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Synthesis, Structure, and Fluxionality of Strained Hypercoordinate Silicon-
Bridged [1]Ferrocenophanes

Sara C. Bourke,!?! Frieder Jikle,*" Emira Vejzovic,*! Kin-Chung Lam,!*!

Arnold L. Rheingold,*! Alan J. Lough,®! and Ian Manners*!?!

Abstract: The first hypercoordinate si-
la[1]ferrocenophanes [fcSiMe(2-C¢H,-
CH,NMe,)] (5a) and [fcSi(CH,Cl)(2-
C:H,CH,NMe,)] (5b) (fc = (>-C;H,)Fe-
(°-CsH,)) were synthesized by low-
temperature (—78°C) reactions of
Li[2-C¢H,CH,NMe,] with the appropri-
ate chlorinated sila[1]ferrocenophanes
([fcSiMeCl] (1a) and [fcSi(CH,C1)Cl]
(1d), respectively). Single-crystal X-ray
diffraction studies revealed pseudo-
trigonal bipyramidal structures for both
5a and Sb, with one of the shortest
reported Si---N distances for an sp’-
hybridized nitrogen atom interacting
with a tetraorganosilane detected for
5a (2.776(2) A). Elongated Si—Cyy,
bonds trans to the donating NMe, arms
(1.919(2) and 1.909(2) A for 5a and 5b,
respectively) were observed relative to
both the non-trans bonds (5a: 1.891(2);
5b:1.879(2) A) and the Si—C;,,, bonds of

ipso

the non-hypercoordinate analogues
([fcSiMePh] (1b): 1.879(4), 1.880(4) A;
[fcSi(CH,Cl)Ph] (1e): 1.881(2),
1.884(2)). Solution-state fluxionality of
Sa and Sb, suggestive of reversible
coordination of the NMe, group to
silicon, was demonstrated by means
of variable-temperature NMR studies.
The AG* of the fluxional processes
for 5a and 5b in CD,Cl, were estimated
to be 35.0 and 37.6 kJ mol~}, respectively
(35.8 and 38.3 kJmol~! in [Dg]toluene).
The quaternization of 5a and Sb
by MeOTf, to give [fcSiMe(2-
C¢H,CH,NMe;)][OTf] (7a-OTf) and
[fcSi(CH,CI)(2-CsH,CH,NMe;)|[OTI]
(7b-OTf), respectively, supported the

Keywords: ferrocenophanes - flux-
ionality - hypervalent compounds -
ring-opening polymerization - ring-
strain

reversibility of NMe, coordination at
the silicon center as the source of
fluxionality for Sa and 5b. Surprising-
ly, low room-temperature stability
was detected for Sb due to its ten-
dency to intramolecularly cyclize and
form the spirocyclic [fcSi(cyclo-
CH,NMe,CH,C¢H,)]Cl  (9-Cl). This
process was observed in both solution
and the solid state, and isolation and
X-ray characterization of 9-Cl was ach-
ieved. The model compound, [Fc,Si(2-
C(H,CH,NMe,),] (8), synthesized
through reaction of [Fc,SiCl,] with two
equivalents of Li[2-CqH,CH,NMe,] at
—78°C, showed a lack of hypercoordi-
nation in both the solid state and in
solution (down to — 80 °C). This suggests
that either the reduced steric hindrance
around Si or the unique electronics of
the strained sila[l]ferrocenophanes is
necessary for hypercoordination to oc-
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Introduction

Hypercoordinate organosilicon compounds are of consider-
able interest in the field of silicon chemistry and have been
studied extensively as models for the mechanism of nucleo-
philic substitution reactions at silicon and as possible inter-
mediates in stereoisomerization processes.l!l Pentacoordinate
silicon species have been shown to display unusual character-
istics that include enhanced reactivity in nucleophilic sub-
stitution reactions when compared with their tetracoordinate
counterparts.?!

Strained silicon-bridged [1]ferrocenophanes 1, synthesized
by reaction of an appropriate dichlorosilane with dilithiofer-
rocene [Eq. (1)], are an interesting class of tetracoordinate
silanes. The presence of a strained ring distorts the geometry
at the silicon center and results in a pseudo-tetrahedron with a
contracted endocyclic C-Si-C angle and an expanded exocy-
clic C-Si-C angle.P!
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R, R' = alkyl, aryl, ferrocenyl etc 1

a:R=Me,R'=Cl
b: R =Me, R'=Ph
c¢:R=R'=Cl

d: R=CH,CL,R'=Cl
e:R=CH,CL,R'=Ph

The thermal,[® anionicP! and transition-metal-catalyzed!
ring opening polymerization (ROP) of these inherently
strained species have led to high molecular weight polyferro-
cenylsilanes 2 that possess a range of interesting properties
[Eq. (1)].77 In addition, the susceptibility of 1 towards ring-
opening by electrophilic reagents and groups makes them
useful in applications such as surface derivatization.*!

Previous investigation of the thermal ROP behavior of 1
has implicated cleavage of one of the monomer Si—C,,,, bonds
as a key mechanistic step.”’! In addition, our recent studies on
the ROP of tin-bridged [l]ferrocenophanes 3 (see
Scheme 1), have revealed that the introduction of neutral
nucleophilic species such as amines leads to a dramatic
enhancement of the rate of polymerization. The proposed
initiation step for this process involves coordination of the
nucleophile (Nu) to the bridging element (E) to give 4 and
results in elongation of the E-C,,,, bond trans to the incoming

nucleophile. Subsequent attack at the bridging atom of

Fe snuR
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Scheme 1. Proposed mechanism for the nucleophilically-assisted ring-
opening polymerization of stanna[1]ferrocenophanes (3).
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R another ferrocenophane mono-
mer results in chain propagation
(Scheme 1).[''1 Based on these
considerations we must further
consider the possible mechanis-
tic impact of amine nucleophiles
on the thermal ROP of sila[1]-
ferrocenophanes 1. It might be
anticipated that trace amounts
of such nucleophiles, present in
monomers as a result of their
synthesis from amine (tetrame-
thylethylenediamine (TMEDA)) adducts of dilithioferrocene
[Eq. (1)], could lead to ROP of 1 by a mechanism similar to
that shown in Scheme 1 at elevated temperatures.

The synthesis and study of five-coordinate Group 14
bridged [1]ferrocenophanes would, in addition to being of
intrinsic fundamental interest, be expected to provide further
insight into these interesting mechanistic questions. In a
previous communication we briefly reported the first hyper-
coordinate silicon-bridged [1]ferrocenophane, in which an
intramolecularly donating amine group chelates to the Si
center to give a pentacoordinate species.'”l Herein we report
full details of our work on the synthesis, structure and
fluxionality of these species.

Fe R 1)

Results and Discussion

Synthesis and structure of the intramolecularly hypercoordi-
nate sila[1]ferrocenophane [fcSiMe(2-CH,CH,NMe,)] (5a):
Previously, chlorosilyl-bridged [1]ferrocenophanes have been
shown to undergo nucleophilic substitution reactions in which
alcohols and amines displace Cl in the presence of base,
without cleavage of the Si—C,,,, bond.®] As noted previous-
1y, we have recently shown that, despite the fact that alkyl-
and aryllithium reagents induce anionic ROP at room
temperature, the low-temperature (—78°C) reaction of a
stoichiometric equivalent of an appropriate lithium reagent
with chlorosilyl-bridged [1]ferrocenophanes can give selective
substitution of Cl without evidence of polymerization. Thus,
when [fcSiMeCl] (1a) (fc = (°-CsH,)Fe(>-CsH,)) was treat-
ed with Li[2-C;H,CH,NMe,] at —78°C in THF the corre-
spondingly substituted ferrocenophane [fcSiMe(2-
C¢H,CH,NMe,)] (5a) was formed as a red crystalline solid
and isolated in 81 % yield after recrystallization from hexanes

[Eq. (2)]-

= R
Fe sicR Lil2-CeHaCHoNMe,] 1= s.\ N
Nj
\
la(R =Me) Sa@®=Mo)
d (R = CH,CI) b (R - CIo.Cl

The 'H NMR spectrum of 5a in C;D, shows a resonance at
0 =28.29 ppm for the phenyl ring proton ortho to the Si center.
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This is significantly downfield shifted compared with the
analogous resonances for [fcSiMePh] (1b)!"* (8 =7.89 ppm)
and the non-hypercoordinate model compound 2-(Si-
Me,;)C,H,CH,NMe, (6)I"] (6 =759 ppm), and is typical for
hypercoordinate silanes containing aryl substituents. The
methylene resonance of the ligand appears at 6 =3.50 ppm
(cf. 6 =3.39 ppm for 6). The four resonances at 6 =4.45, 4.38,
4.15, and 3.89 ppm are attributable to the cyclopentadienyl
ring protons of Sa, and indicate that hypercoordination in the
solution state is dynamic rather than static; eight Cp
resonances would be expected for a C;-symmetric species in
which the NMe, group does not dissociate from silicon. The
presence of fluxionality is further supported by the fact that
the methylene protons, as well as the two methyl groups
present on the nitrogen center, are chemically and magneti-
cally equivalent and appear as singlets in the room-temper-
ature solution-state NMR spectrum of Sa.

