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Abstract

Ferrocene derivatives containing the silatranyl moiety were prepared and studied by NMR spectroscopy and cyclic voltammetry.
Compared with the corresponding triethoxysilanyl derivatives, the silatranes are much more easily oxidized (AE]“}2 up to 0.26 V). In
order to understand this result, theoretical calculations (extended Hiickel (EH) and density functional theory (DFT)) were performed. The
geometries of the four complexes were optimized using DFT calculations. The change in the energy of the HOMO when exchanging
Si(OMe), for silatranyl as well as the transition state energy using the half-electron approach follow the oxidation potentials. This result
can be rationalized from the Si~N anti-bonding character of the HOMO in the silatrane derivatives which leads to an increase in energy.
Such a bond is absent in the other species. The prototype of this class of compounds, silatranylferrocene, was characterized by crystal
structure analysis. The Si-N distance is 2.181(2)A and thus lies in the range expected for an aromatic substituent at silicon. The
agreement between calculated and observed structure is quite good except for the Si—N distance, where a comparatively large deviation
was found which reflects the difference between gas and solid state. A direct interaction between iron and silicon can be 2xcluded for

both structural and theoretical reasons. © 1997 Elsevier Science S.A.

1. Introduction

Silatranes (5-aza-2,8,9-trioxa-1-silabicyclo[3.3.3]un-
decanes) are the most studied class of compounds with
hypervalent silicon [1-5]. The nitrogen lone pair do-
nates electrons through space to the d-orbitals of silicon,
leading to comparatively high stability of these cage
compounds, e.g. towards hydrolysis. A number of sila-
tranes were shown to be highly toxic, while others are
of potential pharmacological interest [6]. The combina-
tion of the silatrane moiety with organometallics should
give an opportunity to study their interactions which can
be expected to introduce special properties in the
molecules with potential interest for e.g. non-linear
optic materials.

This work describes the synthesis and physical prop-
erties of derivatives of ferrocene containing the sila-
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tranyl moiety, and discusses the interaction between the
two parts of the molecules, employing extended Hiickel
(EH) and density functional theory (DFT) methods.
Preliminary results have been presented already [7].
Some ferrocene derivatives with hypervalent silicon,
including 1,1'-bis(silatranyDferrocene 5, were also pre-
pared by others [8].

2. Synthesis and properties of silicon derivatives of
ferrocene

The synthesis of the silatranes 2, 5, and 8 is straight-
forward and follows normal pathways [2] (Fig. 1).
Starting with ferrocene, the triethoxysilylferrocenes 1
and 4 are easily obtained via lithioferrocene [9,10] or
1,I'-dilithioferrocene [11], as well as 7 via the chelate-
stabilized lithiated amine obtained from 6 {12] by the
reaction with tetraethoxysilane. Transesterification with
triethanolamine affords the corresponding silatranes. The
conditions (reaction temperature, solvent, catalyst) have
to be adjusted for the individual compounds. Silatranyl-
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Fig. 1. Synthesis and NMR numbering of silatranylferrocenes.

ferrocene 2 can also be prepared by direct reaction of
lithioferrocene (obtained e.g. in situ from chloromercu-
riferrocene) with ethoxysilatrane, although in compara-
tively low yield. 1,1-Dilithioferrocene (as TMEDA
complex) [13] and the lithiated amine 6 do not react
with ethoxysilatrane, probably because of additional
stabilization of the lithium compounds by coordination
with nitrogen donors.

The crystal structure analysis (Fig. 2 and Table 1) of
silatranylferrocene 2 shows that the ferrocene part of the
molecule retains a comparatively undistorted structure;
the angle between the planes through the cyclopentadi-
enyl rings is only 3.1°. The fully eclipsed arrangement
of these two rings corresponds to that in ruthenocene
and in the low-temperature modifications of ferrocene
[14,15]. Bond lengths and angles are as expected for a
monosubstituted ferrocene derivative. The silatrane
moiety retains its non-distorted structure as well. The
silicon atom lies in the plane of the attached cyclopenta-
dienyl ring. The distance between iron and silicon atoms
is 3.51 A, which means that there cannot be much direct
interaction between these two atoms, although the sili-
con is in the a-position at ferrocene where such interac-

Fig. 2. ORTEP plot (50% probability ellipsoids, H atoms omitted for
clarity) of the molecular structure of compound 2.

