(SiBrMe,)

(20¢) as obtained from the neutron diffraction analysis (thermal ellipsoids
are plotted at 50% probability). For the view of the structure of related
complex2b, see ref 9.

Table 1. Selected Bond Distances (A) and Bond Angles (deg) in
Complexes CENb(SiHMey)(H)(SiCIMe,) (2b),
Cp2Nb(SiHMey)(H)(SiBrMey) (2¢), and CpNb(SiCIMez)2(H) (1b)
Determined by Neutron Diffraction

22 2c 1b
Nb—H 1.80(2) 1.80(1) 1.816(8)
XSi++*H 2.09(2) 2.06(1) 2.076(3)
HSi-+-H 2.13(2) 2.19(1) -
XSi(2)—Nb—H 52.9(6) 52.1(3) 52.14(5)
HSi(1)-Nb—H 52.9(6) 55.0(3)
Si—H 1.461(10) 1.54(1)

a Combined neutron diffraction/X-ray study.

CpNb(SiCIMe)(H)(SilMe;) (11) can be conveniently
prepared by the Cl/l exchange reactioridfwith a /3 equiv
of Cl3B (yield 31%, Scheme 5). Attempted iodination2if
by [PhNHMe]I in ether resulted in a mixture of iodo- and
chloro-substituted complexes which was difficult to separate.

Preparation of Cp,Nb(SiBrMe,)(H)(SilMe,) (12). The
last asymmetric complex from this series, the Br/I derivative
CpNb(SiBrMey)(H)(SilMez)H (12) was obtained by the
treatment of2c with iodine (24% isolated yield). The
bromination of2d by Br,-dioxane afforded a mixture of Br-
and I-substituted complexes, which was difficult to separate.

Neutron Diffraction Studies. The molecular structures
of two related mono(halogen)-substituted complexes: Cp
Nb(SiCIMey)(H)(SiHMe,)? (2b) and CpNb(SiBrMey)(H)-
(SiHMe,) (2c, Figure 2), have been determined by neutron

Figure 3. Molecular structures of complexe&d and 5d. The X-ray
structure of other mono(halogen)-substituted compleXas €) are similar
and are given in Supporting Information.

The Nb—H bond length of 1.804(17) A is also close to the
ND value of 1.816(8) A determined ihb®®. Other Group 5
metallocene hydrides studied by neutron diffraction have
somewhat shorter MH bonds, that is, 1.785(15) A in Gp
Ta(SiHMe),(H)® and 1.771(9) A (av) in CTaH:.1” Note
that the atomic radii of Nb and Ta are almost identical (1.429
and 1.43 A)!8 so that the comparison of vH bond lengths
in these systems is fair. Decreased-8 contacts and
elongated M-H bonds are characteristic features of inter-
ligand hypervalent interactions between the silyl and hydride
ligands?*6

In contrast, the ND study of the bromine analog2d,
the compound GINb(SiBrMe,)(H)(SiHMey) (2¢, Table 1),
exhibits a clear shift of the hydride ligand to the bromosilyl
ligand. This is seen both from the smaller Br$Slb—H bond
angle (52.1(3) vs 55.0(3for HSi—Nb—H) and from much
larger difference in the SiH (hydride) distances (2.06(1)
A for the BrSi-H contact vs 2.19(1) A for the HSH
distance). Meanwhile, the NiH bond length of 1.80(1) A
remains almost the same asZh. This hydride shift to the
SiBrMe, group is statistically meaningful, and there is no
obvious steric reason for such a shift. Moreover, the
electronic structure of trisubstituted niobocenes dictates that
the central ligand occupied the central position in the
metallocene bisecting plane where it finds the best overlap
with the frontier orbital of the bent GM fragment!® In fact,
in 2¢, the hydride deviates from this central position defined
by the Centt-Nb—Cent2 plane (Cent stands for the centroid
of the Cp ring) by 0.053 A, a feature absentab. Such a
deviation should result in the decrease ofM bonding!®2
likely at the expense of forming a +5Si interaction. To
conclude, this hydride shift unequivocally establishes a
stronger interaction of the hydride with the SiBrMigand.

Other molecular parameters of complex@&sand 2c are
discussed in the next section.

X-ray Studies of Monohalo-Substituted Complexes

diffraction. Their selected molecular parameters are given 2a—d and 5d. In this work, we performed five X-ray

in Table 1. In the structure dtb, the hydride occupies the
exact central position between two lateral silyl groups, both
Si—Nb—H bond angles being equal to 52.R(6The same

diffraction studies of asymmetric mono(halogen) substituted
(2a—d and5d, Figure 3) and five X-ray diffraction studies
of asymmetric dihalogen-substituted bis(silyl) niobocene

situation has been previously observed in the ND structure complexes §—8, 10, and12, Figure 4). We failed to grow

of symmetrical complex GiNb(SiCIMe,)(H) (1b).** How-
ever, because the NISICl bond length is shorter than the
Nb—SiH bond length (2.5969(6) and 2.6522(6) A, respec-
tively), the hydride appears to lie closer to the SiCidsoup
than to the SiHMgligand (2.085(17) vs 2.126(17) A). The
former value compares well with the related distance
observed by ND in compountb with IHI (2.076(3) A)4

(16) Tanaka, I.; Ohhara, T.; Nimura, N.; Ohashi, Y.; Jiang, Q.; Berry, D.
H.; Bau, R.J. Chem. Resl999 14.

(17) Wilson, R. D.; Koetzle, T. F.; Hart, D. W.; Kvick, A.; Tipton, D. L,;
Bau, R.J. Am. Chem. S0d.977, 99, 1775.

(18) Emsley, JThe Elements2nd ed.; Clarendon Press: Oxford, U.K.,

(29) (a) Léuher, J. W.; Hoffmann, R. Am. Chem. Sod.976 98, 1729.
(b) Green, J. CChem. Soc. Re 1998 263.
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Figure 4. Molecular structures 06. Molecular structures of other bis-
(halogen)-substituted complexés 8, 10, and12) are similar and are given
in Supporting Information.

an X-ray quality crystal of the compound @b (SiCIMe,)-
(H)(SilMep) (12), the only missing member of this series.
The X-ray structures of compounds Bib(SiFMe)(H)-
(SiHMe,) (28), CpNb(SiCIMe,)(H)(SiBrMey) (10), and Cp-
Nb(SiBrMe)(H)(SilMe;) (12) are disordered in the positions

Dorogov et al.

Table 2. Selected Bond Distances (A) and Bond Angles (deg) in
Complexes CiNb(SiHMey)(H)(SiXMey) (X = F—I) and
CpNb(SiMes)(H)(SilMe,) Determined by X-ray Study

X=F, X=Cl, X=Br, X=lI, X=l,
2a 2b 2c 2d 5d
Nb—Si(X) 2.6411(8) 2.5969(6) 2.586(2) 2.5782(8) 2.5817(7)
Nb—Si(H) 2.6167(8) 2.6522(6) 2.649(2) 2.6426(2) 2.6645(6)
Si—X 1.614(3), 2.1829(7) 2.377(2) 2.6287(8) 2.6413(6)
1.581(5)
(X)Si—Nb—Si 106.31(3) 105.85(2) 107.27(8) 107.99(2) 106.01(2)

a2The SiFMe and SiHMe groups are disordered in the positions of the
F and H atoms.

2a, the fluorine and hydrogen positions at silicon are
disordered with populations of 0.6/0.4, which is not surpris-
ing, taking into account that the van der Waals radii of
fluorine and hydrogen are comparable (1.35 and 1.20 A,

of non-methyl substituents at the silicon atoms (i.e., the F respectively}8 As expected, the silyl group “enriched” with

and H in2a, Cl and Br in10, and Br and | in12). This
disorder mixes up the observed NBi and Si-X distances,

fluorine (population 0.6) exhibits a shorter NBi distance
(2.6167(8) vs 2.6411(8) A) and a longer-Si distance

the molecular parameters of crucial importance for our (1.614(3) vs 1.581(5) A) than the other silyl group. In the
discussion, so that it is not possible to discuss the competitivepis(fluoro)-substituted compourtth the corresponding pa-
interligand interactions in these complexes. The compoundsrameters were 2.618(1) and 2.622(1) A for the two-gb

2b and 2c exhibit a rotational disorder of the SiHMe

fragment which does not affect the analysis of IHI in the

latter systems.
All ten X-ray structures of compounds &\tb(SiXMe,)-

bonds and 1.652(3) and 1.644(3) A for the-&ibonds.