The C NMR spectrum of 5a is also consistent with
solution state fluxionality. However, the C,,,,—Cp resonance
of Sa is shifted significantly downfield relative to that of 1b
(60 =374 versus 32.1 ppm) and the *Si NMR signal of 5a is
shifted upfield relative to that of 1b (6=-13.9 versus
—7.7 ppm).['¥] These shifts are both indicative of electron
donation at the silicon center and demonstrate that, despite
fluxionality, there is a significant Si---N interaction in
solution.

The nature of the fluxional behavior of Sa was further
investigated by variable-temperature NMR spectroscopy.
Monitoring of the ?Si NMR shift of 5a in solution ([Ds]tol-
uene) showed that the signal was shifted to increasingly high
field as the temperature decreased (6=-—13.4 (+80°C),
—13.8 (+25°C), —15 ppm (—80°C)). This further suggests
the existence of an equilibrium between coordinated and
uncoordinated species. Previous work on pentacoordinate
silicon species containing the 2-C¢H,CH,NMe, ligand has
shown that a fast exchange process [Eq. (3)] is likely, based on
the upfield shift of the low-temperature resonance.!'’]

<< R < R
Fle S|\ —_— Fle Si —_—
<\ =4
/\ NZ
5a (R =Me)
b (R = CH,CI)

In contrast to the spectrum at 25°C (vide supra), the
'H NMR spectrum at —100°C (in [Dg]toluene) shows two
distinct resonances (0 =4.39 and 2.56 ppm) for the methylene
protons of the intramolecularly coordinating ligand as well as
for the methyl groups attached to the nitrogen center (6 =2.10
and 1.76 ppm). This is expected when the lifetimes of the
enantiomeric C;-symmetric pentacoordinate species are lon-
ger than the NMR time scale. The coalescence temperature of
the dimethylamino methyl resonances was found to be —88°C
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on a 400 MHz spectrometer, and the free energy of the exchange
process was estimated to be AG¥pouene =35.8 kImol ™,
based on the chemical shift difference of 136 Hz at
—100°C.I'"I Coalescence of the methylene resonances as well
as three of the four Cp resonances could also be observed over
the temperature range studied (— 100 to 25°C).['7]

It was expected that the ‘open’ species in which the
dimethylamino group is not coordinated to the silicon center
would be more stabilized in a more polar solvent (e.g.
CD,(l,), and would facilitate the exchange process illustrated
in Equation (3). Indeed, in CD,Cl, the barrier to this
exchange process was found to be slightly lower
(AG*cp,a,=35.0kImol™!). Coalescence of the NMe, reso-
nances (0=2.19 and 187 ppm at —106°C) was seen
(400 MHz) at —92°C and that of the methylene protons
(60=4.00 and 2.92 ppm at —106°C) at —69°C (Figure 1).
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Figure 1. Variable-temperature '"H NMR spectra of 5a (CD,Cl,) at —106,
—102, —100, —96, —93, —92, —91, —85, —75, —64, —43, and 26°C that
show its fluxionality in solution.

Below —92°C discrete resonan-

ces for all of the protons were

\/ observed, except for those due

to free rotation of the methyl

groups and for those associated

z with two of the eight Cp envi-

ronments. As the coalescence

temperature is dependent both

on the field of the instrument

and the ultimate chemical shift

difference under static condi-

tions, decoalescence of these

Cp protons at low temperature

was likely unobservable due to the similarity of their chemical

shifts. The coupling between the two protons on the methyl-

ene bridge of the intramolecularly donating aryl substituent
was found to be 2/(H,H) =12.6 Hz.

A single-crystal X-ray diffraction study of Sa confirmed the
attachment of the chelating 2-C{H,CH,NMe, ligand to the
silicon center in the solid state without cleavage of the Si—C,,,
bond (Figure 2). Selected bond lengths and angles are given in
Table 1. The pseudo-trigonal-bipyramidal structure shows one

www.chemeurj.org Chem. Eur. J. 2003, 9, 3042-3054
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Figure 2. Molecular structure of 5a showing thermal ellipsoids at 30 %
probability.

Table 1. Selected bond lengths [A] and angles [°] for 5a.

Si(1)-N(1) 2.7763(17)  Si(1)-C(6) 1.8909(19)
Si(1)—Fe(1) 2.7584(6)  Si(1)-C(11) 1.883(2)
Si(1)-C(1) 1.919(2) Si(1)-C(20) 1.865(2)
C(1)-Si(1)-C(6) 93.68(8) Si(1)-C(11)-C(16)  122.72(14)
C(1)-Si(1)-C(11) ~ 103.76(9) C(11)-C(16)-C(17)  118.91(18)
C(1)-Si(1)-C(20)  106.58(9) N(1)-C(17)-C(16)  110.72(16)
C(6)-Si(1)-C(11)  113.36(9) C(17)-N(1)-C(18)  111.19(16)
C(6)-Si(1)-C(20)  112.90(9) C(17)-N(1)-C(19)  110.54(16)
C(11)-Si(1)-C(20)  121.74(9) C(18)-N(1)-C(19)  110.52(16)
N(1)-Si(1)-C(1) 174.63(7) Si(1)-N(1)-C(17) 91.54(11)
N(1)-Si(1)-C(6) 83.88(7) Si(1)-N(1)-C(18) 117.60(13)
N(1)-Si(1)-C(11) 73.00(7) Si(1)-N(1)-C(19) 113.96(12)
N(1)-Si(1)-C(20) 78.78(7)

of the shortest reported Si --- N distances for an sp*>-hybridized
nitrogen atom interacting with a tetraorganosilane
(2.776(2) A).08]

Its value is at the upper limit for donor-acceptor com-
plexes and at the lower limit of Coulomb-dominated donor—
acceptor bonding.'”! The small endocyclic C(1)-Si(1)-C(6)
angle and the large exocyclic C-Si-R angles may account for
this relatively short distance. Another factor that could
influence this interaction is the unusual electronic nature of
strained ferrocenophanes.”! The Si—C,,, bond trans to the
donating nitrogen atom (1.919(2) A) is elongated in compar-
ison with the other Si—C,,,, bond (1.891(2) A) and those found
in the analogous four-coordinate species 1b (1.879(4) and
1.880(4) A).12!l This was of particular interest as it seemed to
indicate that an incoming nucleophile at the silicon bridge
leads to weakening of this ‘trans’ Si—C,,,, bond. The overall
geometry of the structure is intermediate between a trigonal
bipyramid and a capped tetrahedron. If one compares the
structure of 5a to an ideal trigonal bipyramid one finds that
the N(1)-Si(1)-C(1) angle of 174.63(7)° approaches the
theoretical value of 180° expected for axial substituents. The
C(11)-Si(1)-C(20) angle of 121.74(9)° between the methyl and
aryl substituents is also close to the expected equatorial angle
of 120° and is significantly larger than that found in other
sila[1]ferrocenophanes (cf. 112.4(2)° for 1b). Consequently,
the endocyclic C(1)-Si-C(6) angle of 93.68(8)° is smaller than
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that found in other silicon-bridged ferrocenophanes (cf.
96.2(2)° for 1b) and approaches the ideal 90° angle. The
sum of the equatorial angles around the silicon center, 347.96°,
corresponds to a value of 61.8% of pentacoordination
character TBP,.??l The tilt angle a between the planes of
the Cp rings (21.27(1)°) is slightly larger than that in other
silicon-bridged [1]ferrocenophanes and is a logical result of
the contraction of the C(1)-Si-C(6) angle. Also, the average 3
angle (between each Cp plane and the corresponding Si—C,,,,
bond) of 35.9° is slightly smaller than that in other sila[1]-
ferrocenophanes. Finally, it has previously been postulated
that an Fe --- Si interaction plays a role in the electronic nature
of sila[l]ferrocenophanes, with the Fe center donating elec-
tron density to the Si center.’*®! In this case, a decrease in this
interaction, manifested in a lengthening of the distance
between these nuclei, could be expected due to the Si---N
intramolecular donation. The Fe -+~ Si distance of 2.758 A for
5a is indeed longer than that for the non-hypercoordinate
analogue 1b (2.692 A).

Previous studies of the electronic nature of [1]ferroceno-
phanes by UV/Vis spectroscopy as well as by extended
Hiickel MO calculations have shown that the energy of the
HOMO-LUMO transition is highly dependent upon the a
angle between the cyclopentadienyl rings in the ferrocene
moiety.[?’l Indeed, as the Cp rings tilt there is a decrease in the
HOMO -LUMO gap that leads to a bathchromic shift of the
corresponding electronic transition.>?! In addition, the
decreased symmetry leads to an increase in the intensity of
these Laporte forbidden d—d transitions. The maximum for
the d—d transition in 5a (4, =482 nm, ¢=276) is slightly
blue-shifted relative to that of 1b (A, =487 nm, ¢=2308)
despite a similar solid-state tilt angle (a =21.0° for 1b versus
21.27° for 5a). This deviation may be due to the influence of
the novel Si--- N interaction.

Quaternization of [fcSiMe(2-C;H,CH,NMe,)] (5a): Reaction
of 5a with MeOTf at 0°C in toluene leads to suppression of
pentacoordination and the synthesis of the quaternized cation
7a [Eq. (4)]. The quaternization of the nitrogen atom is

< R << R
Fe s‘\ —  »  Fe si “
= N

0

A ® N., @OTf
Y
5a(R=Me) 7a-OTf (R = Me)

b (R = CH,Cl) b-OTf (R = CH,CI)

indicated by a pronounced downfield shift of its methyl and
methylene proton resonances in the NMR spectrum (6 =2.83
and 4.91 versus 1.97 and 3.50 ppm for 5a). In addition, the 3C
C,s and #Si NMR shifts for 7a (6=31.9 and —9.2 ppm,
respectively) are similar to those found for 1b and are
indicative of loss of the Si---N interaction.