Table 1

Crystal structure analysis of 2. Selected bond lengths and angles
Bond (A) Angle )
Fe-C(1) 2.058(2) C(1)-Fe-C(8) 103.95(9)
Fe-C(2) 2.042(2) C(3)-Fe-(C6) 109.67(9)
Fe-C(3) 2.041(2) O(1)-Si-0(2) 121.07(8)
Fe-C(4) 2.038(2) O(1)-8i-0(3) 116.92(8)
Fe—C(5) 2.034(2) 0(2 ~ -8i-0(3) 117.47(8)
Si-N 2.181(2) C(1)-Si-N 179.22(8)
Si—0(1) 1.663(2) Fe-C(1)-Si 125.84(10)
Si-0(2) 1.660(2) C(12)-N-C(14) 113.8(2)
Si-0(3) 1.668(2) C(12)-N-Si 104.74(12)
Si—C(1) 1.877(2) O(1)-Si-N 83.02(7)

tions often occur (e.g. in ferrocenylcarbocations). OF
particular interest is the silicon—nitrogen distance which
was determined as 2.181(2) A. This weak bond is char-
acteristic for hypervalent silicon compounds [5] and
closely resembles the value found in phenylsilatrane
(2.193(5) A in the a-modification [16]). The C1-Si—N
angle deviates only slightly from linearity (179.22(8)°),
as in most silatranes. Thus, ferrocenyl behaves like a
normal aromatic substituent in this respect. This is not
surprising in the light of a crystal structure of the
compound obtained from phenylsilatrane by coordina-
tion of an Mn(CO), to the aromatic ring, with almost no
influence on the geomeiry of the silatrane [17].

Most chemical shifts in the NMR spectra (‘H, °C,
*N, "0) lie in the range expected for ferrocenes and
silatranes (Table 2); there is not much difference in the
behaviour of the triethoxysilane and silatrane moieties.
Thus, silatranylferrocene 2 shows a "H ard "C pattern
(‘H: 2.86 (), 3.85 (t, 5.5Hz); P C: 50.3 and 57.2 ppm)

Table 2

29Si-, '70-, and "N-NMR data, in CDCI; unless ctherwise quotec,
and oxidation potentials (Fe(ID-Fe(I1D) transition) of the compounds
1,2, 4, 5,7, 8, and phenyl-silatrane 9

Compound/ 8 (¥SD) & (70, 8 ("N) E (V)
property (W, ,, in Hz)

1 —-509 24215 - 0.03

2 —71.5  20(540) 222 ~0.23

4 —504%* 24 (410) - 0.11°

5 -715° ¢ d —047°¢
7 —51.7  23(440) 32.5 0.00

8 —69.6 10 (720) 24.0;342 —0.14

9 -798f 20(330)¢ 242°P

*[8] gives —47.4 ppm for 1,V'-bis(trimethoxysilyl)ferrocene.

" [20] gives 0.07 V for 4, and [8] gives 0.15 V for 1,I'-bis(trimetho-
xysilyDferrocene.

° In (CD,),S0; [8] gives —69.69 ppm in CDCl,;.

¢4 Not determined due to very low solubility in all common NMR
solvents.

°[8].

[21] gives —81.7 ppm and [22] —80.5 ppm.

& [23] gives 21.0 ppm (360 Hz).

" [24] gives 22.4 ppm.
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sumlar to phenylsilatrane ('H: 2.79 (1), 3.83 (t, 5.9 Hz);

PC: 509 and 57. 7ppm). An empirical correlation be-
tween the chemical shifts of the protons of the CH,N
group and the Si—N distance has been suggested [18]
d(Sl—-N)/A = —-8/1.21 +4.51 (r=0.96).

According to this correlation, the Si-N distance in
phenylsilatrane is estimated as 2. 20 A and in silatranyl-
ferrocene 2 as 2.15 A, which is not too far from the
experimental values. For the silatranylferrocenes S and
8, where no crystal structures are known, the Si—-N
distance is predicted from this equation as 2.18 and
2.16 A respectively, which seems reasonable A similar
correlation has been developed for "N chemical shifts
[19], from which the Si-N distances for 2 and 8 are
estimated as 2.20 and 2.17 A.

The interpretation of **Si chemical shifts is difficult
[3). 1t is generally assumed that they decrease on going
from lower to higher coordination numbers, i.e. higher
coordination implies higher shielding. This is indeed
true for the compounds studied here; the triethoxysilyl-
ferrocenes 1, 4, and 7 (coordination number 4) show
chemical shifts between —50.4 and —51.7 ppm while
the chemical shifts of the corresponding silatranes (co-
ordination number 5) fall in the range between —69.6
and —71.5ppm. The shielding effect of a phenyl group
towards silicon is more pronounced than that of fer-
rocene (8 = —57.0ppm for phenyltriethoxysilane and
—79.8ppm for phenylsilatrane). Considering the high
electron donatmg ability of ferrocene, this seems sur-
prising. The *’Si chemical shift does not, however, only
depend on coordination number and electronegativities
{o-donor abilities) of the substituents at silicon, but also
on many other factors, e.g. the precise geometry around
the silicon atom [3,25]. This is reflected in the O-Si-O
bond angles which vary between 116.9 and 121.1° in 2,
but less in phenylsilatrane (117.6-119.6°) {26]. The
difference in the chemical shifts between the silane and
the silatrane is approximately the same for phenyl and
ferrocenyl (~ 20ppm). This is in accord with an ap-
proach which considers diamagnetic terms as opposed
to paramagnetic terms in the calculation of the chemical
shifts of hypervalent silicon compounds, the balance
depending mainly on the Si—N distance [27].