The molecular structure ofb determined by X-ray
diffraction exhibits a S+ Cl bond of 2.1829(7) A (Table 2)
elongated compared with that of the previously studied

(H)(SiYMe,) under discussion exhibit the same structural complexes with IHI: CpNb(SiCIMey),(H)* (1b, 2.163(1)
feature, namely, regardless the size of the halide substituenf}), Cp,Nb(SiCIMey)(H)2*2 (2.170(2) A), and Cp(ArN)Ta-
at silicon, the halogen atom is located in the bisecting plane (PMey)(H)(SiCIMey)* (2.177(2) A). This bond length is
of the niobocene fragment trans to the hydride (Figure 3). among the longest SiCl bond length in stericaly unencum-
Such a geometry, also observed in the symmetrical com-pered chlorosilyl complexes of transition met#¥Jhe only

poundsla—d, is stericaly favorable for X,¥= Br and | but
not for the smaller fluorine substituent. This stericaly
unfavorable trans HSi—H geometry is also observed for
the SiHMe group of 2a and 2d and is also the most

other compound with IHI with a longer SICl bond of 2.223-

(2) A'is the titanocene complex gF(PMes)(H)(SiClLMe) 5
The Si—Br bond length in2c is significantly longer than

that in CpNb(SiBrMey)2(H) (2.378(2) vs 2.349(2) A) and

populated rotamer for the rotationally disordered complexes is 11% longer than that in bromosilanes. There are no other
2band2c. For the latter two compounds, this kind of disorder - structurally characterized mono(bromo)-substituted silyl com-
suggests that the difference in energy of two conformers, plexes to underpin the elongation of the-8ir bond. In fact,

stemming from the difference in the steric interaction-Cp

this increase of the SiBr bond length in2c relative tolc

SiHMe,, is comparable to the energy of weak interligand (A = 0.028(1) A) is more significant than the elongation of

interaction Nb-H---Si—H.

the Si-Cl bond in2b relative tolb (A = 0.020(1) A). This

Another feature amenable to all these compounds is thetrend, therefore, is in agreement with the stronger BrSi

markedly decreased -SNb—Si bond angles (range 105.85-
(2)—107.99(2)) compared to what is found for the related

interaction suggested by the neutron diffraction study (vide
supra). The strengthening of the B+SH interaction is

classical bis(silyl) hydride metallocenes of the Group 5 further supported by the contraction of the NBiBrMe,

metals (range= 109.61(2)-110.81(5)).#*1¢ Finally, the
Si—X bond lengths are elongated and the-Ng& bonds are

bond in2c (2.586(2) A) relative talc (2.604(2) A). In the
comparison oflb with 2b, the localization of IHI on only

shortened relatively classical analogues. All these structuralone silyl center (SiBrMg leads to the opening up of the
trends are the characteristic signatures of compounds withSi(1)—Nb(1)—Si(2) bond angle from 103.37(7)n Cp:Nb-

IHI.®

The key molecular parameters of complexss-d are
given in Table 2. The specific conformation of the SiFMe
fragment and the diminished -SNb—Si bond angle of
106.31(3} suggest the presence of IHI. This angle is,
however, larger than that in the corresponding difluoride-Cp
Nb(SiFMe),(H) (105.57(4}), which has two attractive FSi
--H bonds?2 This difference can be rationalized in terms of
stronger FSt-H interaction than the HSi-H interaction. In

152 Inorganic Chemistry, Vol. 46, No. 1, 2007

(SiBrMey)(H) to 107.27(7)) in 2b.
The iodo compound<d and5d (Table 2), are only the
second and third examples, respectively, of a transition metal

(20) Bulky groups at silicon in the SixRyroup can exert long SiCl bonds
even in the absence of any interligand interactions, see: (a) Zarate,
E. A.; Kennedy, V. O.; McCune, J. A;; Simons, R. S.; Tessier, C. A.
Organometallics1995 14, 1802. (b) Simons, R. S.; Gallicci, J. C.;
Tessier, C. A;; Youngs, W. J. Organomet. Chen2002 654, 224.
(c) Dorogov, K. Yu.; Churakov, A. V.; Kuzmina, L. G.; Howard, J.
A. K.; Nikonov G. I. Eur. J. Inorg. Chem2004 771.
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iodosilyl complex, the first one being the symmetrical Table 3. Selected Molecular Parameters in Complexes
congenerld. The Si-I bonds in2d and5d are elongated acr%'rébs(ism\ggz))(H)(SiYMeﬂ Determined by X-ray Study (bonds in A,
(2.6287(8) and 2.6313(6) A, respectively) both verdds
(2.595(3) A) and versus the Si bonds organosilanes _ 6 ! 8 10 12
(average 2.537 A3 This relative elongation of the Si-Hal ~ Nb—SiX  2.6206(8) 2.625(1) 2.6148(9) 2.5986(4) 2.6045(8)
. X Lo . . X=F) (X=F) (X=F (X=cClj (X=B8r
bond in the iodo derivatives is larger than that observed in \, siy  2'6038(8) 25594(1) 2.5837(9) 2.5986(4) 2.6045(8)
the bromo- and chloro-substituted complex2is,and 2c, ' (Y=cl) (vy=8Br) (Y=1) (Y=Br Y=1
respectively, which can be interpreted in terms of enhanced Si—X 1649(2) 1.670(4) 1.647(2) 2.272(4) 2.4846(8)
) . . ; ; . X=F) (X=F) (X=F) (X=Clj (X=Br
IHI of the hydride with the iodosilyl group. This conclusion ;v 2180(1) 2.369(1) 2.6173(9) 2.272(4) 2.4846(8)
is in agreement with the variation of the NI bonds in (Y=Cl) (Y=8Br) (Y=1) (Y=Br y=1
the mono(iodo) derivatives. That is, bod and 5d have
shorter Nb-Si bonds (2.5782(8) and 2.5817(7) A, respec- The SiCIVie and SiBM sicordered in th . .
H H H a e Sl © an IBrivie groups are disoraerea in the positions o
tlve_ly) Fhan 1(,j (2'595(3) A) Like m_othe.r mono(haloggn) Cl and Br atoms? The SilMe and SiBrMe groups are disordered in the
derivatives discussed above, the-8ib—Si bond angles in  positions of | and Br atoms.

2d and5d are increased relative fial (107.99(2) and 106.01-

XSi—Nb—SiY 105.80(2) 106.32(4) 106.87(3) 103.61(2) 102.64(4)

(2) vs 104.4(19). In accordance with Bent's ruf@the Nb— interaction increases as halogen X descends Group 7, as it
SiMe; bond of 2.6645(6) A irbd is a longer than the Nb was assumed in the previous studies.

SiHMe; bond of 2.6426(2) A ird, but it is very close to X-ray Studies of Asymmetric Dihalogen-Substituted

the Nb—Si bond in the compound Gib(CH,=CH,)(SiMes) Complexes CpNb(SiXMe,)(H)(SiYMey) (X,Y = F, Cl, Br,
(2.669(1) A). [; X =Y). X-ray structures of complexes-8, 10, and12

Systematic Trends in X-ray Structures.Analyzing the were performed to determinecancurrent interligand H-Si
variation of structural parameters in the series of mono- interaction of two different halosilyl groups. All these
(halogen) substituted complex@a—d and the compound ~ complexes have the same conformational feature as the
Cp.Ta(SiHMe)2(H),2224 one can see that the NiSi bond related complexe$a—d and2a—d (namely, the halides X
length monotonously decreases from 2.6289(8) A2 and Y are trans to the hydride) and exhibit decreased Si
(average of two bonds) to 2.5782(8) A &u. The Ta-Si Nb—Si bond angles (range of 102.64{4)06.87(2)), sug-
bond length in Cpra(SiHMe),(H) is closer to the M-Si gesting that both silyl groups are attracted to the hydride.
bonds in the F-substituted compl@a rather than to those In the series of fluoro-complexes @fb(SiFMe)(H)-
of the | derivative2d, in spite of the big difference in  (SiYMe;) (Y = F—I and H), the Nb-SiY bond (Tables 2
electronegativity of hydrogen (2.20, Paulittgnd fluorine ~ and 3) decreases down the Group 7 elements in the
(3.98, Pauling}® Therefore, the dependence of the-N&iX contradiction with Bent's rule. The SiY bonds (Y= Cl—
bond length in compounds @gb(SiXMe,)(H)(SiHMe,) [) are longer than those in the corresponding symmetrical
does not follow a simple electronegativity trend and is, thus, complexes CiNb(SiXMe)o(H) but are less than the values
at odds with Bent's rule that predicts a monotonous elonga- 0bserved in the mono(halogen)-substituted compl2kesi
tion of the M—SiX bond upon decreasing the electronega- (for the Si-Cl bond, 2.180(1) A ir6 vs 2.1829(7) A ir2b;
tivity of X. 22 In the symmetrical complexes @fb(SiXMey),- for the Si-Br bond, 2.369(1) A in7 vs 2.377(2) A in2¢;

(H), the Nb-Si bond length goes via a minimum observed for the Si-1 bond, 2.6173(9) A ir8 vs 2.6287(8) A in20).
for X = CJ.4a In contrast, both the NbSIiF (range= 2.6148(9)-2.626(1)