A single crystal X-ray diffraction study of 7a-OTf showed
that quaternization of the nitrogen atom results in this moiety
bending away from the silicon center (Figure 3, Table 2). In
fact the Si(1)-C(11)-C(12) angle at the C,,, of the phenyl ring
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Figure 3. Molecular structure of 7a showing thermal ellipsoids at 30 %
probablility.

Table 2. Selected bond lengths [A] and angles [°] for 7a-OTH.

Si(1)—Fe(1) 2.6932(12)  Si(1)~C(11) 1.885(4)
Si(1)—-C(1) 1.883(4) Si(1)-C(21) 1.857(5)
Si(1)—-C(6) 1.882(4)

C(1)-Si(1)-C(6) 96.10(18) N(1)-C(17)-C(12)  117.0(3)
C(1)-8i(1)-C(11) 112.01(17) C(17)-N(1)-C(18)  111.5(3)
C(1)-8i(1)-C(21) 107.87(19) C(17)-N(1)-C(19)  110.7(3)
C(6)-Si(1)-C(11) 116.34(19) C(17)-N(1)-C(20)  107.6(3)
C(6)-Si(1)-C(21) 113.0(2) C(18)-N(1)-C(19)  108.1(3)
C(11)-Si(1)-C(21) 110.5(2) C(18)-N(1)-C(20)  109.4(3)
Si(1)-C(11)-C(12) 130.3(3) C(19)-N(1)-C(20)  109.4(3)
C(11)-C(12)-C(17)  122.6(3)

is wider than the expected trigonal angle (130.3(3) versus
120°), possibly to accommodate the steric bulk of the
CH,NMe;" arm in the absence of a Si---N interaction. The
environment around the cationic nitrogen center is essentially
tetrahedral with an average C-N-C angle of 109.5°. The
environment around the silicon center is much closer to a
tetrahedral environment (average C-Si-C angle 109.3°) than
in 5a, with the major deviations being the endocyclic C(1)-Si-
C(6) angle of 96.10(5)°, constrained as expected due to the
presence of the ferrocenophane ring, and the correspondingly
expanded exocyclic angles, as large as 116.34(19)° (C(11)-Si-
C(21)). The tilt angle () of 20.6° between the planes of the Cp
rings is typical for a silicon-bridged ferrocenophane.!

Synthesis and characterization of [Fc,Si(2-C;H,CH,NMe,),]
(8): The strength of the Si---N interaction in 5a led to
speculation over the possible influence of the unusual
structure of the strained sila[l]ferrocenophane upon the
observed hypercoordination. The model compound investi-
gated to probe this issue further was [Fc,Si(2-
C¢H,CH,NMe,),] (8). This species was prepared through the
reaction of Fc,SiCl, with two equivalents of Li[2-
C¢H,CH,NMe,] in THF at —78°C. Initial attempts to
substitute only one of the Si—Cl functionalities failed due to
the preferential formation of the disubstituted product, as
observed by 'H NMR spectroscopy. A second equivalent was

3046 ——
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added to complete conversion to [Fc,Si(2-C,H,CH,NMe,),]
(8), which was then isolated in 27 % yield.

The 'H NMR spectrum of 8 in C,D¢ showed the ortho
proton resonance of the phenyl rings at 6=7.96 ppm,
comparable to the shift found in tetracoordinate organo-
silanes that possess aryl substituents (6 =7.89 ppm for 1b, 6 =
7.59 ppm for 6), and was indicative of a lack of hypercoordi-
nation in solution.!'? The resonances for the cyclopentadienyl
protons appeared at 6 =4.60, 4.34, and 3.93 ppm and are
typical for ferrocenyl substituents on silicon.

A variable-temperature (VT) NMR study in CD,Cl, was
undertaken to explore the possibility of solution-state hyper-
coordination at sub-ambient temperatures. Although broad-
ening of the methylene resonance and one of the Cp
resonances was found at —80°C, there was no observation
of hypercoordination on the NMR timescale at this temper-
ature.

The solid-state structure of 8 was investigated by means of a
single-crystal X-ray diffraction study (Figure 4, Table 3). The

Figure 4. Molecular structure of 8 showing thermal ellipsoids at 30 %
probability.

Table 3. Selected bond lengths [A] and angles [°] for 8.

Si(1)—C(1) 1.862(2) Si(1)-C(21) 1.891(2)
Si(1)—C(11) 1.8742(19)  Si(1)~C(30) 1.8952(19)
C(1)-Si(1)-C(11)  109.61(9) C(11)-Si(1)-C(21)  109.28(9)
C(1)-Si(1)-C(21)  106.92(9) C(11)-Si(1)-C(30)  110.35(8)
C(1)-8i(1)-C(30)  107.12(8) C(21)-Si(1)-C(30)  113.44(8)

lack of hypercoordination in the structure further supported
the variable temperature data. The environment at silicon is
approximately tetrahedral with C-Si-C angles ranging from
106.92(9)° (C(1)-Si-C(21)) to 113.44(8)° (C(21)-Si-C(30)) and
averaging 109.5°.

Attempted synthesis of [fcSiCl(2-C;H,CH,NMe,)]: The lack
of hypercoordination found for 8 seemed to indicate that
either the decreased steric crowding around silicon, or the
unusual electronic structure associated with a strained ferro-

www.chemeurj.org Chem. Eur. J. 2003, 9, 3042-3054
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cenophane system, is necessary for hypercoordination to be
favorable. Moreover, despite the considerable strength of the
Si--- N interaction found for Sa, we anticipated that it should
be possible to create an even stronger interaction in a strained
sila[1]ferrocenophane system through introduction of an
electron-withdrawing substituent at silicon. However, reac-
tion of a stoichiometric equivalent of Li[2-C,H,CH,NMe,]
with [fcSiCl,] (1¢) at —78°C led to a complex reaction
mixture. It is likely that the desired monosubstituted product
[fcSiCI(2-C¢H,CH,NMe,)] is, once generated, highly reactive
towards further substitution. Such disubstitution is precedent-
ed by the synthesis of 8 where the disubstituted product is
formed exclusively. In addition, we would expect [fcSiCl(2-
C¢H,CH,NMe,)] to be particularly reactive towards ring-
opening due to an enhanced Si---N interaction and subse-
quent weakening of the trans Si—C,,,, bond in the presence of
the electron-withdrawing CI group.

Synthesis and characterization of [fcSi(CH,Cl)(2-
C¢H,CH,NMe,)] (5b): The problems inherent in the selective
reaction of one of the Si—Cl functionalities in [fcSiCl,] led us
to the synthesis of a sila[1]ferrocenophane that would provide
the Si—Cl functionality necessary for substitution by Li[2-
C¢H,CH,NMe,], as well as a less reactive, electron-with-
drawing group. The chloromethyl functionality was chosen as
a result of previous work in our group that indicated that it
was rather inert as a functional group on sila[l]ferroceno-
phanes.?) The new ferrocenophane [fcSi(CH,CI)Cl] (1d) was
therefore synthesized through reaction of fcLi,-TMEDA
with a slight excess of (CH,CI)SiCl; at —78°C in Et,O
[Eq. (2)]. This sila[1]ferrocenophane was purified by recrys-
tallization from hexanes and isolated in 68 % yield. 'H and
13C NMR spectra were consistent with an unsymmetrically
substituted Si center.! Four distinct Cp resonances were
observed in the BC NMR spectrum, and the 'H NMR
spectrum showed three multiplets for the Cp protons; one
with double the intensity and attributable to two unresolved
signals. Indeed, the *C NMR spectrum for this compound
shows two distinct but extremely similar Cp carbon environ-
ments with resonances at 6=79.1 and 79.0 ppm. The *Si
NMR spectrum showed one Si environment with a shift of 6 =
—0.3 ppm.

Subsequent reaction of 1d with 1.1 equivalents of Li[2-
C¢H,CH,NMe,] at —78°C in THEF, followed by quenching of
any excess lithium salt with Me;SiCl at —30°C, yielded the
desired product 5b in 66 % yield. This species was charac-
terized by 'H, “C, and ?*Si NMR spectroscopy, mass
spectrometry, and elemental analysis. To provide comparative
structural information, the non-hypercoordinate analogue of
5b, [fcSi(CH,Cl)Ph] (1e), was prepared by the reaction of
PhLi with 1d and was similarly characterized. In a manner
similar to the case of 5a, the 'H and 3*C NMR spectra of 5b
were consistent with fluxionality in solution, and showed four
Cp resonances as well as degenerate methylene proton and
NMe, methyl resonances. However, the methylene proton
resonance is rather broad, even at room temperature, as might
be expected in the presence of the more electrophilic silicon
and an increased Si---N interaction. Also indicative of
increased interaction between these two nuclei is the upfield
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shifted *Si NMR resonance at 0=—14.8ppm (cf. 0=
—13.9 ppm for 5a, 6=—-104 ppm for 1e). A higher AG*
value for the exchange process as well as a shorter Si---N
distance might also be anticipated.