So far, the compounds are not very different from
other silatranes with aromatic substituents. However, a
dramatic effect is observed on the redox potentials of
the transition Fe(II) /Fe(Ill) (Table 2). The silatranes
are much more readily oxidized than the corresponding
triethoxysilanes (AE=0.26V for 1/2). The effect
seems to be additive, as the presence of two silatranyl
groups doubles the difference in the redox potentials
(AE=0.58V for 4/5). Interestingly, the effect is much
less pronounced in the 1,2-disubstituted ferrocene
derivatives 7 and 8 (A E = 0.14 V). Here, the dimethyl-
amino group could potentially act as an additional lig-
and for silicon and widen the coordination sphere even

more (coordination number 6 in the silatrane). However,
there is no convincing evidence for this; if coordination
of the dimethylamino occurred one would expect not
only different NMR signals for the diastereotopic pro-
tons of the adjacent methylene group (which are indeed
observed in 7 and 8), but also for both methyl groups
[28] (not observed). Hexacoordination of silicon in a
silatrane was found by crystal structure analysis in
(8-dimethylamino-1- naphthyDsilatrane [29], but with
much longer Si-N distances (2.42 A in the silatrane
moiety and 2.95A for the other mtrogen atom). A
compound more similar to our case is (2-(1-dimethyl-
annno)ethyl?,phenylsﬂatrane where a lower Si-N dis-
tance (2.28 A) was found in the silatrane moiety and no
coordination of the dimethylamino group occurred [29].
Thus, the influence of the dimethylaminomethyl group
on the difference of the redox potentials cannot be
explained by hexacoordination.

As any ad hoc explanation of the redox potentials
(e.g. based on transmission of electron density from
nitrogen to iron via silicon) must remain speculative
[7.8], a theoretical investigation was required.

3. Molecular orbital calculations

The structures of the four derivatives were optimized
using the ADF program [30-32] with a triple { basis
set for Si, O, N and the adjacent carbon atom (details
given in Section 4). The trimethoxysilylferrocenes were
studied instead of the triethoxy derivatives to keep the
size of the calculation smaller. The dimethylamino group
present in two of the compounds was modeled by NH,.
The corresponding model compounds used for the cal-
culations are indicated by a prime, e.g. 2-aminomethyl-
1-trimethoxysilylferrocene 7' is the model for com-
pound 7. The structures are drawn in Fig. 3 and relevant
bond distances and angles are collected in Table 3.

Fig. 3. Optimized geometries (DFT, method A) of the compounds 2
(upper left), 1" (lower left), 8’ (upper right), and 7” (Jower right).
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Table 3
Optimized geometries for 2, 8, I, and 7' (relevant distances (A) and
angles (%))

Bond, angle /compound 2 8 1 7

Fe—Cl 2.034 2.033 2.033 2.036
Si-N 2.386 2.442 - -
Si-0 1.649 1.648 1.639 1.642
Si—Cl1 1.845 1.846 1.808 1.813
C-C(NH,) - 1.496 ~ 1.492
C(NH2)-N - 1.444 - 1.449
Cl-Fe-C8 107.50 105.84 107.46 109.66
C3-Fe-C6 108.6 107.51 108.04 107.88
0-Si-0 11692  116.11 111.13 110.74
Fe-C1-Si 125.37 121.56 112.84 114.95
C12-N-S§i 103.52 102.92 - -

It can be seen that the agreement between the calcu-
lated and experimental distances (compound 2) and
angles is very satisfactory. As the four compounds
belong to the same family it is expected that the calcu-
lated geometries for the other three will also be good
approximations. The major exception refers to the Si—-N
bond, one of the most typical features of silatranes,
which comes too long in the calculations. In order to
estimate the influence of basis set on this distance, the
geometries of 2 were optimized in different conditions
(Table 4; see Section 4 for details).

A is the basis set used to optimize the geometries of
the four species, as referred to above. In B, a smaller
basis set was used (double ¢ ), while in C a polarization
function was added to the basis set of A. While most
bond distances and angles do not vary significantly with
the basis set, the Si—N distance decreases, getting closer
to the experimental value. Thus it is particularly this
weak bond which is sensitive to modifications of the
basis sets. Similar observations were made earlier by
Gordon and coworkers who did calculations at the
RHF /6-31G(d) level for a series of small atranes
[33,34]. They observed even larger discrepancies be-
tween calculated and experimental Si—N distances (both
X-ray and gas phase results) and realized that this bond
could be very easily distorted by packing forces in a

Table 4
Optimized geometries of 2 using different basis sets A, B, and C
(relevant distances (A) and angles (%))

Bond, angle /method A B C Crystal structure
Fe—Cl 2.034 2026 2.029 2.034-2.058
Si-N 2.386 2360 2276 2.181