The Si-M—Si bond angle decreases from 110.8(i) A) and the Si-F bond lengths (range 1.647(2)-1.670(4)

CpeTa(SiHMe)o(H) to 105.85(2) 2b, which corresponds to ’?z] compare W?L'( Vk‘)’“h dthe "Ia'“es °bser‘f’ed 1’1 a:d 2?(
the decrease of the SM—H bond angle from 55.5(5) to e FS-Nb—SiY bond angle opens up from to

52.9(6Y, and then it increases to 107. 9%(2) compound = |, which can be rationalized in terms of decreased +Si
2d. Givén the results of the accurate ND study 2y it is *HNb interactions in the presence of a competing Si¥Me
justified to say that this opening of the-Silb—Si bond angle group._AItogther, these trends suggest thatin the-presence
mainly comes from the increase of HS\lb—H bond angle. of a SiYMe, ligand (Y = F) the behavior of the SiFMe

. . bl h the behavior of Si .
Altogether, these results suggest two conclusions: (i) thegroup resembles very much the behavior of Sikiigoup

. ) i i . . Heavier halides exert stronger SHNb interactions with the
interligand mtera_tcnons in the mono(r_]alo)—s_ubstltu_teq com- silyl ligands to which they are attached.

pIexesZa—_d_ are increased in comparnson With their d!halo- Analysis of structural parameters in the Cl-substituted
gen-substitited analogéda—d and (ii) the Nb-H---SiX complexes CiNb(SICIMe)(H)(SiYMe;) (Y = F, Br, | and

H, Tables 2 and 3) is complicated by the Br/Cl positional

e O e on & a1 oo Allem F. i Kennard, O disorder in the compound @Rb(SICIMe;)(H)(SiBrMes) (10)

(22) Bent, H. A.Chem. Re. 1961, 61, 275. and the absence of X-ray structure for the compoung Cp

(23) The X-ray structure 08 has not been determined, but the related i i
tantalum complex Cfa(SiHMe),H was studied by both X-ray and Nb(SICIMe)(H)(SilMe,) (1D). In 10, the observed averaged

ND.2* Given the fact that the atomic radii of Nb and Ta are amost Nb—Si bond length of 2.5987(4) A lies between the values
identical}® it is justified to discuss tantalum derivatives in place of  observed in the symmetrical compoundsKip(SiMeY).-

their niobium analogues. . . .
(24) Tanaka, I.; Ohhara, T.; Niimura, N.; Ohashi, Y.; Jiang, Q.; Berry, D. (H) (2'59_7(1) A'in1b and 2.604(2) A inlo), the Si-Hal
H.; Bau, R.J. Chem. Res1999 14, distance is also found between the-8il and Si~Br bond
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lengths observed ifib and1c (2.163(1) A in1b and 2.349-
(2) Ain 10). In the series CiNb(SiCIMey)(H)(SiYMe,), the
Si—Cl bond length decreases from=YH through Y=F to
Y = Cl when the Si-Y bond starts to compete effectively
with the SCI bond for the interaction with hydride. The

only parameter, pertinent to all the compounds from this 45, -

series, the CISiNb—SiY bond angle, decreases from=Y
H to Y = F and then to Y= Br in accordance with
strengthening of the HSIY interactions.

An analogous problem was observed for the series of Br- 437

complexes CgNb(SiBrMe)(H)(SiYMe,) (Y=F—I and H,
Tables 2 and 3): the compound Bib(SiBrMe,)(H)(SilMe,)
(12) exhibits a Br/l disorder so that two Ni&i bond lengths,
and two StY bond lengths are averaged. The-NBr bond
length increases monotonously from=XH to X = F and
then down Group 7. Accordingly, the -SBr bond length
decreases and the BrS\b—SiY bond angle decreases in

Dorogov et al.
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Figure 5. Dependence of théH NMR Cp group signal in complexes
CpNb(SiXMey)(H)(SiYMey) on the nature of substituents X and Y,
CpNb(SiHMe)(H)(SiXMey); A, CpNb(SiFMe)(H)(SiXMey); x, CpNb-
(SiCIMey)(H)(SiXMey); +, CpNb(SiBrMe)(H)(SiXMey); ®, CpNb-
(SilMey)(H)(SiXMey).

the same order. These trends can be again rationalized irthe hydride signals in théH NMR spectra. Group 1€4.9

terms of increased IHI in the case of heavier halides.
Similar trends are observed for the iodo-seriesNEp
(SilMeR)(H)(SiXMe,) (Y = F, Br, 1 and H, Tables 2 and 3).
The strongest ISiH interaction is in the compoundd,
which decreases when the Sipkegroup is substituted for

to —5.4 ppm) is formed by complexes featuring a halogen
substituents at each silyl ligand. These complexes have
strongly delocalized 5e6e IHI according to X-ray and ND
data. The second group-4.2 to —4.7 ppm) is formed by
compounds with only one halosilyl group, in which the

SiFMe; and then decreases further down Group 7 becausehydride is involved in a stronger but more localized {3c

of the competition of two halosilyl groups for the interaction

4e) IHI. The disubstituted complexes £B{b(Si(SPh)-

with the central hydride. The IHI becomes more delocalized Me,),(H) and CpNb(Si(PPR)Me,)»(H), which according to

(5¢c—6e), and each individual SH interaction gets weaker
than in the case of an almost pure-3te IHI in 2d.
NMR Studies. The measurement of NMR SH coupling

X-ray studies appear to be virtually classi¢aglso signal
in this range. Finally, Group Il 3.2 to —3.8 ppm) is
composed of compounds with donating alkyl/aryl substituents

constants for many years remained the main method toat silicon, which might be anticipated to have the most

characterize nonclassical-Sil interactions’. Unfortunately,

hydridic and hence the highest upfield shifted signal for the

this technique cannot be applied to niobium silyl hydride hydride ligand, but in fact, they exhibit resonances in the

because of the so-called “quadrupolar broadentAgrhe

lowest field. These complexes are classical. The perchloro-

high-spin niobium nucleous (spin 9/2) causes significant functionalized complex GiNb(SiCk)»(H), which lacks IHI,

broadening of signals of all magnetically active nuclei (H,
P, Si, C, etc.) directly bound to it, thus making the
determination ofi(H—Si) practically impossible. However,

is also found herés
From simple electronic considerations, one could expect
that more electron-withdrawing groups at silicon would cause

as we pointed out in the previous report on the symmetrical more downfield shift of the Cp signal. In fact, the data of

compoundd, other NMR parameters could providalirect
evidence for the presence of SiH interactions?? For
example, the high-field shift of the hydride signal in thé
NMR spectrum is a good indicator for the involvement of
this hydride in a nonclassical bondifdt was therefore of
interest to establish a correlation, if any, of the NMR
parameters of complexed 6—8, 10, and 12 with their
structural data.

The 'H NMR spectra of bis(silyl) complexes @yghb-
(SiXMey)(H)(SiYMey) (X, Y = H, Hal) exhibit three well-
separated groups of signals: the Cp signal (4862 ppm),
the Me signal (0.291.04 ppm), and the hydride signal found
in the range from—3.82 to —5.26 ppm. In addition,
complexe show the Si-H signal of the SiHMe group at
4.70-5.02 ppm.

All known bis(silyl) hydride complexes of niobium can

Figure 5 show that it is the heavier, less electronegative,
halogens that exert the most downfield-shifted resonance.
For the most-electronegative substituent, fluorine, the Cp
signals come closer to the Cp signals of complexes with the
most-electropositive substituent X, hydrogen. This trend
correlates nicely with the X-ray data that also show that the
SiFMe, and SiHMe series have rather close structural
parameters. It is reasonable to assume that the downfield
shift of the Cp signal in the case of Br and | is caused by
the more effective electron density transfer from the Cp to
the silyl ligand by means of IHI (via the metal hydride) rather
than by a simple inductive effect.

This conclusion is further supported by the trends in the
Me signals (Figure 6). Again, there is no simple dependence
of the position of the signal on the electronegativity of
substituents X and Y (the signals of the SiHM&d SiFMe

be classified into three groups, according to the position of groups are rather close to each other), so that a simple

(25) Labinger, J. A. IlComprehensie Organometallic Chemistryol. 3;
Able, R. W., Wilkinson, G., Stone, F. G. A., Eds.; Pergamon:
Elmsford, NY, 1983.
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inductive effect is of minor importance. Rather, heavier
halogens cause a stronger downfield shift of the Me group
signal. The greater the difference between the halogens X
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Figure 6. Dependence of théH NMR Me group signal in complexes
CpNb(SiXMey)(H)(SiYMey) on the nature of substituents X and Y. The
increasing curve stands for X in case of Mp(SiXMey)(H)(SiHMey) or
for the heavier of halogens in case of Sp(SiMeX)(SiMe,Y)H: B, Cp-
Nb(SiXMey) H; ¢, CpNb(SiHMe)(H)(SiXMey); A, CpNb(SiFMey)(H)-
(SiXMez); x, CpNb(SiCIMe)(H)(SiXMez); +, CpNb(SiBrMe)(H)-
(SiXMe,); ®, CpNb(SilMey)(H)(SiXMey).

and Y, the larger the difference in chemical shifts of the
SiXMe, and SiYMe ligands is. Such a downfield shift is

caused by an electronic rearrangement accompanying IHI
Namely, as IHI increases, more silicon s character is

5.05 -
495 -
4.85
4.75

4.65 | , ‘
H F Cl Br I

Figure 7. Dependence of the HSi signal in complexes Ghlb(SiXMey)-
(H)(SiHMey) on the nature of substituent X.