Investigations of 5b by VI-NMR spectroscopy did indeed
show the anticipated increase in the value of AG*cp,q,. The
solution was raised from —96°Cl7l to room temperature and
'"H NMR spectra (300 MHz) were acquired at a variety of
temperatures (Figure 5). As for 5a in CD,Cl,, we observe a

N—) A
-Wﬁﬁmmw

| Q@l\\\v

4 3 2

ppm

Figure 5. Variable-temperature 'H NMR spectra of 5b (CD,Cl,) at — 96,
—90, —87, —85, —84, —72, —66, —60, —54, —48, and —1°C showing its
fluxionality in solution.

coalescence temperature for the two methylene protons
(—45°C) and clear doublets below —72°C (6=4.05 and
2.90 ppm at —96°C, 2J(H,H) =12.9 Hz). In addition, we see
coalescence for three of the four pairs of Cp protons (— 60,
—172, and —78°C), the protons of the CH,CI group (—60°C)
and the protons of the methyl groups on the intramolecularly
coordinating NMe, group (—84°C). In the case of the CH,Cl
protons some second-order effects are seen due to the
proximity of the shifts of the interacting protons (d=3.40
and 3.26 ppm at — 96 °C, 2J(H,H) = 13.2 Hz). The most clearly
discernable coalescence temperature is that seen for the
methyl groups on the NMe, group (6 =2.18 and 1.94 ppm at
—96°C). Numerous spectra were acquired at the lower end of
the temperature range and the flattening of the merged peaks
characteristic of coalescence can clearly be seen for these
protons at —84°C. The free energy of the exchange process
was calculated from this coalescence temperature, in combi-
nation with the separation of the methyl resonances at —96°C
(73.5 Hz), to be AG*cp,;, =37.6 kJ mol'; slightly higher than
that for 5a in the same solvent. The magnitude of this value is
indicative of a stronger Si---N interaction in solution for 5b
than for Sa.

The solid-state structure of Sb was investigated by single
crystal X-ray diffraction (Figure 6, Table 4) and compared
with that of 5a as well as that of its non-hypercoordinate
analogue (1e) (Figure 7, Table 5). The structure of Sb does
show a Si--- N interaction in the solid state, with a distance of
2.876 A, slightly longer that that seen for Sa, despite the
stronger interaction demonstrated by VI-NMR spectroscopy.
The space group for the structure is C2/c rather than P2,/n (for
5a) and packing effects could be responsible for the observed
lengthening. As seen with Sa there is a lengthening of the
Si—C,,;, bond trans to the incoming NMe, group (1.909(2)
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Figure 6. Molecular structure of Sb that shows thermal ellipsoids at 30 %
probability.

Table 4. Selected bond lengths [A] and angles [°] for 5b.

Si(1)-N(1) 2.876(2) Si(1)—~C(6) 1.909(2)
Si(1)—Fe(1) 2.7402(7)  Si(1)-C(11) 1.870(2)
Si(1)—-C(1) 1.879(2) Si(1)~C(20) 1.884(2)
C(1)-Si(1)-C(6) 94.39(10) Si(1)-C(11)-C(16) 122.53(17)
C(1)-8i(1)-C(11) 115.06(10) C(11)-C(16)-C(17)  119.3(2)
C(1)-8i(1)-C(20) 110.46(10) N(1)-C(17)-C(16) 110.03(19)
C(6)-Si(1)-C(11) 106.41(10) C(17)-N(1)-C(18) 110.71(19)
C(6)-Si(1)-C(20) 107.19(11) C(17)-N(1)-C(19) 109.7(2)
C(11)-Si(1)-C(20)  119.77(10) C(18)-N(1)-C(19) 110.5(2)
N(1)-Si(1)-C(1) 81.10(8) Si(1)-N(1)-C(17) 87.19(13)
N(1)-Si(1)-C(6) 173.54(9) Si(1)-N(1)-C(18) 116.25(15)
N(1)-Si(1)-C(11) 71.72(8) Si(1)-N(1)-C(19) 119.84(16)
N(1)-Si(1)-C(20) 78.84(9)

Figure 7. Molecular structure of 1e that shows thermal ellipsoids at 30 %
probability

Table 5. Selected bond lengths [A] and angles [°] for 1e.

Si(1)—Fe(1) 2.6903(7) Si(1)-C(11) 1.857(2)
Si(1)-C(1) 1.881(2) Si(1)-C(17) 1.875(2)
Si(1)-C(6) 1.884(2)

C(1)-8i(1)-C(6) 97.04(10) C(6)-Si(1)-C(11) 110.92(11)
C(1)-8i(1)-C(11) 11.72(11) C(6)-Si(1)-C(17) 113.37(11)
C(1)-8i(1)-C(17) 108.49(11) C(11)-Si(1)-C(17) 114.05(11)
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versus 1.879(2) A for Si—C(1); cf. 1.881(2) and 1.884(2) A for
1e) but the degree of lengthening is inversely dependent upon
the length of the Si--- N interaction and, thus, is less than that
seen for 5a. As is seen with the structure of 5a, 5b has a
pseudo-trigonal bipyramidal structure at the bridging silicon
center, with the C,,,, carbon atom trans to the NMe, group
(C(6)) and its nitrogen atom in the axial positions, and the
remaining C,,, carbon atom (C(1)) and the aryl ring and
CH,Cl groups in the equatorial positions. The C(6)-Si(1)-N(1)
angle of 173.5° approaches the theoretical value of 180°. The
equatorial angles range from 110.5° (C(1)-Si(1)-C(20)) to
119.8° (C(11)-Si(1)-C(20)) and their sum, 345.4°, corresponds
to a value of 53.6 % pentacoordination character (% TBP,).[??]
The a angle for the structure is larger than typical for a
tetracoordinate sila[1]ferrocenophane, with a value of 21.4°
(cf. 20.4(1) for 1e), and the 3 angles are consequently smaller
with an average of 36.2°. As for 5Sa, the Fe---Si distance of
2.7402(7) A is longer than expected (cf. 2.6903(7) A for 1e)
and could be a consequence of a smaller interaction between
these atoms when in proximity to the intramolecularly
donating NMe, group.

Conversion of 5b to the spirocyclic sila[1]ferrocenophane
9-Cl: Although synthesis and isolation of Sb were relatively
facile, this species was found to exhibit low stability at room
temperature in both solution and the solid state. Thus, a
CD,Cl, solution of 5b, monitored over time by 'H NMR
spectroscopy, showed clean conversion to a new, CD,Cl,-
soluble, product. At room temperature, the reaction reached
about 50% conversion after 10 minutes, neared completion
after ~ 1 h, and complete consumption of 5b occurred if it was
left in solution for ~12 h; CH,Cl, solutions of §b showed
much slower reactivity when held at lower temperatures.
The 'H NMR resonances of the new product were
consistent with the formation of the internal cyclization salt
[fcSi(CH,NMe,CH,C¢H,)]Cl (9-Cl) [Eq. (5)]. Resonances

,@\ ,?CHzCI CH,Cl, @\ /@N;’

Fe Si ——22 e e g R ®
room temp.
& & C§
/\
5b 9-Cl

due to 9 were readily identifiable in the spectrum acquired at
50% conversion. Further confirmation of these shifts was
provided by the spectrum acquired after 12 h. The 'H NMR
spectrum of 9 showed downfield shifts of the methylene and
methyl resonances of the CH,NMe, arm to 0=5.10 and
3.74 ppm, respectively (cf. 6 =3.38 and 1.89 ppm for 5b), that
were consistent with quaternization of the nitrogen atom.
Also, the resonance due to the methylene group between the
two heteroatoms of the new six-membered ring was downfield
shifted (0 =4.28 ppm) relative to the CH,CI resonance seen
for 5b (0=3.31ppm). BC and ?Si NMR spectra were
acquired in the interval between the 1h and 12 h points of
the reaction to maximize the signals due to 9 in solution. The
BC NMR spectrum supported the identification of the new
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product as 9-Cl, with signals at 0 =68.4 (ArCH,), 55.8 (Me)
and 54.6 ppm (SiCH,) that were consistent with carbon atoms
bonded to a cationic nitrogen atom. The single *Si NMR
resonance at 6 =—27.1 ppm is significantly upfield shifted
from that of 5b (0=-14.8 ppm) and is indicative of its
proximity to the quaternized nitrogen center.

In the solid state, crystals of Sb undergo an irreversible
transformation over several weeks that renders them com-
pletely insoluble in many solvents in which Sb was initially
soluble (e.g. hexanes, toluene, THF). Analysis of the product
by solid state CP-MAS ?*Si NMR showed a single new broad
resonance at 0=-—26.9 ppm. The solid state CP-MAS
13C NMR spectrum was also inconsistent with the structure
of Sb. Notably, the CP-MAS spectra of the solid state
conversion product (vide supra) are consistent with the 3C
and *Si NMR spectra of 9-Cl and indicate that reactions
between the CH,CI functionalities of Sb and its NMe, groups
are involved in its solid state transformation. Elemental
analysis data showed that the product possessed the same
composition as 5b and was consistent with such a rearrange-
ment [Eq. (5)].

Confirmation of the structure of 9-Cl was carried out by
means of a single crystal X-ray diffraction study (Figure 8).

Figure 8. Molecular structures of the two independent molecules (A and
B) in the unit cell of 9-Cl- CH,Cl, that show thermal ellipsoids at 30 %
probability.

