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ABSTRACT: Salt-metathesis reactions between dilithioferrocene (Li2fc·2/
3tmeda) and intramolecularly coordinated aluminum and gallium species
RECl2 [R = 5-Me3Si-2-(Me2NCH2)C6H3; E = Al (2a), Ga (2b); and R = (2-
C5H4N)Me2SiCH2; E = Al (3a), Ga (3b)] gave respective [1.1]ferrocenophanes
([1.1]FCPs). Those obtained from 2a and 2b, respectively, were isolated as
analytically pure compounds and fully characterized including single-crystal X-
ray structure determinations [4a (Al): 43%; 4b (Ga): 47%]. Bis(ferrocenyl)
compounds of the type REFc2 [R = 5-Me3Si-2-(Me2NCH2)C6H3; E = Al (5a),
Ga (5b); and R = (2-C5H4N)Me2SiCH2; E = Al (6a), Ga (6b)] and R2SiFc2 [R
= Me (7Me); Et (7Et)] were prepared, starting from respective element
dichlorides and lithioferrocene (LiFc). Molecular structures of 6a, 7Me, and 7Et were solved by single-crystal X-ray analyses. One
of the two Fc moieties of 6a was bent toward the open coordination site of the aluminum atom. The measured dip angles α* of
the two independent molecules in the asymmetric unit were 11.9(5) and 13.3(5)°, respectively. The redox behavior of [1.1]FCPs
4 and bis(ferrocenyl) species 5, 6, 7, and (Mamx)EFc2 [Mamx = 2,4-tBu2-6-(Me2NCH2)C6H2; E = Al (8a), Ga (8b)] were
investigated with cyclic voltammetry. While all gallium and silicon compounds gave meaningful and interpretable data, all
aluminum compounds were problematic with the exception of 8a. Aluminum species, compared to respective gallium species, are
more sensitive and, presumably, fluoride ions or residual water from the electrolyte and solvent are causing degradation. The
splitting between the formal potentials for bis(ferrocenyl) species was significantly smaller (5b, 6b, and 8b: ΔE°′ = 0.138−0.159
V) than that of the [1.1]FCP 4b (ΔE°′ = 0.309 V). These results were explained by assuming an electrostatic interaction
between the two iron centers; differences between bis(ferrocenyl) species and [1.1]FCPs are likely due to a more effective
solvation of Fe-containing moieties in the more flexible bis(ferrocenyl) species.

■ INTRODUCTION
[n]Ferrocenophanes ([n]FCPs; Chart 1) with one or two-atom
bridges (n = 1, 2) with significantly tilted Cp rings (α angles

above ca. 14°) often show a propensity toward ring-opening
polymerization (ROP) resulting in poly(ferrocene)s.1 This area
of chemistry began with the synthesis of a [2]FCP equipped
with a C2Me4 bridge, which was the first strained sandwich
compound published in 1960.2 After the first [1]FCPs (ERx =
SiMe2, SiPh2; Chart 1) had been described in 1975,3 it took

more than 15 years before this area of polymer chemistry
started to blossom with the discovery that silicon-bridged
[1]FCPs yield high-molecular-weight polymers through ther-
mal ROP.4 To date, silicon-bridged [1]FCPs form the most
prominent class of strained sandwich compounds and serve as
excellent precursors for metallopolymers.1,5

[1.1]Ferrocenophanes ([1.1]FCPs; Chart 1) are unstrained
dimers of [1]FCPs and had been investigated as early as 1956.6

Today, the large class of [1.1]FCPs consists of examples with a
variety of bridging moieties ERx (Chart 1; E = B,7 Al,8 Ga,8b,9

In,8b,10 Si,11 Sn,12 Pb,13 P,14 As,15 S,16 Zn,17 and Hg18).
Recently, we developed a methodology for the preparation of
unsymmetric [1.1]FCPs, compounds with two different single-
atom bridges, and realized the element combinations of Si/Sn
and Si/Ga, respectively.19 In addition, cyclic species with four
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ferrocenediyl units [fc = (C5H4)2Fe] were isolated, while, in
some cases, macrocycles with up to 20 fc units were detected by
MALDI-TOF mass spectrometry.19 Macrocyclic ferroceno-
phanes with multiple fc moieties are known, but significantly
rarer compared to the large class of [1.1]FCPs.11f,14b,20 To the
best of our knowledge, the largest isolated FCPs contained
seven ferrocene moieties,20e,i,l while [1n]FCPs21 with n > 40 are
the largest macrocycles of this type described in literature
(detected by MALDI-TOF mass spectrometry).20l