1740
1730 4
1720 + I
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1700 -+
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Figure 8. Dependence of the IR NEH stretch in complexes GNb-
(SiXMey)(H)(SiYMey) on the nature of substituents X and Y. Group I: X
=Y = OMe, SPh. Group Il: X=H,Y =H, F, Cl, Br, I. Group lll: X
=F,Y=H,F,CI Br, I Group IV: (X, Y)=(Cl, Cl), (Cl, Br), (Br, Br),
.

that a superposition of two opposite effects of comparable

_magnitude (the inductive and IHI) can create an extremum.

Overall, the trends in th&C chemical shifts for the Cp

distributed to bonding to the pseudoequatorial substituents@nd Me groups in Gb(SiXMe;)(H)(SiYMe,) correlate

(the Nb and two Me groups on silicofjcausing an increase
of the effective electronegativity of the silicon atom with

respect to methyl groups. For this reason, the downfield Me

shift correlates well with the contraction of the NBi bonds
observed in the Br and | families. The comparison of the

same silyl groups in a series of related molecules provides

the most convincing proof for the increase of IHI down the
halogen group. For example, in the seriesNISiFMe)-
(H)(SiXMey), the SiFMe group signal moves to lower field
from 0.39 ppm for X=1t0 0.52 ppm for X= F. Since both

silyl groups are separated by the hydride, the magnetic.

environment of each SiFMearoup is the same (analogous
anisotropy), and the difference in chemical shifts is related
only to the different electronic effect of the SiXMgroups.
IHI in Cp.Nb(SiFMe)(H)(SiHMe,) (24) is more localized
on the H-- SiFMe, part; therefore, its SiFMegroup signal
of 0.57 ppm is also downfield-shifted relative to the one in
the symmetrical complex GNb(SiFMe),(H) (0.52 ppm).
The dependence of the-+8i signal in complexes Gp
Nb(SiXMey)(H)(SiHMe,) on the nature of substituent X does
not follow a simple electronegativity trend either (Figure 7).
It is, however, hard to rationalize why compounds;dip-
(SiIFMey)(H)(SiHMey) (2a) and CpNb(SiHMe),(H) (3) with
assumingly the strongest possible IHI of the type NbH
SiHMe, have such downfield SiHMesignals. It is also
astonishing that the SiHMesignal, unlike other NMR
parameters, exhibits a maximum for the fluorine compound.
Our tentative explanation is that, assuming that IHI NbH
-SiHMe, is weak if any, the inductive effect of the SiXie
group starts to dominate. This is the strongest for X, so

well with the corresponding signals in thd NMR spectra,
although thé3C signals exhibit a much decreased sensitivity.
For example, for a given X, the SiXMesignal remains
almost constant regardless the variation of Y.

IR Studies. The most informative signals in the IR spectra
of complexes CiINb(SiXMey)(H)(SiYMe,) are the Si-H and
Nb—H bands, found in the ranges of 1988006 cn1® and
1690-1740 cn?, respectively (Figure 8). Classical bis(silyl)
hydride CpNb(SiXMey),(H), without IHI, exhibits the
Nb—H stretches at 17251735 cn1t. Therefore, complexes
with IHI show clear bathachromic shifts. A similar situation
is found for other complexes with nonclassical—$i
interactions’. For a given substituent X, the heavier halogens
Y cause weaker NbH stretches. The most red-end bands
are observed for compounds with the largest difference in
the ability of X and Y to cause IHI (i.e., for X H, F and
Y =Br, I

The Si-H stretches in CiNb(SiHMe)(H)(SiXMe;,) change
irregularly, first increasing from XH to X = Cl and then
decreasing down Group 7. We have no rationale for this
variation, although it is interesting to note that this trend is
opposite to the variation of the SNb—Si bond angle found
by X-ray diffraction.

Conclusions

The intent of this research was to give an experimental
verification of our earlier prediction that heavier halogen
substituents at silicon atoms in halosilyl hydride derivatives
of niobocene cause stronger interligand hypervalent interac-
tions between the hydride and silyl ligands. We assumed
that so far unknown asymmetric bis(silyl) complexesCp
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Nb(SiYMe,)(H)(SiXMe,) would be an ideal object to check most likely caused by the strong contribution of the
this hypothesis through the implementation of systematic electrostatic component in the FSHNb bonding. Unfor-
structural studies. It was anticipated that differently substi- tunately, our structural approach cannot underpin this
tuted silyl groups will exhibit different structural distortions component of interligand bonding.

because of theoncurrent Si--H interligand interactions Finally, systematic trends in the NMR and IR parameters
We have shown that selective functionalization of theSi provide further, although indirect, support for the strengthen-
bond in the precursor complex @b(SiHMe),(H) in most ing of IHI down Group 7. The key observations are the
cases (except %= F) provides a convenient entry to the upfield shift of the hydride resonance, the downfield shifts
asymmetric complexes @b(SiHMe)(H)(SiXMe,) which of the Cp and Me resonances in thé NMR spectra and
can be further converted into gb(SiYMe,)(H)(SiXMey). the red-end shifts of the NbH stretching bands in the IR
Various halogenating reagents and conditions were tried. spectra.

Although the selectivity of halogenation depends on both

the electrophile and the solvent, the following generalizations Experimental Section

can be made: (i) selectivity of H/F exchange increa“ses in All manipulations were carried out under anaerobic and anhy-
the sequence BR BF; < [Cl_:’ha][BF4]<_ [CPhy][PFe], (ii) __drous conditions. Solvents were dried over sodium or sodium
selectivity of H/Cl exchange increases in the sequence SiCl penzophenone ketyl and distilled into the reaction vessel by high-
< PhNMerHCI = MesSnCl = PERCI, (iii) selectivity of vacuum gas-phase transfer. NMR spectra were recorded on Varian

H/Br exchange increases in the sequence-dByx < VXR-300 (H, 300 MHz; 13C, 100.4 MHz;F, 282.2 MHz). IR
PhNMe-HBr = MesSnBr, and (iv) selectivity of H/I spectra were measured with a FTIR Perkin-Elmer 1600 series
exchange increases in the sequence Mel < Me;Sil < spectrometer as Nujol mulls. [RB][BF4], [Ph:C][PFs], I, Nal

PhNMe-HI. The following effect of solvent was observed: (anhydrous), CIPE{ and CISnMe were purchased from Sigma-
hexane< toluene (benzenej ether< THF. But the iodine- ~ Aldrich. PhNMe,, F3B-Et,0, and Mel were obtained from Merck
containing reagents react with ethereal solvents. Generally,2nd purified by distillation. 1SiMg?* Brz-diox " ISnMe;,** and Cp-
these trends reflect the decreasing Lewis acidity and in- No(SiHMe):(H) **were prepared according to the literature. The
creased solvation or complexation of electrophiles by the preparation of [PANHMgX (X = Cl, Br, [} is given in Supporting

| t The choi f t and sol th s al Information.
soivent. € choice of reagent and Solvent, NOWEVET, IS alSo Preparation of Cp,Nb(SiFMe,)(H)(SiHMe) (2a). A suspension

determinec_j by the reaction rate and the solubility and stability [PhC][PFs] (0.24 g, 0.626 mmol) in THF (10 mL) was added
of the starting compounds and products (e.g., THF undergoesy, portions to a solution of Gplb(SiHMe,)(H) (0.64 g, 1.87 mmol)
ring-opening by the SiMg groups). in THF (10 mL) at—40 °C. The reaction mixture became dark

An unusual reactivity toward activated-SH bonds and green. The mixture was stirred for 2 h, after which all volatiles
its surprising solvent dependence was encountered in reacwere removed in vacuo. The residue was extracted twice by ether
tions of trimethyl tin halides. Namely, the compound,Cp (2 x 10 mL); the solution was filtered, and volatiles were removed
Nb(SiHMe),(H) reacts with ISnMein toluene to give the  invacuo. The compound was recrystallized twice by cooling hexane
product of mono(alkylatiof, CpNb(SiMe;)(H)(SiHMe,), solutions to give vvhite crystals dfa (0.18 g, 27%). IR (Nujol):
whereas a very similar reaction with CISnMegives the v(Nb—H) 1728, »(Si~H) 31996 Crfl' *H NMR (CGD.G): 0 =522
product ofdouble alkylationCpNb(SiMes),(H). Both these (&1 H: Nb=H), 0.43 (dJy—H = 3.8 Hz, € H, SitMey), 0.57

; . d3J4—F = 7.6 Hz, 6 H, SiMe), 4.45 (s, 10H, Cp), 5.02

gspects (th H/Me exchange instead of H/Hal met_athessgnc{sem?JH_H = 3.8 Hz, 1 H, Si-H). 5C NMR (CDe): 6 5.5
its sglecuv!ty) are very qnusuql a!’nd can be an interesting (SiHMe), 8.5 (SifMley), 89.3 (Cp).2F NMR (CDg): o —122.8
starting point for further investigations. (SiFMe,). Anal. Calcd for GHFNbSh: C, 46.66; H, 6.71.