Selected bond lengths and angles are shown in Table 6.
Suitable crystals of 9-Cl-CH,Cl, were obtained after a
solution of 5b in CH,Cl, was allowed to stir at room
temperature for 1h and then cooled to —30°C overnight.
The two ring conformers (A and B) of the product crystallize
together in the non-centrosymmetric orthorhombic space
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Table 6. Selected bond lengths [A] and angles [°] for 9-Cl- CH,Cl,.

Si(1A)-Fe(1A) 2.689(3) Si(1B)-Fe(1B) 2.683(3)
Si(1A) —C(1A) 1.878(9) Si(1B)~C(I1B) 1.867(9)
Si(1A)-C(6A) 1.886(8) Si(1B)-C(6B) 1.883(8)
Si(1A)-C(11A) 1.845(10) Si(1B)—C(11B) 1.847(10)
Si(1A)-C(18A) 1.886(8) Si(1B)—C(18B) 1.878(8)
C(1A)-Si(1A)-C(6A)  962(4)  C(1B)-Si(1B)-C(6B)  96.7(4)
C(1A)-Si(1A)-C(11A) 116.8(4)  C(1B)-Si(1B)-C(11B)  116.7(4)
C(1A)-Si(1A)-C(18A) 1135(4)  C(1B)-Si(1B)-C(18B) 112.2(4)
C(6A)-Si(1A)-C(11A) 118.6(4)  C(6B)-Si(1B)-C(11B) 118.4(4)
C(6A)-Si(1A)-C(18A) 108.9(4)  C(6B)-Si(1B)-C(18B) 109.4(4)
C(11A)-Si(1A)-C(18A) 103.1(4)  C(11B)-Si(1B)-C(18B) 103.6(4)
Si(1A)-C(11A)-C(16A) 120.0(6)  Si(1B)-C(11B)-C(16B) 121.4(7)
Si(1A)-C(18A)-N(1A) 110.1(5)  Si(1B)-C(18B)-N(I1B) 111.0(6)

C(11A)-C(16A)-C(17A) 126.08)  C(11B)-C(16B)-C(17B) 122.4(9)

N(1A)-C(17A)-C(16A) 116.9(7)  N(1B)-C(17B)-C(16B) 117.6(7)
C(17A)-N(1A)-C(18A) 110.1(7)  C(17B)-N(1B)-C(18B) 112.1(7)
C(17A)-N(1A)-C(19A) 1133(7)  C(17B)-N(1B)-C(19B) 111.1(7)
C(17A)-N(1A)-C(20A) 106.8(7)  C(17B)-N(1B)-C(20B) 107.5(7)
C(18A)-N(1A)-C(19A) 110.0(7)  C(18B)-N(1B)-C(19B) 110.4(6)
C(18A)-N(1A)-C(20A) 109.0(6)  C(18B)-N(1B)-C(20B) 107.7(6)
C(19A)-N(1A)-C(20A) 107.6(7)  C(19B)-N(1B)-C(20B) 107.9(6)

group P2,2,2, with the eight molecules of [9]" in the unit cell
showing pseudo-inversion symmetry. Both enantiomers show
ring tilts (¢ =20.4(3) and 21.1(3)°, for A and B, respectively)
typical of sila[l]ferrocenophanes. The intramolecular cycliza-
tion gives rise to a spirocyclic unit centered about silicon. The
endocyclic angles about silicon, for the ferrocenophane rings
(96.2(4)° for A, 96.7(4)° for B) as well as the SiCNC; rings
(103.1(4)° for A, 103.6° for B) are significantly contracted
relative to those found for an ideal tetrahedron. However, the
exocyclic angles (108.9(4)° to 118.6(4)°) are consequently
larger, with the largest corresponding to the C(6)-Si(1)-C(11)
angle, and the average C-Si-C angle is 109.5°. The SiCNGC;
cycles show planarity for the four atoms (Si(1), C(11), C(16),
and C(17)) adjacent to the aromatic ring. The C(18) atoms in
both A and B show only slight displacement from this plane,
whereas the N atoms are significantly displaced, with the
planes defined by C(17)-N(1)-C(18) at 51.4° (A) and 50.2° (B)
angles to the SiCCC planes. The geometry about nitrogen
approaches tetrahedral with C-N-C angles ranging from
106.8(7) to 113.3(7)° and averaging 109.5°. Although the
synthesis of several compounds that incorporate the cationic
SiCNG; ring structure have been previously reported,?® none
of these reports include characterization by X-ray crystallog-
raphy.

Quaternization of [fcSi(CH,Cl)(2-C;H,CH,NMe,)] (5b): As
with the case of 5a we found that it was possible to quaternize
the NMe, group of Sb through reaction with MeOTf at 0°C
[Eq. (4)]. The increased reactivity of 5b in solution (over that
of 5a), as indicated by the VI-NMR data, as well as its
tendency towards intramolecular cyclization at room temper-
ature, leads to side reactions and makes isolation of pure
[fcSi(CH,Cl)(2-C¢H,CH,NMe3)|[OTf] (7b-OTf) difficult.
However, 7b-OTTf can be isolated in low yields by means of
repeated recrystallizations from a 2:1 mixture of CH,Cl,/
hexanes.

Unlike 7a-OTH, this species is insoluble in C¢D4 and a more
polar solvent, such as CD,Cl,, is required for solution NMR
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studies. However, as seen for 7a, down-field shifts of the
methyl and methylene proton resonances of the quaternized
arm, from 0 =1.89 and 3.38 ppm (5b in C,D;) to 6 =3.24 and
5.12 ppm (CD,Cl,), respectively, are indicative of the quater-
nization of the nitrogen atom. '*C NMR spectroscopy further
confirms the identity of 7b in solution. As seen in the case of
7a the ¥Si NMR signal for 7b (6 = —10.9 ppm) is downfield
from that seen for the unquaternized 5b (6 = — 14.8 ppm) and
approaches that seen for the non-hypercoordinate analogue
le (0=—10.4 ppm).

In order to further characterize 7b-OTf an X-ray diffrac-
tion study was performed on single crystals obtained from
CH,Cl,. Compound 7b-OTf- CH,Cl, was found to crystallize
in the space group Cc with four independent molecules (A -
D) in the assymmetric unit (Figure 9, Table 7). Each of these
molecules showed structural similarities to the methyl-sub-
stituted analogue 7a-OTf. Again, quaternization of the nitro-
gen atom results in the CH,NMe; " moiety bending away from
the silicon, with Si(1)-C(11)-C(16) angles wider than the
expected trigonal angle (from 125.3(5) to 127.6(5)°). The
nitrogen centers show tetrahedral geometry, with an average
C-N-C angle of 109.5°. The silicon centers once again
approach tetrahedral, rather than trigonal bipyramidal, envi-
ronments (average C-Si-C angles of 109.1 to 109.2°) and the

Table 7. Selected bond lengths [A] and angles [°] for 7b-OTf- CH,Cl,.

Molecule A B C D
Si(1)—Fe(1) 2.669(2) 2.678(2) 2.679(2) 2.692(2)
Si(1)—-C(1) 1.889(8) 1.880(7) 1.870(7) 1.867(7)
Si(1)—C(6) 1.888(7) 1.859(7) 1.866(7) 1.871(7)
Si(1)—-C(11) 1.875(7) 1.886(6) 1.868(7) 1.886(7)
Si(1)—-C(21) 1.888(7) 1.862(7) 1.866(7) 1.850(7)
C(1)-Si(1)-C(6) 97.2(3) 98.0(3) 96.7(3) 96.8(3)
C(1)-Si(1)-C(11) 109.4(3) 109.5(3) 109.9(3) 109.1(3)
C(1)-Si(1)-C(21) 108.8(3) 107.7(3) 108.6(3) 109.1(3)
C(6)-Si(1)-C(11) 113.4(3) 112.1(3) 113.6(3) 113.7(3)
C(6)-Si(1)-C(21) 108.7(3) 110.8(3) 109.6(3) 111.6(3)
C(11)-Si(1)-C(21) 117.3(3) 116.9(3) 116.5(3) 114.9(3)
Si(1)-C(11)-C(16) 127.6(5) 126.7(5) 126.8(5) 125.3(5)
C(11)-C(16)-C(17)  121.6(6) 122.7(5) 122.5(6) 124.3(6)
N(1)-C(17)-C(16) 114.2(5) 114.6(5) 114.2(5) 114.8(5)
C(17)-N(1)-C(18) 112.0(5) 111.2(5) 112.8(5) 111.5(5)
C(17)-N(1)-C(19) 110.7(5) 110.0(5) 110.0(5) 110.4(5)
C(17)-N(1)-C(20) 108.4(5) 107.8(5) 107.7(5) 107.8(5)
C(18)-N(1)-C(19) 108.7(5) 109.6(5) 109.5(5) 109.3(5)
C(18)-N(1)-C(20) 107.6(5) 108.3(5) 108.4(5) 107.7(5)
C(19)-N(1)-C(20) 109.5(5) 109.9(5) 108.4(5) 110.0(5)

endocyclic C(1)-Si(1)-C(6) angles of 96.7 to 98.0° represent, as
expected, the largest deviations from ideal tetrahedral
geometry. The tilt angles (a) of 19.97(15), 20.13(17),

cl18B)
a

NiD)  C(18D)
A

Figure 9. Molecular structures of the four independent molecules (A —D) in the unit cell of 7b that show thermal ellipsoids at 30 % probablility.
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20.59(17) and 20.60(18)° between the planes of the Cp rings
are typical for silicon-bridged ferrocenophanes.?!