Despite the impressive progress made during the past two
decades to use strained sandwich compounds for new
metallopolymers, there is still a need to develop new
monomers, in particular, species that can be polymerized in a
living fashion. Since 2004, we prepared aluminum- and gallium-
bridged sandwich compounds and explored their polymer-
izability.22 Our first generation of these species had been
equipped with bulky, intramolecularly coordinating ligand at
the group 13 elements (e.g., Pytsi; Chart 2). However, attempts

to polymerize [1]FCPs or their ruthenium counterparts
([1]RCPs) either failed or resulted in sluggish polymer-
izations,22d indicating that the bulkiness of the stabilizing
ligands was hindering the ROP. We discovered that the use of
the related, but slimmer 2-[(dimethylamino)methyl]phenyl
ligand (Ar′; Chart 2) in respective salt-metathesis reactions of
Li2fc·2/3tmeda and aluminum or gallium dichlorides Ar′ECl2
resulted in [1.1]FCPs (1a and 1b; Chart 3) instead of the

strained [1]FCPs.8a,b The use of (Mamx)ECl2 species (E = Al,
Ga; Chart 2), equipped with a ligand of intermediate bulkiness,
led to [1]FCPs and [1]RCPs, which were surprisingly reactive
and ROP occurred already in reaction mixtures.22a,c The
bulkiness of the stabilizing ligand at the group 13 element plays
a key role for the accessibility of strained sandwich compounds
as well as for their polymerizability.

Within this report, we describe new aluminum and gallium
dichlorides, (Mpysm)ECl2 and (p-Me3SiAr′)ECl2 (Chart 2),
and their utilization in salt metathesis reactions with
dilithioferrocene (Li2fc·2/3tmeda) and lithioferrocene (LiFc).
We intended to compare Fe−Fe interactions in [1.1]FCPs with
those in the related bis(ferrocenyl) compounds (Mpysm)EFc2
and (p-Me3SiAr′)EFc2. For this study, we equipped the Ar′
ligand with a SiMe3 group in para position (p-Me3SiAr′; Chart
2) to access [1.1]FCPs, like the known species 1a and 1b
(Chart 3), but with an improved solubility in organic solvents.
Such a tactic had been successfully applied for [1.1]-
metallacyclophanes through the use of the p-tBuAr′ ligand
(Chart 2).23 The Mpysm ligand24 was applied because of its
relation to the Pytsi ligand (Chart 2).

■ RESULT AND DISCUSSION
Synthesis of Aluminum and Gallium Dichlorides.

Scheme 1 illustrates the preparation of new intramolecularly

coordinated aluminum and gallium dichlorides, which were
isolated in yields between 47 and 73%.25 As expected, NMR
spectra of all four species showed a signal pattern consistent
with Cs symmetric molecules.
We were interested to compare the structures of the halides

equipped with the Mpysm ligand with those of the respective
(Pytsi)ECl2 species. Therefore, the molecular structure of 3b
was determined by single-crystals X-ray analysis (Figure 1,
Table 1). The molecular structure of 3b is very similar to that
of the related dihalide (Pytsi)GaCl2.

22g The geometry at
gallium is distorted tetrahedral in both species, and the bite
angles are nearly identical (C7−Ga1−N1 = 98.79(7) (3b),
98.03(9)° [(Pytsi)GaCl2]). The Ga−N bond lengths of
2.0126(16) Å (3b) is within three esd’s identical to that in
(Pytsi)GaCl2 [Ga−N = 2.004(2) Å]. The other three covalent
bonds around the Ga atom in 3b are only slightly different, with
the largest difference of 0.04 Å found for the Ga−C bonds [3b:
1.949(2) Å; (Pytsi)GaCl2: 1.988(2) Å]. For a better
comparison of the geometries of both species, the coordination
could be described as trigonal pyramidal with C7, Cl1, and Cl2
at the base and N1 at the tip of the pyramid. The pyramid of 3b
is more acute compared with that of (Pytsi)GaCl2, which can
be illustrated with the sum of the three angles C7−Ga1−Cl2,
C7−Ga1−Cl1, Cl1−Ga1−Cl2. Whereas this sum for 3b of
335.4° is close to the expected value for a tetrahedral