Si-0 1.649  1.650 1.674 1.660-1.668
Si-Cl 1.845 1.848 1.854 1.877
Cl-Fe-C8 107.50 107.56 107.78 103.95
C3-Fe-C6 108.06 108.33 10842 109.67
0-Si-0 116,92 117.12 11790 116.92-121.07
Fe-C1-Si 125.37 12594 126.38 125.84
C12-N-8i 103.52 103.94 10547 104.74
0-Si-N 79.88 8022  81.69 82.48-83.15

crystal. Indeed, when the structures in the gas and solid
state are known, it is seen that this bond varies signifi-
cantly.o For the fluorosilatrane, it shrinks from 2.324 to
2.042 A when going from the gas to the solid state [35].
Considering that our calculations reproduce the behav-
ior of the molecule in the gas phase, it is not surprising
that the predicted value is longer than the one found in
the crystal structure. The good overall agreement in
calculated and observed structural parameters allows us
to rely upon the quality of the optimized geometry for
the three remaining compounds. In 7' and 8, the dis-
tance between the silicon atom and the nitrogen atom of
the NH, group (> 3.4 A in both compounds) exceeds
considerably the Si—N distance in the silatrane. The
nitrogen atom has a pyramidal structure which means
that it does not interact with silicon to form a hexacoor-
dinated species.

Optimizing the geometry of the four compounds was
the first step in trying to understand the change ob-
served in their oxidation potentials. The simplest and
crudest approach is to consider that the energy of the
HOMO parallels the oxidation potentials [35]: the higher
the HOMO energy, the lower the oxidation potential.
This can be done in both EH and DFT calculations. A
better way to determine the ionization energy, incorpo-
rating electron relaxation effects, is to calculate the
difference between the energies of the cation and the
neutral molecule [37]. Problems of achieving conver-
gence in optimizing the ions prevented us from using
this approach. Another method used for this purpose is
the transition state method, in which the orbital occu-
pancy of the initial neutral species has been decreased
by one half electron [38,39]. The results are shown in
Table 5.

The largest effect on the redox potentials is observed
when the trimethoxysilyl moiety is replaced by the
silatrane, while the introduction of the side chain.
CH,NH,, has a much less pronounced effect. Experi-
mentally, the side chain leads to an increase of hall
wave potential for the silatrane derivative 8 and has the
opposite effect on the trimethoxysilyl compound 7. This
observation is reproduced by the change in the HOMC
energy (ADF), but not by the transition state method
Maybe the fact that the orientation of the side chain i
very sensitive to the method of calculation plays a role

Table 5

Calculated HOMO energies and transition state energies (eV) for
compounds 1, 2, 7', and 8, and experimental oxidation potentials
(EY3,, V) for 1, 2,7, and 8

Compund / HOMO HOMO TS Elo;z
method (ADPF) (EH)

2 4.009 —11.62 7.413 —-0.23
8 /8 4.012 - 7.366 —-0.14
I'/1 4.554 —11.82 7.874 0.03

7/7 4.464 - 7.766 0.00
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Fig. 4. Simplified diagram showing the interaction between
Fe(CsH XCsH,) ™, and Si(OCH,CH,),N* (left side) or Si(OMe);
(right side).

here. In solution the situation is probably different and
the outcome may consequently vary.
Taking into account these results, only an explana-

tion of the major effect, reproduced by all types of
calculations, will be attempted. We start by looking at
the results of the extended Hiickel calculations, because
they allow us to trace the origin of the shift in the
energy of the HOMO more easily. Fig. 4 represents part
of an interaction diagram between the ferrocenyl anion,
Fe(C;H XC,H,)™, and the silatranyl (left side) or
trimethoxysilyl cation (right side) to form the C-Si
bond. The metal fragment acts as donor through the
carbon lone pair (shown in the center of the diagram in
two views), while the acceptor orbital is mainly a lone
pair at silicon. The low symmetry of the compounds
allows many mixings of orbitals, which makes the
diagram more complicated. However, the main differ-
ence between the two silicon fragments is the higher
energy of the LUMO (32a, left) of the silatrane which
gives rise to a higher energy HOMO (60a) of the final
molecule 2 when compared to the Si(OMe); fragment
(LUMO 134, right) and its ferrocenyl derivative 1
(HOMO 304). The higher energy LUMO of the sila-
trane is in turn caused by the Si—N anti-bonding nature
of that orbital, something which cannot be present in the
Si(OR), fragments, where neither nitrogen nor any other
atom in the same situation exists and the LUMO is
almost non-bonding.