Conclusion

We have demonstrated the synthesis of the first pentacoordi-
nate sila[l]ferrocenophanes 5a and 5b and investigated their
fluxionality, reactivity and structure. The susceptibility of
these species to quaternization by methyl triflate is suggestive
that the source of their fluxionality is the fast, reversible
coordination of the NMe, group to the silicon center. Such
fluxionality is consistent with the results of variable-temper-
ature NMR studies of 5a and 5b in solution. In addition, 5b
was shown to undergo an unprecedented intramolecular
cyclization reaction to yield the spirocyclic salt 9-Cl. Single-
crystal X-ray diffraction studies have demonstrated that Sa
and 5b may function as models of intermediates or transition
states in the nucleophilically-assisted as well as the thermal
ring-opening polymerizations of Group 14 bridged [1]ferro-
cenophanes. Further studies to probe this possibility will be
the subject of future work.

Experimental Section

General procedures: C;H;CH,NMe,, nBulLi (1.6M in hexanes), PhLi (1.8M
in cyclohexane), and MeOTf were purchased from Aldrich and were used
without further purification. Me;SiCl was purchased from Aldrich and
distilled prior to wuse. 2-Li[CiH,CH,NMe,] was prepared from
C4Hs;CH,NMe, and nBuLi (1.6M in hexanes) in Et,0.?" Dilithioferroce-
ne-nTMEDA,®! [fcSiMeCl] (1a),?) [fcSiMePh] (1b)!'l and [fcSiClL,)
(1)) were synthesized according to literature procedures. All reactions
and manipulations were carried out under an atmosphere of pre-purified
nitrogen using either Schlenk techniques or an inert atmosphere glove box.
Solvents were dried using the Grubbs method or by standard methods
followed by distillation.

'H (300 or 400 MHz) and *C NMR (75.5 or 100.4 MHz) spectra were
recorded on either Varian Gemini300 or Varian Unity400 spectrometers
and were referenced internally to protonated solvent shifts. All *C NMR
spectra were obtained using proton decoupling. *Si NMR spectra (Varian
Unity400 in DEPT mode at 79.3 MHz) and F NMR spectra (Varian
Gemini300 at 282.3 MHz) were referenced externally to SiMe, and CFCl;
in CDCl;, respectively. Solid-state CP-MAS '*C and *'Si spectra were
obtained on a Bruker DSX400 instrument with a spin rate of 9 KHz.

Mass spectra were obtained with the use of a VG 70-250S mass
spectrometer operating in Electron Impact (EI) mode. Pyrolysis mass
spectra are reported for maximum ion output. UV/Vis spectra were
acquired using a Perkin Elmer Lambda 900 UV/Vis/NIR spectrometer on
10-3m solution in CH,Cl,.

Synthesis of [fcSiMe(2-C(H,CH,NMe,)] (5a): A solution of Li[2-
C¢H,CH,NMe,] (0.59¢g, 419 mmol) in THF (15mL) was cooled to
—78°C and slowly added to a solution of 1a (1.00 g, 3.81 mmol) in THF
(30 mL) at —78°C. The reaction mixture was slowly warmed to —30°C and
Me;SiCl (0.1 mL) was added with a syringe. After the mixture had been
warmed to room temperature, all volatile material was removed under
vacuum (12h at room temperature). Recrystallization from hexanes
(15mL) at —30°C gave dark red crystals of 5a (0.70 g, 51 %) suitable for
single-crystal X-ray diffraction. A second fraction (0.42 g) was obtained
after concentration of the filtrate to 3 mL to give an overall yield of 81 %.
'H NMR (400 MHz, C{Dy, 20°C): 6 =8.29 (m, 1H; Ph-H6), 7.22-7.10 (m,
3H; Ph-H3-5), 4.45 (m,2H; Cp), 4.38 (m, 2H; Cp), 4.15 (m, 2H; Cp), 3.89
(m, 2H; Cp), 3.50 (s, 2H; CH,), 1.97 (s, 6H; NCHj;), 0.70 ppm (s, 3H;
SiCHj;); BC NMR (100.5 MHz, C4Dg, 20°C): 6 = 147.5 (ipso-Ph), 137.0 (Ph),
135.1 (ipso-Ph), 129.9 (Ph), 128.5 (Ph), 127.0 (Ph), 77.1 (Cp), 77.0 (Cp), 76.1
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(Cp), 75.5 (Cp), 643 (CH,), 44.5 (NCHj;), 374 (ipso-Cp), —2.1 ppm
(SiCHs3); Si NMR (79.3 MHz, C,Dg, 20°C): d = —13.9 ppm; *Si CP-MAS
NMR (79.5 MHz,20°C): 6 = — 12.8 ppm; MS (70 eV, EI): m/z (% ): 361 (42)
[M+], 346 (100) [M* — CHs], 317 (27) [M* — N(CH,),]; UV/Vis (1073M in
CH,CL): Ay (loge) = 482 nm (276 Mm~'cm™'); elemental analysis caled (%)
for C,yHp3FeNSi (361.34): C 66.48, H 6.42, N 3.88; found: C 66.51, H 6.47, N
3.76.

Synthesis of [fcSiMe(2-C,H,CH,NMe;) |[OTf] (7a-OTf): MeOTf (0.228 g,
1.39 mmol) dissolved in toluene (2 mL) was added dropwise to a solution of
5a (0.497 g, 1.38 mmol) in toluene (50 mL) at 0°C, slowly warmed to room
temperature and reacted for 18 h. All volatile material was removed under
vacuum (12 h at 25°C). Recrystallization from CH,Cl,/hexanes at —20°C
gave red crystals of 7a-OTf- CH,Cl, (0.683 g, 81%). 'H NMR (300 MHz,
C¢Dg, 20°C): 6 =793 (d, *J(H,H) =7.5 Hz, 1 H; Ph-H3), 7.84 (d, *J(H,.H) =
7.7 Hz, 1H; Ph-H6), 7.32 (t, 1H; Ph-H4), 7.18 (t, 1H; Ph-HS), 4.91 (s, 2H;
CH,), 4.36 (s, 2H; Cp), 4.29 (m, 4H, Cp; CH,Cl,), 4.01 (s, 2H; Cp), 3.47 (s,
2H; Cp), 2.83 (s, 9H; NCH;), 043 ppm (s, 3H; SiCH;); “C NMR
(75.5 MHz, C4Dy, 20°C): 6 =138.5 (ipso-Ph), 136.6 (Ph), 135.2 (Ph), 134.0
(ipso-Ph), 130.9 (Ph), 130.0 (Ph), 122.2 (q, 'J(C}F) =321 Hz, CF;), 78.6
(Cp), 78.5 (Cp), 76.5 (Cp), 76.1 (Cp), 68.3 (CH,), 52.5 (NCH,), 31.9 (ipso-
Cp), —25ppm (SiCH;); “F NMR (2823 MHz, C(D¢, 20°C): o=
—78.1 ppm; ¥Si NMR (79.3 MHz, C;Dg, 20°C): 6 =—9.2 ppm; UV/Vis
(10-3*m in CH,CL): A, (loge) =487 nm (305 Mm~'cm~'); elemental analysis
caled (%) for C,H,F;FeNO;SSi-0.3CH,Cl, (550.93): C 48.62, H 4.87;
found C 48.39 H 4.82; the amount of CH,Cl, in the sample, that was not
removed after 24 h under high vacuum, was estimated by 'H NMR
spectroscopy.

Synthesis of [Fc¢,Si(2-CqH,CH,NMe,),] (8): A solution of Li[2-
C¢H,CH,NMe,] (0.61 g, 4.32 mmol) in THF (25 mL) was added dropwise
to a solution of [Fc,SiCl,] (2.00 g, 4.26 mmol) in THF (50 mL) cooled to
—78°C. The solution was allowed to warm slowly to room temperature and
the solvent removed. 'H NMR spectra showed 60% conversion to the
disubstituted product and the mixture was redissolved in THF and a further
0.40 g solution of Li[2-CqH,CH,NMe,] in THF was added to complete
conversion to 8. The product was recrystallized from Et,O/hexanes at
—50°C to yield dark red crystals (0.752 g,27 % ). '"H NMR (300 MHz, C,Dq,
25°C): 6=17.96 (pd, 2H; Ph), 7.86 (pd, 2H; Ph), 7.28 (pt, 2H; Ph), 7.07 (pt,
2H; Ph), 4.60 (pt,4H; Cp), 4.34 (pt,4H; Cp) 3.93 (s, 10H; Cp), 3.58 (s, 4H;
CH,), 2.03 ppm (s, 12H; NCHj;); *C NMR (300 MHz, CsDg, 25°C): 6 =
150.4 (ipso-Ph), 146.0 (Ph), 138.0 (ipso-Ph), 137.6 (Ph), 130.0, (Ph), 129.4
(Ph), 126.4 (Ph), 76.7 (Cp), 71.8 (Cp), 70.3 (ipso-Cp), 69.7 (CH,), 45.8 ppm
(NCH,); #Si (79.5 MHz, CsDg): 6=-13.0 ppm; 'H NMR (400 MHz,
CD,Cl,, 25°C): d =7.74 (pd, 2H; Ph), 7.62 (pd, 2H; Ph), 740 (pt, 2H; Ph),
722 (pt, 2H; Ph), 4.49 (pt, 4H; Cp), 4.48 (pt, 4H; Cp) 3.91 (s, 10H; Cp),
3.39 (s,4H; CH,), 1.99 ppm (s, 12H; NCHj;); *C NMR (400 MHz, CD,Cl,,
25°C): 6 =145.6 (ipso-Ph), 137.7 (ipso-Ph), 137.3 (Ph), 129.6 (Ph), 128.9,
(Ph), 126.1 (Ph), 76.5 (Cp), 71.6 (Cp), 69.9 (ipso-Cp), 69.4 (CH,), 45.6 ppm
(NCHs;); #Si (79.5 MHz, CD,Cl,): d = — 13.6 ppm; elemental analysis calcd
(%) for CyxH,oFe,N,Si (666.54): C 68.48, H 6.35, N 4.20; found C 68.38, H
6.41, N 4.26.