Although, most of the compounds prepared were charac-Found: C, 46.79; H, 6.53.
terized by X-ray diffraction, the analysis of systematic  Preparation of Cp,Nb(SiCIMe,)(H)(SiHMe,) (2b). A solution
structural data was complicated by the X/Y disorder when of trimethyltin chloride (1.82 g, 9.14 mmol) in ether (30 mL) was
the sizes of groups X and Y were comparable, namely, for added to a solution of GNb(SiHMe,)>(H) (3.13 g, 9.14 mmol) in
Cp:Nb(SiHMe)(H)(SiFMe), CpNb(SiCIMe)(H)(SiBrMey), ether (50 mL) at-40 °C. In 4 h, the solution was filtered, and all
and CpNb(SiBrMe)(H)(SilMe,). Nevertheless, the variation volatiles were removed in vacuo. The residue was Wa§heq twice
of key structural parameters (NiSi and Si-X bond lengths by hexane (2x 10 mL) and recrystallized from ether to give light

and the XSi-Nb—SiY bond angles) is in good agreement P€9€ crystals OQ? E2'23 9, 65%). IR(Nujol): v(Nb—H) 1720,
with the increase of IHI from X= CI to X = I. Neutron g(gé_(Hd)SJZO_OHﬁ czrgG SZNQAE (g?ll?njl)éz)é ()_;155?3(56 EHSI\CIII;eHZ;
diffraction studies of the compouqu ﬂSﬂJ(SiHMgz)(H)— 452 (S: fOH’ ij, 4.81 (seé:l.,.—H 36 Hz, 1 H, ’Si—H). 135G
(SiCIMe;) and CpNb(SiHMe,)(H)(SiBrMe;), showing the MR (CgDe): 6 5.1 (SiHVey), 13.9 (SICMey), 91.1 (Cp). Anal,
hydride shift (by~3°) to the SiBrMe group in the latter  caicd for G4H..CINDSE: C, 44.62; H, 6.42. Found: C, 44.16; H,
complex, provide direct experimental proof for this conclu- 6.47.

sion. The fluorine substituent plays a special role among other Preparation of Cp,Nb(SiBrMe,)(H)(SiHMe>) (2c). To a solu-
halogens. Its shows almost the same structural parametersion of CpNb(SiHMe),(H) (1.10 g, 3.22 mmol) in 25 mL of
for the silyl group as a hydrogen substituent but, according
to complementary DFT calculations by Lledos et al., causes (26) Lissel, M.Synthesi<1983 6.

a stronger FSi-HNb interaction than the IHI with the (50 Grota 2, O e, A, e S o ADcir1055
SiClMe; ligand? This deviation from the general trend is 49, 9690.
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toluene at—40 °C was added dropwise 11.3 mL of a solution of
trimethyltin bromide (0.285 mmol/mL) in toluene. The reaction

mixture was warmed to room temperature and stirred overnight,

mixture byH NMR showed the formation of Gplb(SiMes)(H)-
(SiHMey) (90%).
Preparation of Cp,Nb(SiMes)(H)(SilMe,)H (5). [PhNHMeg)]I

developing a dark-orange color. Volatiles were removed under (0.42 g, 1.7 mmol) was added to 0.59 g (1.66 mmol) ofNip
reduced pressure, and the resultant light brown microcrystalline (SiMes)(H)(SiHMey) in 30 mL of toluene, leading to evolution of

material was washed twice with ether 25 mL) and dried in
vacuum. Yield: 0.72 g (53%) o2c. IR(Nujol): v(Nb—H) 1704,
»(Si—H) 2004 cnmt. *H NMR (C¢Dg): 6 —4.61 (s, 1 H, Nb-H),
0.33 (d3Jy—H = 3.6 Hz, 6 H, SitMe,), 0.87 (s, 6 H, SiB¥ley),
4.53 (s, 10H, Cp), 4.77 (sefty,—H = 3.6 Hz, 1 H, Si-H). 13C
NMR (C¢Dg): 0 5.0 (SiHVie,), 14.4 (SiBMey), 91.8 (Cp). Anal.
Calcd for G4H24BrNbSk: C, 39.91; H 5.74. Found: C, 39.47; H,
5.53.

Preparation of Cp,Nb(SilMey)(H)(SiHMe;) (2d). CpNb-
(SiHMe,)>(H) (0.94 g, 2.73 mmol) was added to a suspension of
[PhNHMe]l (0.68 g, 2.73 mmol) in 20 mL of ether. Afte h of
intensive stirring, a pink powder formed instead of the white

a gas and gradual dissolving of the ammonium salt. In 3 h, all
volatile components were removed in vacuo, and the red crystalline
residue was washed with 10 mL of hexane. The yield is 0.45 g
(56%). IR (Nujol): »(Nb—H) 1692 cntl. IH NMR (CgDe): o
—4.46 (s, 1 H, Nb-H), 0.19 (s, 9 H, es), 1.04 (s, 6 H, SVey),
4.54 (c, 10H, Cp)*3C NMR (CgDg.): 0 9.1 (SiMe), 14. 9 (SiMey),
92.5 (Cp). Anal. Calcd for GH,6NbSi,: C, 37.35; H, 5.43.
Found: C, 37.06; H, 5.64.

Preparation of Cp,Nb(SiFMe,)(H)(SiClMe;) (6). A suspension
of [PhsC][BF4] (0.20 g, 0.61 mmol) in THF (10 mL) was added to
a solution of CpNb(SiCIMe)(H)(SiHMe,) (0.23 g, 0.61 mmol) in
THF (15 mL). In 20 min, the initially yellow solution became

ammonia salt. Gas evolution was observed in the course of thecolorless. After it was stirred for 4 h, the reaction mixture was
reaction. The precipitate was filtered, washed with cold ether (5 filtered off. All volatiles were removed under reduced pressure,

mL), and dried in vacuum to give 0.45 g (35%) of Sib(SilMey)-

(H)(SiHMe,) (pink powder). IR (Nujol): » 1695 (Nb—H, w), 2000

cm 1 (Si—H, w). 'H NMR (CgDg): 6 —4.55 (s, 1 H, Nb-H), 0.29

(d, 6 H, SiHVI&;,3Jyn = 4 Hz), 1.04 (s, 6 H, SMe,), 4.53 (s, 10H,

Cp), 4.70 (sept, 1 H, SiH,2Jyy = 4 Hz). 33C{*H} NMR (C4Dg):

0 4.6 (s, SilMey), 14.6 (s, SiMey), 92.7 (s, Cp). Anal. Calcd for

Ci4H24INbSI: C, 35.91; H, 5.17. Found: C, 35.86; H, 5.21.
Reaction of CpNb(SiHMe,),(H) with | ,. A solution of L (0.08

g, 0.3 mmol) in ether (10 mL) was added dropwise to a solution of

CpNb(SiHMe)(H) (0.22 g, 0.64 mmol) in ether (10 mL),

precooled to—10 °C. Gas evolution was observed, and the initial

dark red solution turned pink. The reaction mixture was stirred

overnight, leading to the formation of a dark precipitate. The

precipitate was filtered off and washed with etherx(320 mL).

All volatiles were evaporated from the filtrate. The residue was

washed with hexane and dried in vacuum to give a dark red solid

and the residue was washed with hexane (10 mL). The product
was dried in vacuum to give GNb(SiFMe)(H)(SiCIMe;) (0.17

g, 73%) as colorless crystals. IR (Nujol): 1712 ¢nfNb—H, w).

IH NMR (CgDg): 0 —5.24 (s, 1 H, Nb-H), 0.44 (d, 6 H,
SiFMe,,3Jr = 8 Hz), 0.68 (s, 6 H, SiGlley), 4.59 (s, 10H, Cp).
B3C{*H} NMR (CgDg): 6 10.7 (d, SifViex,2Jcr = 14 Hz), 13.7 (s,
SiCIMey), 90.7 (s, Cp)°F{*H} NMR (CgDg): 0 —124.7. Anal.
Calcd for G4H,3CIFNbSh: C, 42.58; H, 5.87. Found: C, 42.27;

H, 5.95.