It is difficult to directly compare the previous inter-
pretation with what can be extracted from the DFT
calculations. The same two molecules (1I' and 2) were
decomposed in two fragments, the Fe(C H)NCH,)
radical and the silatranyl or trimethoxysilyl radical.
These two fragments interact to form a C--Si bond. The
half-filled HOMO of the metallic fragment can be de-
scribed as essentially a carbon lone pair mostly located

SI(OCH,CH,)N '/w
(:4>-

Fig. 5. Schematic diagram showing the interaction between Fe(CHXCsH,) (center) and Si(OCH,CH,);N (left) or Si(OMe), (right) radicals
and the HOMOs of the silicon containing fragments. In the wavefunction plots, solid and dashed lines represent positive and negative amplitudes,
respectively, and the node is the dotted—dashed line. Contours are 0.01, 0.02, 0.05, 0.1, 0.2, and 0.5 ¢ *bohr ™.
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at the carbon atom forming the new bond, and in the
iron atom. There are many other orbitals sharing the
carbon lone pair character, owing to the low symmetry
of the fragment. The HOMOs of the two silicon con-
taining fragments differ considerably, in the same way
as observed above; in the silatrane, this orbital exhibits
a large Si—-N anti-bonding character which is missing in
Si(OMe),. Fe(C,HXCsH,) and each of the other two
fragments interact as depicted in Fig. 5. The relative
energy scale between fragments and molecules was
adjusted according to Mulliken contributions of frag-
ment orbitals [40] to visualize the interactions in an
easier way. This adjustment puts the HOMOs of the two
ferrocene derivatives at the same energy.

The most striking feature of this diagram is the
considerable mixing of all orbitals having the same
symmetry (either @ or a'). The HOMO is an a' orbital
as well as the orbital representing the Si—C bond. Table
6 gives the composition of the most relevant molecular
orbitals as a function of the fragment orbitals, and it can
easily be seen how all the a’ fragment orbitals mix. The
strongest interaction leads to MOs 29a" (left) and 244
(right), which are shown in Fig. 6, along with the
HOMOs (362" and 304’) of the two molecules.

We can notice that some Si—C character has ap-

Table 6
Composition of the more relevant molecular orbitals of 2" and I’ as a
function of fragment orbitals

2 Ferrocenyl Silatranyl 1 Ferrocenyl Trimethoxysilyl

MO Composition (%) MO Composition (%)
364 9 (16a) 204" 99 (11a")
76 (174)
14 (18a)
242" 100 (11d") 304 3(164)
84 (17a)
11 (18a)
3548 56(16a) 298 61 (162)
22 (174) 12 (174)
21 (184) 25 (184a)
344 88(153) 10(174) 28a 76(154) 18(124)
234" 98 (104) 192" 19 (10a") 80 (93")
224" 98 (13a”) 182" 79(10a") 19 (9a")
334 63 (14a) 12(18a) 174" 98 (84")
81(18a)  5(192)
218" 99 (9a") 274 10(142) 76 (124)
10 (154"
324 14 (14a) 84 (18a) 164" 98(92a")
204" 99 (124") 264 75 (144) 5(124)
9 (154)
5 (16a)
314 8(154) 87(17d) 254 94 (11a)
304 86 (162) 154" 98 (74"
192" 99 (11a") 242 4(14a) 47 (10a)1
8 (16a) 16 (13a)
12 (184)
294’ 17 (144) 9 (154) 234 5(144) 50 (10a)
11 (162°) 13(16a) 9(162) 10(134)
16 (182) 19 (192) 12 (18a)

 ——- q>
Fe Fe
e

Fig. 6. Some relevant molecular orbitals of 1° and 2. In the wave-
function plots, solid and dashed lines represent positive and negative
amplitudes, respectively, and the node is the dotted—dashed line.
Contours are 0.01, 0.02, 0.05, 0.1, 0.2, and 0.5 e *bohr—>.

peared in the HOMOs owing to mixing between orbitals
of the same symmetry. The fact that the Si—N anti-
bonding silatrane HOMO has a higher energy is re-
flected in the higher energy of the MOs deriving from
it, as can be seen when comparing the left and right
sides of the diagram in Fig. 5. Therefore, although not
so evident, it seems that the high energy HOMO of the
silatrane derivative can be traced to similar reasons by
the two methods.

4. Experimental
4.1. General

NMR spectra were measured with a Broker AM 360
instrument (360.134 MHz for 'H, 90.556 MHz for "°C,
71.544 MHz for *°Si, 48.850 MHz for 'O and
36.492MHz for °N). For NMR numbering of the car-
bon atoms, see Fig. 1. lH, 13C, and Si spectra were
calibrated relative to internal TMS. 'O NMR spectra
were obtained at 50 °C, using the pulse sequence of Goc
and Fiat [41] for the suppression of acoustic ringing. All
other spectra were obtained at room temperature. In-
verse gated decoupling was used for the detection of
®Si and "N, with 1% Cr(acac); added. N spectra
were calibrated relative to external 50% nitromethane in
CDCI, (8 =379.6ppm) and 'O spectra relative to ex-
ternal H,0 (8 = 0ppm). Electrochemical studies werz
performed with an EG& G PAR 173 potentiostat and an
EG&G PARC 175 universal programmer, using a 0.2
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molar solution of NBu,BF, in THF, a platinum work-
ing electrode, and a silver reference electrode. Potentials
were determined relative to the internal cyanofer-
rocene / cyanoferrocinium redox couple (EY}, =0.89V
vs. SCE) {42]. They are quoted relative to
ferrocene /ferrocinium ( E}, = OV). Mass spectra were
obtained with a Varian MAT CHS5 spectrometer (70 eV).