Attempted synthesis of [fcSiCl(2-CH,CH,NMe,)]: A solution of Li[2-
C¢H,CH,NMe,] (0.245 g, 1.74 mmol) in THF (100 mL) was cooled to
—78°C and transferred with a cannula into a solution of 1c¢ (0.499 g,
1.76 mmol) in THF (100 mL) at — 78 °C. The solution was warmed slowly to
—30°C, stirred for 1 h and then warmed to room temperature. The solvent
was removed, the product redissolved in toluene and filtered to remove
LiCl. 'H, 3C, and ¥Si NMR spectra showed a complex mixture of products.
¥Si NMR (79 MHz, CDs, 25°C): 0 =—35.26 (major), —18.13(major),
—21.76 (minor), —28.04 (major), —29.33 (minor), —31.63 (minor),
—36.25 ppm (minor). Further, treatment of this reaction mixture with
MelLi led to a mixture of products that we were unable to characterize
further.

Synthesis of [fcSi(CH,CI)Cl] (1d): (CICH,)SiCl; (7.350 g, 39.95 mmol) was
added dropwise to a suspension of [fcLi,]-TMEDA (10.013 g,
36.15 mmol) in Et,0 (350 mL) at —78°C. The suspension was warmed
slowly (~2h) to room temperature and the solvent, excess silane and
TMEDA were removed under reduced pressure. Hexanes were added to
redissolve the desired product and the solution was filtered to remove LiCL
The product was isolated as red needles by recrystallization from hexanes
at —50°C (7299 g, 68 % ). '"H NMR (400 MHz, C¢Dy, 25°C): 6 =4.29 (pt,
4H; Cp), 4.11 (pq, 2H; Cp) 3.94 (pq, 2H; Cp), 2.83 ppm (s, 2H; CH,);
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BC NMR (100 MHz, C;Dy, 25°C): 6 =79.1 (Cp), 79.0 (Cp), 75.9 (Cp), 74.6
(Cp), 314 (ipso-Cp), 28.1 ppm (CH,); ¥Si NMR (79 MHz, C,D, 25°C):
0=—0.34 ppm; MS (70eV, EI): m/z (%): 296 (100) [M*], 247 (5) [M* —
CH,Cl], 183 (12) [M'—CH,Cl—CsH,]; high-resolution MS for
C,;H,,CLFeSi: calcd 295.928; found 295.953.

Synthesis of [fcSi(CH,Cl)(2-C;H,CH,NMe,)] (5b): A solution of Li[2-
C¢H,CH,NMe,] (0.657 g,4.66 mmol) in THF (50 mL) was cooled to —78°C
and slowly added to a solution of 1d (1.263 g, 4.25 mmol) in THF (50 mL)
at —78°C. The reaction mixture was slowly warmed to —30°C and Me;SiCl
(0.13 mL) was added with a syringe. After the mixture had been warmed to
room temperature, all volatile material was removed under vacuum (12 h at
room temperature). The product was redissolved in hexanes and filtered to
remove LiCl. Recrystallization from hexanes at —20°C gave dark red
crystals of 5b (1.118 g, 66 %) suitable for single-crystal X-ray diffraction.
'"H NMR (400 MHz, C¢Dy, 25°C): 6 =8.29 (m, 1H; Ph-H6), 7.19-7.01 (m,
3H; Ph-H3-5), 4.40 (m, 2H; Cp), 4.31 (m, 2H; Cp), 4.23 (m, 2H; Cp), 3.79
(m, 2H; Cp), 3.38 (brs, 2H; CH,), 3.31 (s, 2H; CH,Cl), 1.89 ppm (s, 6 H;
NCH;); BC NMR (100.5 MHz, C,Dg, 20°C): 6 =147.6 (ipso-Ph), 138.5
(Ph), 131.4 (ipso-Ph), 130.4 (Ph), 128.7 (Ph), 127.0 (Ph), 77.7 (Cp), 77.1 (Cp),
76.0 (Cp), 75.6 (Cp), 64.3 (CH,), 44.5 (NCHj;), 35.2 (ipso-Cp), 29.1 ppm
(SiCH,); ¥Si NMR (79.3 MHz, C¢Dg, 20°C) 6 =—14.8 ppm; elemental
analysis caled (%) for C,H,,CIFeNSi (395.79): C 60.69, H 5.60, N 3.54;
found C 60.79, H 5.30, N 3.17.

Synthesis of [fcSi(CH,Cl)Ph] (1e): A solution of PhLi (1.03 mL, 1.8M in
cyclohexane, 1.85 mmol) was slowly injected into a solution of 1d (0.500 g,
1.68 mmol) in THF (20 mL) at —78°C. The reaction mixture was slowly
warmed to —20°C and Me;SiCl (0.1 mL) was added with a syringe. After
warming to room temperature all volatile material was removed under
vacuum (12 h at room temperature) and the product was recrystallized
from hexanes at —20°C to give le (0.202 g, 36%). 'H NMR (400 MHz,
C¢Dg, 25°C): 6 =7.94 (m, 2H; Ph), 7.25
(d, 2H; Ph), 7.24 (m, 1H; Ph), 4.40 (m,
2H; Cp), 4.31 (m, 2H; Cp), 4.09 (m,
2H; Cp), 3.87 (m, 2H; Cp), 2.99 ppm

CH,)CI] (9-C1): Crystals of 5b (0.197 g, 0.498 mmol) were dissolved in
~20mL of CH,Cl, and left under N, at room temperature for approx-
imately 1 h. Crystals of 9-Cl- CH,Cl, suitable for X-ray diffraction were
isolated by crystallization at —30°C (0.098 g, 41 % ).

Solid state conversion of Sb into 9-Cl: Crystals of Sb were left at room
temperature over ~5 months, after which they no longer diffracted X-rays
or showed significant solubility in hexanes, toluene, or tetrahydrofuran. *C
CP-MAS NMR (100.6 MHz, k=9 kHz, 27°C): 6 =130.2 (Ph), 772 (Cp),
69.8 (PhCH,N), 59.0 (NCH,), 51.6 (SiCH,N), 26.7 ppm (ipso-Cp); *°Si CP-
MAS NMR (79.5MHz, k=9kHz, 27°C): 6=-26.9 ppm; elemental
analysis caled (%) for C,H,,CIFeNSi (395.79): C 60.69, H 5.60, N 3.54;
found C 60.30, H 5.73, N 3.31.

Synthesis of [fcSi(CH,Cl)(2-C,H,CH,NMe;)][OTf] (7b-OTf): MeOTf
(0.083 g, 0.51 mmol) was added dropwise to a solution of 5b (0.200 g,
0.505 mmol) in toluene (20 mL) at 0°C and slowly warmed to room
temperature. All volatile material was removed under vacuum and
recrystallization from CH,Cl,/hexanes at —30°C gave red crystals of 7b-
OTt- CH,Cl, (0.153 g, 47 %). '"H NMR (400 MHz, CD,Cl,, 25°C): 6 =8.30
(dd, 3/(H,H)=72 Hz, *(HH)=1.6 Hz, 1H; 0-Ph), 784 (d, *J(H,H) =
76 Hz, 1H; Ph) 773 (m, 2H; Ph), 5.33 (CH,Cl,), 5.12 (m, 2H; CH,), 4.68
(m,2H; Cp), 4.63 (m,2H; Cp), 4.38 (m, 2H; Cp), 3.94 (m, 2H; Cp), 3.45 (s,
2H; CH,CI), 3.24 ppm (s, 9H; NCH;); *C NMR (100 MHz, C;D;, 20°C):
0=139.0 (Ph), 135.2 (ipso-Ph), 134.7 (Ph), 134.3 (ipso-Ph), 132.0 (Ph),
130.7 (Ph), 122.8 (q, 'J(C,F) = 632 Hz; CFs), 79.7 (Cp), 79.2 (Cp), 76.5 (Cp),
76.3 (Cp), 69.3 (CH,), 53.9 (NCHS), 29.4 (ipso-Cp), 27.4 ppm (SiCH,CI); °F
NMR (282.3 MHz, C¢Ds, 20°C): 6 =—78.5 ppm; »Si NMR (79.3 MHz,
C¢Dg, 20°C): 6 =—10.9 ppm.

Variable-temperature NMR spectroscopy: All compounds were dissolved
in a suitable deuterated solvent (CD,Cl, or [Dg]toluene) and rapidly placed

Table 8. Crystallographic data for 5a, 7a-OTf- CH,Cl,, and 8.