Reaction of CpNb(SiClIMey)(H)(SiHMe,) with Excess [PhC]-
[BF4]. [PhsC][BF4] (1 g, 3 mmol) was added to a solution of £p
Nb(SiCIMe)(H)(SiHMe,) (0.47 g, 1.25 mmol) in THF (20 mL).
After the mixture was stirred fo4 h atroom temperature, the
analysis of the reaction mixture B NMR showed that the only
niobocene-containing product was Sip(SiFMe),(H).

Preparation of Cp,Nb(SiFMey)(H)(SiBrMey) (7). A solution

(0.15 g) containing the starting material and the iodination products of FsB-Et,0 (43uL, 0.34 mmol) in THF (10 mL) was slowly added

in a CpNb(SiHMe)2(H)/CpNb(SilMe,)(H)(SiHMe,)/CpNb-
(SilMey),(H) ratio of 1:2:4 {H NMR). Some as yet unidentified
products were observed by ieNMR as well.

Reaction of CpNb(SiHMe,),(H) with Mel. A. To a solution
of CpNb(SiHMe&,),(H) (0.19 g, 0.55 mmol) in ether (20 mL) at O
°C was added a 0.8 M solution of Mel in ether (0.7 mL, 0.55 mmaol).

to a solution of CpNb(SiBrMe,)(H)(SiHMe,) (0.43 g, 1 mmol) in

THF (20 mL) at 0 C. After the mixture was stirred for 12 h, all
volatiles were removed under reduced pressure, and the resulting
solid residue was recrystallized from ether (20 mL) to give-Cp
Nb(SiFMe)(H)(SiBrMey) (0.32 g, 72%). IR (Nujol): 1704 cnt
(Nb—H, w).*H NMR (CgD¢): 6 —5.25 (s, 1 H, Nb-H), 0.42 (d, 6

Vigorous evolution of a gas and the formation of a precipitate were H, SiFMe;,3J4 = 8 Hz), 0.81 (s, 6 H, SiBvle,), 4.62 (s, 10H,

observed. Analysis of the reaction mixtureyNMR spectroscopy

Cp).13C{H} NMR (CeDs): 6 10.7 (d, SifVlex,2Jcr = 14 Hz), 14.1

(CsDg) in 30 min revealed the absence of silyl-substituted niobocene (s, SiBiMe,), 91.3 (s, Cp)°F{H} NMR (C¢Dg): 6 —125.2. Anal.

complexes.

B. Mel (3 mL, 0.048 mmol) was added to a solution of 8p-
(SiHMey),(H) (0.02 g, 0.05 mmol) in €D (0.7 mL) in a NMR
tube equipped with Teflon valve. The reaction was monitored by

Calcd for G4H.3BrFNbSh: C, 38.28; H, 5.28. Found: C, 37.95;
H, 5.05.

Reaction of CpNb(SiBrMe,),(H) with F 3B-Et,0. To a solution
of F3B-Et,O (50uL, 0.4 mmol) in ether (30 mL) was added £p

IH NMR spectroscopy. After a year at room temperature, the ratio Nb(SiBrMe,),(H) (0.2 g, 0.4 mmol). Analysis of the reaction

of the starting material and the productsRp(SiHMe,),(H)/Cp,-
Nb(SilMey) (H)(SiHMe,)/Cp:Nb(SilMey)»(H), was 7.5:1.5:1.
Reaction of CpNb(SiHMe,)(H) with ISiMe 3. A solution of
Cp:Nb(SiHMe,),(H) (0.02 g, 0.05 mmol) and I1SiMg6 uL, 0.05
mmol) in GDg (0.7 mL) was prepared in a sealed NMR tube. After

mixture by 'H NMR spectroscopy afte3 d of stirring at room
temperature showed the presence of the starting compoupd Cp
Nb(SiBrMey),(H) and the product GiNb(SiFMe)(H)(SiBrMe,)H
in the 6:1 ratio.

Preparation of Cp,Nb(SiFMe,)(H)(SilMe ) (8). F3B-Et0 (0.5

2 weeks at room temperature, the ratio of the starting material andmL, 4.14 mmol) was added to a suspension ofNtgSilMe,)»(H)

products, CeNb(SiHMe&,)2(H)/CpNb(SilMe,) (H)(SiHMe,)/Cp,Nb-
(SilMey)(H), was found to be 6:3:1.

Reaction of CpNb(SiHMe,),(H) with ISnMe 5. CpNb(SiHMe),-
(H) (0.64 g, 1.8 mmol) was added to a 0.9 M solution of ISgMe
(2 mL, 1.8 mmol) in 30 mL of toluene frozen in liquid nitrogen.
The red reaction mixture was warmed slowly (1 h) to room

(2.46 g, 4.14 mmol) in toluene (80 mL). The reaction mixture was
stirred for 1 week at room temperature. The solid product was
filtered off and washed twice with toluene (40 mL) (ultrasonic bath
was used to homogenize the suspension before each filtration). All
volatiles were removed under reduced pressure to giviNIGp
(SiFMey)(H)(SilMey) (0.7 g, 35%) as a pink powder. IR (Nujol):

temperature and then stirred for 2 days. Analysis of the reaction v 1691 cnt (Nb—H, w). *H NMR (C¢Dg): 0 —4.93 (s, 1 H, Nb-
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H), 0.39 (d, 6 H, SiMe,,3J4r = 7 Hz), 0.99 (s, 6 H, SN1e,), 4.61 of a statistical mixture of chloro and bromo, mono- and bis(halo)-
(s, 10H, Cp)X3C{1H} NMR (C¢Dg): 0 10.8 (d, SifMey,2Jcr = 13 substituted bis(silyl) niobocenes.

Hz), 14.1 (s, SiMey), 91.3 (s, Cp).%F{H} NMR (C¢Dg): 6 Reaction of CpNb(SiBrMey)(H)(SiHMe;) with CISnMes.
—122.8. Anal. Calcd for @H.3FINbSL: C, 34.58; H, 4.77. CISnMe; (0.13 g, 0.66 mmol) was added to a solution oLRip-
Found: C, 34.40; H, 4.89. (SiBrMey)(H)(SiHMe,) (0.28 g, 0.66 mmol) in toluene (30 mL)
Preparation of Cp,Nb(SiFMe,)(H)(Si(O(CH»)4)Me ) (9). F:B- frozen in liquid nitrogen. The reaction mixture was slowly (6 h)
Et,O (0.15 mL, 1.24 mmol) was added to a suspension eNBp warmed to ambient temperature, and it was then stirred for 3 days.

(SilMey)»(H) (2.2 g, 3.72 mol) in THF (70 mL), resulting in  Analysis of the reaction mixture By4 NMR spectroscopy showed
immediate dissolution of the precipitate. After the reaction mixture the formation of CENb(SiCIMe)(H)(SiHMe,) as the only niob-
was stirred fo 4 h atroom temperature, all volatiles were removed ocene-containing product. All volatiles were removed under reduced
under reduced pressure. The residue was washed with ether (2(ressure to give Gplb(SiCIMe)(H)(SiHMe,) (0.24 g, 96%).

mL) and dried in vacuum to give GNb(SiFMe)(H)(Si(O(CH,)4l)- Reaction of CpNb(SiBrMe,)(H)(SiHMe;) with Cl 4Si. CpNb-

Me;) (1.9 g, 91%). IR (Nujol):» 1723 cn (Nb—H, w).*H NMR (SiBrMey)(H)(SiHMe,) (0.57 g, 1.4 mmol) was added to a solution
(CeDe): 0 —4.88 (s, 1 H, Nb-H), 0.38 (s, 6 H, S"1e;0), 0.56 (d, of SiCl; (1.62 mL, 14.1 mmol) in ether (20 mL) frozen in liquid

6 H, SifVie,,2Jur = 8 Hz), 2.79 (m, 2H, @Hy(CH,)3l), 2.86 (m, nitrogen. The reaction mixture was slowly (3 h) warmed to ambient
2H, OCH,CHy(CH,),l), 3.40 (m, 2H, O(CH),CH,CHyl), 3.64 (m, temperature. Analysis of the reaction mixture, aftén of stirring,

2H, O(CH,)sCHgyl), 4.62 (s, 10H, Cp)13C{*H} NMR (C¢De): o by 'H NMR spectroscopy showed the presence of starting complex
6.4 (s, CH), 9.0 (s, SMe;0), 10.8 (d, SiMe,,2Jcr = 13 Hz), 30.4 CpNb(SiBrMey)(H)(SiHMe,) and the only product Gplb(SiCIMey),-

(s, CH), 32.5 (s, CH), 64.5 (s, OCH), 88.9 (s, Cp)*F{H} NMR (H) in a ratio of 9:1.