4.2. Crystal structure determination of 2

An orange crystal of 2 (C,,H, FeNO,;Si, M =
359.28 amu) showed the monoclinic space group P2, /c,
with the unit cell dimensions a=6.744(2), b=
10.128(1), ¢ =22.141(4) A; B=93.37(3)°; Z=4, V=
1509.7(5) A3, Peac = 1.581 gcm‘3, F(000) = 752. Mo
Ko radiation (A = 0.71073 A) was used.

The data collection was performed with a CAD4
(Enraf-Nonius) diffractometer with a graphite mono-
chromator, at 205 + 2K, in the range 3.03° < ® <
2593° (h —8/+8, k 0/12, I 0/27). Data were
corrected for Lorentz and polarization effects as well for
absorption (y~scans, T /T . =0.95/099; wu(Mo
Ka)=109mm™"'. 2840 reflections were collected, and
2775 independent reflections ( R,,, = 0.0161) were used
for the structure determination by full-matrix least-
squares refinement on F2. 283 parameters were full-ma-
trix refined. In the last refinement step, convergence
was achieved with R, =0.0262, wR, =0.0668 (1>
20(1)); GOOF = 1. 079 The residual electron density
was +0.371e A%/ —0.515e¢ A~3. Further information
on the crystal structure determination can be obtained
from Fachinformationszentrum Karlsruhe, D-76344
Eggenstein-Leopoldshafen, on quoting the CSD-number
406097.

4.3. Synthesis of the compounds

4.3.1. Triethoxysilylferrocene 1

A solution of bromoferrocene (2.31 g, 8.7 mmol) in
dry diethyl ether (80 ml) was cooled to —40°C under
N,, and butyllithium (8.7 mmol, 3.5 ml of 2.5M hexane
solution) was added dropwise with stirring. After 20 min
a solution of tetraethoxysilane (1.88 g, 9 mmol) in dry
diethyl ether (20 ml) was added dropwise. The mixture
was allowed to come to room temperature and stirred
for 12h. The solids were filtered off and washed care-
fully with dry diethyl ether. The solvents were removed
in vacuum from the combined solutions. 1 was obtained
as a dark red oil, which hydrolyzes too fast for rmcro—
analysis and mass spectroscopy. Yield 2.43 g (80%). 'H
NMR (CDCl,): 1.27 (t, 9 H, 7.0Hz), 3.93 (qua, 6 H,
7.0Hz), 4.21 (s, 5 H), 424 (t, 2 H, 1.8 Hz), 4.35(t, 2 H,
1.8Hz). "C NMR (CDCl,): 61.8 (C-1), 70.8, 73.4
(C-2-C-5), 68.6 (C-1), 58.4 (CH,), 183 (CH,). 'H
NMR (C¢Dg): 1.21 (t, 3 H, 64Hz) 3.89 (qua 2 H
6.4Hz), 4.21 (s, 5 H), 4.24 (m, 2 H), 429 (m, 2 H). "

NMR (C¢D,): 62.5 (C-1), 71.3, 74.0 (C-2-C-5), 69.3
(C-1), 58.7 (CH,), 18.6 (CH,).

4.3.2. Silatranylferrocene 2

(a) From triethoxysilylferrocene 1. Finely powdered
lithium hydroxide (0.30g, 11.5mmol) was suspended
by vivid stirring in xylene (80ml) under N,. Tri-
ethanolamine (1.10g, 7.4 mmol) and 1 (240g,
7.0mmol) were added, and a distillation head was
connected to the flask. The temperature of the heating
bath was raised to 135°C for 21h, during which time
1.2ml of ethanol (100%) distilled. After cooling to
room temperature, the mixture was filtered and the
remaining solid washed with CHCl, (5 X 50ml). The
solvents were removed in vacuum from the combined
organic solutions, and the residue was purified by chro-
matography (silicagel, first CH,Cl, to remove the im-
purities, then ethyl acetate; R, (CH Cl,) 0.11, (ethyl
acetate) 0.44). Crystals su1table for crystdl structure
analysis were grown from acetone. Yield 1.50 g (60%),
m.p. 255-260°C (dec.). '"H NMR (CDCl,): 2.86 (t, 6
H, 5.5Hz, CH,N), 3.85 (t, 6 H, 5.5Hz, CHO) 413
(5.5 H), 4.16 (t, 2 H, 1.9Hz), 4.18 (t, 2 H, 1.9Hz). °C
NMR (CDCl,): C-1 not detected, 69.7, 73.7 (C 2-C- 5)
68.4 (CI), 511 (CH,N), 58.1 (CH,0). 'H NMR
(C¢D,/(CD,),S0O 1:1): 2.61 (¢, 6 H, 59]—Iz,) 3.67(t, 6
H, 5.9Hz), 4.18 (s, br, 2 H), 4.22 (s, 5 H), 4.34 (s, br, 2
H). PC NMR (C,D, /(CD,),SO 1:1): 76.2 (C-1), 68.6,
739 (C-2-C-5), 682 (C-1), 503 (CH,N), 572
(CH,0). Mass spectrum: m/z 359 (M7), 174
(silatranyl ™), 121 (cpFe™). Anal. Found: C, 53.7, H
6.2; N, 3.7. C,(H,,FeNO,Si Calc.: C, 53.5; H, 59; N,
3.9%.