(s,2H; CH,CI); *C NMR (100.5 MHz,
CDs, 20°C): 6=1352 (Ph), 131.9

(ipso-Ph), 1312 (Ph), 1285 (Ph), 786 cmoirical formula
(Cp), 78.1 (Cp), 76.6 (Cp), 76.1 (Cp),  f

30.0 (ipso-Cp), 274 ppm (CH,CI); Si
NMR (79.3 MHz, CiDg, 20°C): 6=
—10.4 ppm; MS (70 eV, EI): m/z (%):
338 (100) [M*], 289 (15) [M*—
CH,Cl], 169 (17) [M'—CH,Cl—

crystal color, habit
temperature [K]
wavelength [A]
crystal system
space group

CsH, — Fe], 105 (11) [SiC;Hs']; high- 2 [A]
resolution MS for C;;H,sCIFeSi: calcd b A]
337.998; found 337.998. c [A]
Conversion of 5b to 9-Cl monitored by a ]
NMR spectroscopy: The conversion of A1
5b (0.020 g) to 9-Cl at room temper- v []

ature in CD,Cl, (0.75 mL) was moni- volume [A3]

tored by 'H NMR spectroscopy. The zZ

reaction reached 50 % conversion after Peated [gem™]

10 min, ~95% conversion after 1h u [mm~!]

and complete conversion between 1-— F(000)

12 h.» For 9-Cl: '"H NMR (400 MHz,  crystal size [mm]

CD,Cl,, 25°C): 6=8.00 (m, 1H; Ph), 6 range for data collection [°]
7.61 (m,2H;Ph), 751 (m, 1 H; Ph), 5.10 limiting indices

(s, 2H; NCH,Ph), 4.70 (m, 2H; Cp),
4.65 (m, 2H; Cp), 4.51 (m, 2H; Cp),
446 (m, 2H; Cp), 428 (s, 2H;
SiCH,N), 3.74 ppm (s, 6H; NMe,);
BC NMR (100.5MHz, CD,Cl,,
25°C): 0 =136.0 (ipso-Ph), 135.2 (Ph), goodness of fit on F>

132.1 (Ph), 130.1 (Ph), 129.4 (Ph), 1274 final R indices [/ > 20()]
(ipso-Ph), 79.5 (Cp), 79.2 (Cp), 75.5 R1

(Cp), 74.9 (Cp), 68.4 (ArCH,N), 55.8 wR2

(NMe,), 54.6 (SiCH,N), 24.7 ppm (ip- R indices (all data)

s0-Cp); ¥Si NMR (79.3 MHz, CD,Cl,, R1

25°C): 0=—27.1 ppm. wR2

extinction coefficient

largest diff peak/hole [e A~3]

reflections collected
independent reflections
data/restraints/parameters

Isolation of X-ray diffraction quality
crystals of [fcSi(c-C{H,CH,NMe,-

Sa 7a-OTf- CH,CIl, 8

C, H,;FeNSi C,3H,5CLF;FeNO,SSi CyHy,Fe,N,Si

361.33 610.36 666.53

orange-red, block orange, block orange-red, block

100.0(1) 173(2) 150(1)

0.71073 0.71073 0.71073

monoclinic orthorhombic triclinic

P2,/n Pna2, P1

7.5146(2) 19.7588(2) 9.2811(2)

12.8744(4) 15.6016(2) 9.8634(3)

18.0268(5) 8.4520(2) 19.7028(6)

90 90 80.391(2)

97.010(16) 90 77.161(2)

90 90 65.544(2)

1730.98(9) 2605.48(6) 1595.07(8)

4 4 2

1.387 1.556 1.388

0.939 0.958 0.977

760 1256 700

0.30 x 0.22 x 0.20 0.30 x 0.25 x 0.20 0.30 x 0.30 x 0.28

283<6< 2749 2.06 < 6 <26.00 2.83<6<27.51

0<h<9 —24<h<23 0<h<12

0<k<16 —18<k<18 —11<k<12

—23<1<23 -10<iI<10 —24<1<25

12818 10855 18151

3964 (R;,,=0.055) 4691 (R;,,=0.0362) 7273 (R;, =0.038)

3964/0/211 4691/1/316 7273/0/393

0.986 1.125 1.032

0.0352 0.0405 0.0360

0.0827 0.0884 0.0841

0.0588 0.0482 0.0521

0.0885 0.0959 0.0911
0.0020(7)

0.348/ — 0.354 0.395/—0.311 0.393/ —0.456
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in the precooled spectrometer cavity. Care was taken to avoid prolonged
exposure of the solutions to room temperature environments, particularly
in the case of CD,Cl, solutions of 5b. Spectra were acquired as the
spectrometer was raised from temperatures near the freezing point of the
chosen solvent to room temperature. Free activation energies were
calculated according to: AG*=RT/(22.96+ In(T/ov)) where T, is the
coalescence temperature (K) of the signals in question and ov is the
frequency difference (Hz) between the static signals.'! Temperatures were
achieved through use of a heat exchange N, dewar and calibrated
externally using a methanol standard.

For 5a: 'TH NMR (400 MHz, CD,Cl,): 6(T) =4.00/2.92 (- 106, 2J(H,H) =
12.6 Hz; CH,, coal. —69 +5), 2.19/1.87 ppm (—106°C; NMe,, coal. —92 +
1°C); 'H NMR (400 MHz, [Dg|toluene): 6(T) =4.39/2.56 (— 100, CH,; coal.
~ —58), 2.10/1.76 ppm (—100°C; NMe,, coal. —88+1°C); *Si NMR
(400 MHz, [Dg]toluene): 6 (T)=-13.4 (80), —13.8 (25), —15.6 ppm
(—80°C).

For 5b: '"H NMR (300 MHz, CD,CL): 6 (T)=4.05/2.90 (— 96, 2J(H,H) =
12.9 Hz; CH,, coal. — 45 + 3), 3.40/3.26 (— 96°C, 2J(H,H) = 12.6 Hz; CH,Cl,
coal. —60=£5),2.18/1.94 ppm (—96°C: NMe,, coal. —84 +£1°C); 'H NMR
(400 MHz, [Ds]toluene): 6 (T)=4.39/2.56 (—80, 2J(H,H) =12.6 Hz; CH,,
coal. ~ —25), 1.97/1.74 ppm (—96°C; NMe,, coal. —78 £1°C).

For 8: '"H NMR (400 MHz, CD,Cl,): Only broadening and no decoales-
cence of signals was observed between —80°C and room temperature.

X-Ray crystallography: Selected crystal, data collection, and refinement
parameters for 1e, Sa, Sb, 7a-OTf- CH,Cl,, 7b-OTf- CH,Cl,, 8, and 9-Cl -
CH,(l, are given in Tables 8 and 9. Selected bond lengths and angles are
given in Tables 1 (5a), 2 (7a-OTf- CH,Cl,), 3 (8), 4 (5b), 5 (1e), 6 (9-Cl-
CH,Cl,) and 7 (7b-OTf- CH,Cl,).

Table 9. Crystallographic data for 1e, 5b, 7b-OTf- CH,Cl,, and 9-Cl- CH,Cl,.

For 1e, 5a, 5b, 7b-OTf- CH,Cl,, 8 and 9-Cl- CH,Cl,: Single-crystal X-ray
diffraction data were collected at low temperature under nitrogen with a
Nonius Kappa-CCD diffractometer using graphite monochromated Mok,
radiation (4 =0.71073 A). The data were integrated and scaled using the
Denzo-SMN package.” The SHELXTL/PC package was used to solve and
refine the structures.’' Refinement was by full-matrix least-squares on F?
using all data (negative intensities included). Refinement was optimized
with hydrogen atoms in calculated positions. The weighting schemes were
w=1/[0*(F2) + (0.0294 P)>* + 1.1135 P] for 1e, w=1/[c*(F2)+ (0.0489 P)’]
for 5a, w=1/[0*(F2)+ (0.0326P)*+2.8190P] for 5b, w=1/[c*(F2)+
(0.0773 P)*>+25.3865 P] for 7b-OTf- CH,Cl,, w=1/[0*(F2) + (0.0332 P)*+
0.6588 P] for 8 and w = 1/[0?(F?) + (0.0983 P)?] for 9-Cl - CH,Cl, where P=
(F2+2F2)/3.

For 7a-OTf - CH,Cl,: Single-crystal X-ray diffraction data were collected at
low temperature on a Siemens P4 diffractometer with a smart CCD
detector using graphite monochromated Moy, radiation (A=0.71073 A).
The data frames were integrated and scaled using the Bruker routines
SAINT and SADABS. The SHELXTL/PC package was used to solve and
refine the structures.*] Refinement was by full-matrix least-squares on F?
using all data (negative intensities included). Refinement was optimized
with hydrogen atoms in calculated positions. The weighting scheme was
w=1/[0*(F2) + (0.0270 P)* 4+ 4.1260 P] where P = (F2+2F2)/3.

CCDC-200059 (1e), CCDC-200197 (5a), CCDC-200054 (5b), CCDC-
200055 (7a-OTf- CH,Cl), CCDC-200056 (7b-OTf-CH,CL), CCDC-
200057 (8) and CCDC-200058 (9-Cl- CH,Cl, contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk).
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