(CeDe): 0 —123.8. Anal. Calcd for gHs:FINDOS): C, 38.72; Preparation of Cp,Nb(SiCIMe,)(H)(SilMe,) (11). CpNb-

H, 5.60. Found: C, 38.61; H, 5.42. (SiCIMey)(H)(SiHMe,) (0.11 g, 0.3 mmol) was added to a suspen-
Reaction of CpNb(SiFMey)(H)(SiClMe») with ISiMe 3. 1ISiMes sion of [PhNHMe]! (0.07 g, 0.28 mmol) in ether (20 mL) frozen

(2 mL, 7 mmol) was added to a solution of Db(SiFMe)(H)- in liquid nitrogen. The reaction mixture was slowly (3 h) warmed

(SiCIMey) (0.12 g, 0.3 mmol) in ether (10 mL). The initially ~ to ambient temperature, and then, it was stirred for additional 4 h.

colorless solution turned dark red, and a dark solid formed. Analysis Analysis of the reaction mixture Y4 NMR spectroscopy showed

of the reaction mixture b§H NMR spectroscopy, after it was stirred  the presence of starting complex Sip(SiCIMey)(H)(SiHMe,) and

for 30 min, showed no signals of silylniobocene complexes (both the products CiNb(SiCIMe,)(H)(SilMe,) and CpNb(SiCIMe),-

in C¢Dg and CDC} solutions). (H) in an approximate ratio of 1:1:1. All volatiles were removed
Preparation of Cp,Nb(SiCIMe,)(H)(SiBrMe;) (10). Method under reduced pressure, and the solid residue was washed with ether

I. CIPE% (0.13 mL, 1.3 mmol) was added to a suspension of Cp (4 mL) to leave the less-soluble @h(SiCIMe)(H)(SilMe,) (0.04

Nb(SiBrMe)(H)(SiHMe;) (0.58 g, 1.34 mmol) in ether (20 mL). g, 29%).'*H NMR (CgDg¢): 6 —5.06 (s, 1 H, Nb-H), 0.55 (s, 6 H,

The reaction mixture was stirred overnight to give a yellow SiCIMey), 0.92 (s, 6 H, SiVle,), 4.68 (s, 10H, Cp)3C{H} NMR

precipitate, which was filtered off and washed with ethe2@3nL). (CeDg): 6 13.7 (SICMey), 14.6 (SiMe,), 94.1 (Cp). Anal. Calcd
The combined filtrates were evaporated under reduced pressure tdor C14H2:ClINbSi,: C, 33.44; H, 4.61. Found: C, 32.76; H, 3.97.
give CpNb(SiCIMe)(H)(SiBrMe;) (0.55 g, 90%) as a yellow Reaction of CpNb(SiBrMe;)(H)(SiHMe,) with | ,. A solution
powder. of I, (0.2 g, 0.78 mmol) in ether (10 mL) was slowly added to a

Method Il. CpNb(SiBrMe,)(H)(SiHMe,) (0.49 g, 1.16 mmol) solution of CpNb(SiBrMey)(H)(SiHMe,) (0.65 g, 1.54 mmol) in
was added to a solution of [PhNHMEI (0.17 g, 1.1 mmol) in ether (20 mL), precooled to10° C. Gas evolution was observed,
THF (80 mL) frozen in liquid nitrogen. The reaction mixture was and the color of the solution changed from dark red to light red in
slowly (3 h) warmed to ambient temperature; evolution of a gas 1 h. The reaction mixture was stirred overnight. The solid product
was observed. The reaction mixture was stirred overnight, and thenwas filtered off and washed with ether €210 mL). Volatiles were
all volatiles were removed under reduced pressure. The solid residueremoved from combined fractions under reduced pressure to give
thus obtained was washed with cold ether (10 mL) to givg-Cp a mixture (0.42 g) of CiNb(SiBrMe)(H)(SilMe,) (12), CpNb-
Nb(SiCIMe&)(H)(SiBrMe,) (0.45 g, 85%) as a beige powder. (SiBrMey),(H), and CpNb(SilMe,),(H) in a ratio of 6:2:1.

Method IlIl. CpNb(SiCIMe,)(H)(SiHMe,) (0.29 g, 0.78 mmol) CpzNb(SiBrMey)(H)(SilMe ). *H NMR (CgDg): 6 —4.55 (s, 1
was added to a solution of [PhNHMBr (0.15 g, 0.74 mmol) in H, Nb—H), 0.30 (s, 6 H, SiB¥e;), 1.04 (s, 6 H, SiMe,), 4.70 (s,
THF (50 mL) frozen in liquid nitrogen . The reaction mixture was 10H, Cp).13C NMR (CsDg): 0 14.2 (SiBMey), 14.6 (SiMey), 94.7
slowly (3 h) warmed up to ambient temperature, and evolution of (Cp). Anal. Calcd for GH3BrINbSi;: C 30.73, H 4.24; Found:

a gas was observed. The reaction mixture was stirred overnight,C 29.95, H 4.36

and then all volatiles were removed under reduced pressure. The X-ray Diffraction Studies. Crystal Structure Determinations.
solid residue was washed with cold ether (3 mL) to giveNip Light-brown crystals of CiNb(SiHMe,)(H)(SiFMe,) (2a), colorless
(SiCIMey)(H)(SiBrMey) (0.12 g, 34%) as a beige powder. crystals of CpNb(SiHMey)(H)(SiCIMey) (2b), light-beige crystals

IR (Nujol): » 1720 cnt! (Nb—H, w)."H NMR (CgDe): 6 —5.17 of CpNb(SiHMe)(H)(SiBrMe;) (2¢), pink crystals of CpNb-
(s, 1H, Nb-H), 0.57 (s, 6H, SiQMe,), 0.73 (s, 6H, SiB¥le,), 4.67 (SiHMe,)(H)(SilMe,) (2d), pink crystals of CpNb(SiMe;)(H)-
(s, 10H, Cp)2C{*H} NMR (CgDg): 0 13.6 (s, SiOMey), 14.1 (s, (SilMey) (5d), colorless crystals of Gplb(SiFMe)(H)(SiCIMe,)
SiBrMey), 93.0 (s, Cp). Anal. Calcd for gH,3BrCINbSk: C, 36.89; (6), light-brown crystals of CgNb(SiFMe)(H)(SiBrMey) (7), violet
H, 5.09. Found: C, 36.54; H, 5.15. crystals of CpNb(SilMey)(H)(SiBrMe;) (12), and light-brown

Reaction of CpNb(SiCIMe,)(H)(SiHMe,) with Br »-dioxane. crystals of CpNb(SiCIMe)(H)(SiBrMey) (9) were grown from
A solution of Br-dioxane (0.08 g, 0.32 mmol) in ether (20 mL) ether by cooling the solutions t625 to —30 °C. Purple crystals
was added to a solution of @gb(SiCIMe)(H)(SiHMe,) (0.23 g, of CpNb(SiFMe)(H)(SilMe,) (8) were grown from toluene by
0.63 mmol) in ether (20 mL), cooled down to°C. The reaction cooling the solution to-20 °C.
mixture was stirred overnight. Analysis B4 NMR spectroscopy A single crystal of each of these compounds was covered with
of the pink solution over the beige precipitate showed the formation polyperfluorinated oil and mounted on a Bruker SMART CCD
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Table 4. Crystal Data, Data Collection, Structure Solution, and Refinement Parameters for X-ray Investigations

2a 2b 2c 2d 5d
formula 014H24FNbsh C14Hz4C|NbSi2 C14H24BI'NbSi2 C;|_4H24|Nbsi2 C15H26INbSi2
fw 360.42 376.87 421.33 468.32 482.35
cryst syst orthorhombic monoclinic monoclinic monoclinic monoclinic
space group P212:2; P2i/c C2lc C2/c P2,/c

unit cell dimensions

a=7.9990(3) A,
o =90°
b=23.0146(8) A,

a=13.6876(4) A,
o =90°
b=28.5767(3) A,

a=14.9449(5) A,
o =90°
b =8.9330(3) A,

a=15.0574(10) A,
o=90°
b=18.9249(5) A,

a= 13.7575(4) A,
a=90°
b=18.2799(2) A,

p=90° p =93.627(2) p =99.408(2)° f=98.113(2) £ =101.7380(10)
¢=8.7090(3) A, c=14.5354(4) A, ¢ = 26.0528(9) A, c=26.0929(18) A, ¢c=16.7677(5) A,
y =90° y =90° y =90° y =90° y =90°
V (A3) 1603.3(1) 1702.96(9) 3431.3(2) 3471.4(4) 1870.08(9)
z 4 4 8
deated (g €M 3) 1.493 1.470 1.631 1.792 1.713
abs coeff (mm?) 0.893 0.987 3.154 2.594 2.410
F(000) 744 776 1928 1840 952
0 range (deg) 1.7#27.50 1.49-27.00 1.58-27.00 2.66-28.50 2.48-29.00
reflns collected 11 302 10937 12 752 8089 11 895
independent reflnsRjn 3683 [0.044] 3709 [0.0356] 3749[0.0819] 4043 [0.0245] 48080222]
data/params 3683/265 3709/245 3749/167 4043/259 4806/277
GOF onF? 1.053 1.155 1.280 1.004 1.036
R1[l > 20(1)] 0.0262 0.0247 0.0650 0.025 0.0240
wR2 (all data) 0.0653 0.0691 0.1649 0.0703 0.0547
largest diff peak/hole (e %) 0.569f-0.426 0.58440.591 1.853/0.000 1.0790.699 0.681+0.787
6 7 8 10 12
formula Q4H23C|FNbSiz C14H2:;BI‘FNbSb C14H23FINbSi2 C14H23BI’C|NbSi2 C]_4H2:;BI’|NbSi2
fw 394.86 444.20 485.31 455.77 547.22
cryst syst monoclinic monoclinic monoclinic orthorhombic orthorhombic
space group C2/c C2/c C2/c Pnma Pbnm