(b) From chloromercuriferrocene 3. To a suspension
of 3 (3.36 g, 8.0mmol) in dry diethyl ether (50 ml) was
added dropwise under N, butyllithium (16 mmol, 6.4 ml
of 2.5M hexane solution). After stirring for 1h,
ethoxysilatran [2] (2.63 g, 12 mmol) was added and the
mixture stirred for 12h at room temperature and then
1 h under reflux. After cooling to room temperature, the
solids were filtered off and washed with CHCI, (5 X
50ml). The solvents were removed in vacuum from the
combined solutions, and the residue was purified by
chromatography as above, yielding 0.46 g (16%) of 2.

4.3.3. 1,I'-Bis(triethoxysilyl)ferrocene 4

The compound was prepared in analogy to 1,I'-
bis(trimethoxysilyl)ferrocene [8], by replacing
chlorotrlmethoxysﬂane by tetraethoxysilane, yield 64%
of a dark red oil. '"H NMR: 1.28 (t, 18 H, 7.0 Hz), 3.93
(qua, 12 H, 7.0Hz), 4.25 (t, 4 H, 1.5Hz), 445 (t, 4 H,
1.5Hz). Ref. [20] glves 1.02 (1), 3,93 (qua), 4.39 (1),
4.63 (1) in CD;. PC NMR: 68.8 (C-1), 72.2, 74.0
(C-2-C-5), 58.6 (CH,), 18.3 (CH,).
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4.3.4. 1,I'-Bis(silatranyl)ferrocene 5
This compound was prepared as described [8]. '

NMR ((CD,),SO): 2.82 (t, 12 H, 59Hz, CH,N), 3.68
(t. 12 H, 5.9 Hz, CH,0), 3.88 (s, br, 4 H), 3.95 (s, br, 4
H). Ref. [8] gives 2.69 (m, 12 H), 3.71 (m, 12 H),
3.92-4.32 (m, 8 H) in CDCl,. “C NMR ((CD,),SO):
74.3 (C-1), 70.1, 73.4 (C-2— c5) 50.5 (CH, N) 57.3
(CH,0). Ref. [8] gives 71.8 (C-1), 74.2, 776 (C-2-C-
5), 52.0 (CH,N), 58.7 (CH,0) in CDCl,.

4.3.5. 2-(N,N-Dimethylaminomethyl)-1-triethoxysilyfer-
rocene 7

To a solution of N, N-dimethylaminomethylferrocene
6 (1.22 g, 5.0mmol) in dry diethyl ether (20ml) was
added butyllithium (5.0 mmol, 2.0ml of 2.5M hexane
solution) dropwise under N,. The mixture was refluxed
for 16 h. At room temperature, tetraethoxysilane (5.0 ml)
was added and the mixture refluxed for 4h. After
cooling to room temperature, the solids were filtered off
and washed with diethyl ether (3 X 30 ml). The solvents
and excess tetraethoxysilane were removed in vacuum
from the combined solutions. From the residue, unre-
acted 6 was removed by bulb-to-bulb distillation
(0.1 torr, 150°C bath temperature). The product was a
viscous red oil, yield 1.50 g (74%) which hydrolyzes too
fast for mass spectroscopy and microanalysis. '"H NMR
(CDCl,): 1.26 (t, 9 H, 6.8 Hz), 2.15 (s, 6 H), 3.91 (qua,
6 H, 6.8Hz), 3.18 and 3.52 (two d, 1 H each, 12.3 Hz,
CH,N), 4.12 (s, 5 H), 418(% br, 1 H), 4.24 (s, br, 1
H), 4.34 (s, br, 1 H). "C NMR (CDCl,): 62.8 (C-1),
89.6 (C-2), 70.4, 73.3, 74.6 (C-3- C5) 69.4 (C-1),
58.5 (CH, N) 584 (CH,0), 448 (CH;N)., 182
(CH,CH, 0). 'H NMR (Cq D) 1.23 (t, 9 H 6.5 Hz),
2.15 (s 6H) 2.98 and 3.81 (twod 1 H each, 12.1 Hz,
CH,N), 3.97 (qua, 6 H, 6.5), 4.09 (s, br, 1 H), 4.19 (s,
5 H), 430 (s, br, 2 H). "C NMR (C,D,): 63.6 (C-1).
91.1 (C-2), 70.8, 74.5, 75.8 (C-3~ C5) 70.2 (C-1),
59.7 (CH,N), 59.1 (CH,0), 45.6 (CH,N), 19.1
(CH,CH,0).

4.3.6. 2-(N,N-Dimethylaminomethyl)-1-silatranylferro-
cene 8

To a solution of 7 (0.81g, 2.0mmol) and tri-
ethanolamine (0.30 g, 2.0 mmol) in toluene (25 ml) was
added under N, finely powdered LiOH (30 mg,
1.2mmol). A distillation head was connected to the
flask, and the mixture was heated to 150°C (bath
temperature) for 2.5h during which time 0.8ml of
distillate was collected. After cooling to room tempera-
ture, the solids were filtered off and the residue washed
with CH,Cl, (3 X 20ml). The solvent was removed in
vacuum from the combined solutions, and the residue
was purified by chromatography (neutral alumina,
CHCl,/HNEt, 20:1, R, 0.85). The oily residue ob-
tained after the evaporatlon of the solvent was extracted
with hexane (10ml), upon which treatment it turned

1nto a waxy solid, yield 0.50 g (60%), m.p. 105-109°C.

'H NMR (CDCl,): 2.24 (s, 6 H, CH,N), 2.84 (1, 6 H.
5.7Hz, CH, NCH) 3.82 (t, 6 H, 5.7Hz, CH,0), 3.43
and 3.68 (two d, 1 H each, 13.1 Hz, C H,NCH,), 4.05
(s, 5H), 4.15, 4.17 (two s, | H each, H-4, H-5), 4.25 (s,
I H, H-3). ’C NMR (CDCI,): 73.3 (C-1), 87.6 (C-2).
72.3 (C-3), 69.6, 74.9 (C-4, C-5), 69.0 (C-1'), 51.8
(CH,NCH,), 58.5 (CH,NCH,), 58.3 (CH,0), 44.7
(CH N). Mass spectrum: m/~ 416 (M™), 372 (M-
NMei) 174 (silatranyl™*). Anal. Found: C, 55.1, H.
6.9; N, 6.7. C,,H,,FeN,0,Si. Calc.: C, 54.8, H, 6.8, N.
6.7%.

4.4. Calculations

The DFT calculations reported in this paper are
based on the Amsterdam DF program package (ADF)
[30-32,43,44] characterized by the use of a density
fitting procedure [30-32] to obtain accurate Coulomt
and exchange potentials in each SCF cycle, by accurate
and efficient numerical integration [43,44] of the effec-
tive one-electron Hamiltonian matrix elements and by
the possibility of freezing core orbitals [30].

The LSD exchange potential and energy were used
[45], together with the Vosko-Wilk-Nusair [46
parametrization for homogeneous electron gas correla-
tion, including Stoll’s correction for correlation between
electrons of different spin [47]. The production basis set
(referenced in text as A) consisted of an uncontracted
triple { STO basis augmented with polarization func-
tions for silicon and neighboring atoms: oxygen, nitro-
gen and carbon in the substituted cyclopentadienyl ring.
The orbitals for iron consisted in an expansion of a
triple ¢ STO basis set. The orbitals of hydrogen and the
remaining carbon atoms in the cyclopentadienyl rings
consisted in an expansion of a double { STO basis set
and that of the carbons and hydrogens in the silatrane
and trimethoxysilane in an expansion of a double ¢
STO basis set augmented with polarization functions
The effect of basis sets on the molecular structure was
studied considering two other expansions: B consisting
of a triple { STO basis augmented with polarizatior
functions for all atoms except carbon and hydrogern
expanded in a double { STO basis and iron kept with &
triple { STO expansion. and C consisting of a double ¢
STO basis augmented with polarization functions for al!
atoms except iron where we used a triple { expansion

The geometries were optimized using gradient tech-
niques [48]. The symmeiry was kept as high as possible,
namely C, for the silatrane and trimethoxysilane deriva-
tives and C, for the substituted analogues. Considering
the size of the molecules, a full optimization was no-
done. The ferrocenyl fragment was frozen, only the
cyclopentadienyl (centroid)-Fe-cyclopentadieny.
(centroid) unit being allowed to change. The silicon
containing fragments (silatrane and trimethoxysilane)
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were fully optimized, as well as their orientation rela-
tive to the attached cyclopentadienyl ring. The side
chain, modeled as CH,NH,, was fully optimized ex-
cept for the C—H and N-H distances which were kept
constant.

The calculations using the extended Hiickel (EH)
method [49-51] were done with modified H, ;8 [52]
with the CACAQ programme [53]. Only s and p orbitals
were used for silicon. The s and p orbitals were de-
scribed by single Siater-type wave functions, and the d
orbitals were taken as contracted linear combinations of
two Slater-type wave functions. Standard parameters
were used for H, C, O, N and Si, and the following for
Fe (H,/eV, {)Y 4s —9.17, 1.900; 4p —35.37, 1.900;
3d, —12.70, 5.35. ¢, 1.80, C, 0.5366, C, 0.6678.

Idealized models for the silatrane and trimethoxysi-
lane derivatives of C, symmetry were used. The cy-
clopentadienyl rings were kept eclipsed and parallel.
The following distances (A) were used: Fe—cyclo-
pentadienyl (centroid) 1.660, C{cyclopentadienyl)-Si
1.900, Si—-0O 1.660, O-C 142, C-C 1.540 and Si-N
2.130.
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