unit cell dimensions

a=14.6577(5) A,

a=14.9940(4) A,

a=15.1427(10) A,

a=16.6006(5) A,

a=8.6829(2) A,

o= 90° o=90° a=90° o =90° o=90°
b=9.0181(3)A, b =8.9459(2) A, b =8.9369(10) A, b=13.1582(4) A,  b=16.9020(4) A,
B =99.760(13, B =99.3870(10) B =98.304(23 B =90 B =90
c=25.8731(9) A, c=25.9221(7) A, c=26.143(2)A, c=8.4922(2) A, c=13.1647(2) A,
y =90° y =90° y =90° y =90° y =90°

V (A3) 1677.6(3) 3430.50(15) 3500.8(5) 1854.99(9) 1932.03(7)

z 8 8 8 4 4

eatca (g cm3) 1.556 1.720 1.842 1.632 1.881

abs coeff (mm?) 1.010 3.352 2.584 3.063 4.401

F(000) 1616 1777 1896 912 1056

6 range (deg) 2.6628.99 1.59-27.00 1.5727.51 2.45-29.00 2.4127.00

refins collected 11 019 11871 10 487 12 244 12 403

independent refinsHn] 42881[0.037] 41451[0.0491] 3966 [0.0278] 2568 [0.0241] 2198 [0.0472]

data/params 4288/264 4145/262 3966/176 2568/150 2198/140

GOF onF? 1.058 1.065 1.029 1.029 1.086

R1[l > 20(1)] 0.0547 0.0442 0.0292 0.0176 0.0231

wR2 (all data) 0.0727 0.1095 0.0719 0.0419 0.0534

largest diff peak/hole (e 7) 0.590/-0.515 2.271.35 1.552+0.473 0.4080.357 0.55940.549

diffractometer. Experimental data were measured using graphite-0.4 mn? was covered with fluorinated grease, wrapped in aluminum
monochromatized Mo ¥ radiation ¢ = 0.71073 A) inw-scan foil, glued, and mounted onto an aluminum pin. The crystal was
mode with steps of 0°3 The crystallographic data and character- cooled to 100 K with a Displex closed-cycle helium refrigerator
istics of structure solution and refinement are listed in Table 4. (Air Products and Chemicals, Inc., Model CS-282%ingle-crystal
The Bruker SAINT prograi? was used for data reduction. An  neutron data of the title compound were collected on the single-
absorption correction based on measurements of equivalent refleccrystal diffractometer (SCD) at the Intense Pulse Neutron Source
tions (SADABSY) was applied. The structures were solved by direct (IPNS) of Argonne National Laboratory. An auto-indexing routine
methodg! and refined by full-matrix least-squares &% with was used to obtain an orientation maffixThe large number of
anisotropic thermal parameters for all non-hydrogen atoms (unlessparameters in the structure and the small sample size required the
otherwise specified® In 5d, 68, 10, and12, all H atoms were use of combined X-ray/neutron data in the structure analysis.
found from difference Fourier synthesis and refined isotropically. Because of the small size of the crystal for neutron diffraction, the
The details of specific compounds are given in Supporting neutron data were measured at the same temperature (100 K) as
Information. the X-ray data to allow a combined refinement using GSAS,
Neutron Diffraction Study of 2b. In an inert atmosphere  program commonly used for the joint X-ray/neutron refinement of
chamber, a dark gray platelike crystal with dimensions &f 2 x powder and single-crystal diffraction data. In this type of refinement,
because of the differences in the form factors for neutrons and
X-rays, the parameters of the non-hydrogen atoms are essentially

(29) SAINT, version 6.02A; Bruker AXS Inc.: Madison, WI, 2001.

(30) Sheldrick, G. M.SADABS, Program for scaling and correction of
area detector dataUniversity of Gdtingen: Gidtingen, Germany,
1997

(31) SHELXTL, release 5.10; Bruker AXS Inc.: Madison, WI, 1997.

(32) Schultz, A. J.; Srinivasan, K.; Teller, R. G.; Williams, J. M.; Lukehart,
C. M. J. Am. Chem. Sod 984 106, 999.
(33) Jacobson, R. Al. Appl. Crystallogr.1986 19, 283.
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Table 5. Crystal Data, Data Collection, Structure Solution, and detector has recently been added to the original curved deféctor.
Refinement Parameters for Neutron Diffraction Investigationgnéand Bragg intensities were integrated using the program Reifeai
2¢ the structure was refined using SHELXPL.A total of 3282
2b 2c reflections were used for full-matrix least-squares refinement. Data
formula GH24CINDSH C14H024BINDSH collection and refinement parameters are summarized in Table 5,
fw 376.87 421.33 and selected distances and angles are given in Table 1. The final
temp (K) 100 83 agreement factors (for> 20) areR(wF) = 0.2678,R(F) = 0.1186,
cryst size (mrf) 2x2x04 2x2x1 and GOF= 1.747 (2271 reflections).
cryst syst monoclinic monoclinic
space group P2i/c C2/c
unit cell dimensions ~ a=13.6876(4) A, a=14.9449(5) A, A.C knowledgment. The N.D study was supported by U.S.
o= 90° o = 90° National Science Foundation (Grant CHE-98-16294) and
b=8.5767(3) A, b =8.9330(3) A, NASA Grant CRG-921317. Work at Argonne was supported
B =93.627(2) B =99.408(2) ; ;
C— 14.5354(A)A, ¢ = 26.0526(0) A, by thg uU.S. !:)epartment of Energy, Basic Energy Sciences,
y =90° y=90° Materials Science, under Contract W-31-109-ENG-38. G.I.N.
V (A3 1702.96(9) 3431.3(2) is grateful to the Russian Foundation for Basic Research
é(F) 302? 8 (RFBR, Grant 00-03-32850) and Brock University (new
R(WF) 0.034 faculty research grant) for financial support. Additional
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Supporting Information Available: X-ray data (CIF) forra—
determined by the X-ray data and the parameters of the hydrogend, 5d, 6—8, 10, and12, figures for molecular structures @g—c,
atoms are determined by the neutron data. Data collection and?7, 8, 10, and 12, details for X-ray and ND analyses, and
refinement parameters are summarized in Table 5, and selectedsupplementary data for spectroscopic characterization of complexes
distances and angles are given in Table 1. The final agreementCp2Nb(SiXMe2)(H)(SiYMe2). This material is available free of
factors (for all data) ar&wF) = 0.034,R(F) = 0.027, and GOF  charge via the Internet at http://pubs.acs.org.
= 1.43 for the combined X-ray/neutron data set (4109 reflections) |~ys13148
and R(wF) = 0.082 andR(F) = 0.112 for the 826 neutron

reflections. (34) Larson, A. C.; Von Dreele, R. B5SAS General Structure Analysis
; ; SystemLos Alamos National Laboratory: Los Alamos, NM, 1994,
Neut.ron D!ffractlon StL.de of 2c. Pata We_re CO”.ECted on a dark (35) Thomas, M.; Stansfield, R. F. D.; Berneron, M.; Filhol, A.; Greenwood,
gray prismatic crystal with approximate dimensions of 2.2.0 G.; Jacobe, J.; Feltin, D.; Mason, S. Rosition-Sensitie Detection
x 1.0 mn? using the four-circle diffractometer D19 instrument of Thermal NeutronsConvert, P., Forsyth, J. B., Eds; Academic
(Institut Laue-Langevin in Grenoble, France), equipped with a Press: London, U.K., 1983; p 344.

. . . 36) Archer, J.; Lehmann, M. S. Appl. Crystallogr.1986 19, 456.
Displex cryosta® and a curved position-sensitive area detector. A g37g Wilkinson. C.: Khamis, H. W.;psptansf)i'em’ R9 E D_G? Mcintyre, G. J.

new flat “square” (192x 192 mm) position-sensitive microstrip J. Appl. Crystallogr.1988 21, 471
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