Chart 2. Intramolecularly Coordinating Ligands

Chart 3. Known [1.1]FCPs 1a and 1b

Scheme 1
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coordination, that in (Pytsi)GaCl2
22g of 350.0° is closer to the

expected value of a trigonal-planar coordination at the base.
This difference is probably due to the steric requirements of the
two SiMe3 groups in (Pytsi)GaCl2 which results in a widening
of the two C−Ga−Cl angles [121.49(8) and 124.77(8)°]
compared with those in 3b [103.42(5) and 102.16(5)°].
Synthesis of Aluminum- and Gallium-bridged [1.1]-

Ferrocenophanes. With the heavier group-13-element
dichlorides in hand, the reactivity toward Li2fc·2/3tmeda was
explored. Following standard procedures, the two [1.1]-
ferrocenophanes 4a and 4b, equipped with the p-Me3SiAr′
ligand (Chart 2), were synthesized and isolated in moderate
yields (4a: 43%; 4b: 47%; Scheme 2).

Both species gave single crystals of suitable quality for
structural determinations from thf solution at ca. −25 °C
(Figure 2, Table 1). Species 4a and 4b are isostructural to each
other and to the known [1.1]FCPs (1a and 1b; Chart 3), where
the SiMe3 group is absent (space group P21/c). As expected,
both species crystallize as anti-isomers (Chart 1) and their bond
lengths and angles are unremarkable and very similar to those
of the known species 1a and 1b (Chart 3).8a,b For example, the
Fe···Fe distances of the aluminum [5.3946(8) (4a); 5.443 Å
(1a)8a] and gallium species [5.4277(8) (4b); 5.462 Å (1b)8b]
are all in the narrow range of 5.395−5.462 Å.
NMR data of 4a and 4b are very similar to that of the known

species 1a and 1b.8a,b The most indicative area in 1H NMR
spectra is the Cp range, where both species (4a, 4b) show only
four signals, which can be explained by the presence of time-
averaged C2h symmetrical species.26 This means that both
species have similar structures in solution as in the solid state
(Ci point group symmetry), if one takes into account that the
five-membered rings of the coordinated p-Me3SiAr′ will invert
fast in solution.27

The motivation to use the p-Me3SiAr′ ligand instead of the
Ar′ ligand was to increase the solubility of the targeted
[1.1]FCPs. Such a tactic had worked for [1.1]chrom-

Figure 1. Molecular structure of 3b with thermal ellipsoids at the 50%
probability level. Hydrogen atoms are omitted for clarity. Selected
atom−atom distances [Å] and bond angles [deg] for 3b: Ga1−N1 =
2.0126(16), Ga1−C7 = 1.949(2), Ga1−Cl1 = 2.2024(5), Ga1−Cl2 =
2.1927(6), C7−Ga1−Cl1 = 118.10(7), C7−Ga1−Cl2 = 121.94(7),
C7−Ga1−N1 = 98.79(7), N1−Ga1−Cl1 = 103.42(5), N1−Ga1−Cl2
= 102.16(5), Cl1−Ga1−Cl2 = 108.54(2).

Table 1. Crystal and Structural Refinement Data for Compounds 3b, 4a, and 4b

3b 4a·2thf 4b·2thf

empirical formula C8H12Cl2GaNSi C52H72Al2Fe2N2O2Si2 C52H72Ga2Fe2N2O2Si2
fw 290.90 978.96 1064.44
cryst. size/mm3 0.31 × 0.20 × 0.08 0.09 × 0.06 × 0.06 0.10 × 0.09 × 0.07
cryst. system, space group monoclinic, C2/c monoclinic, P21/c monoclinic, P21/c
Z 8 2 2
a/Å 24.8987 (15) 11.1745(3) 11.1015(3)
b/Å 8.4418 (3) 19.2904(5) 19.3907(6)
c/Å 11.9599 (7) 12.1908(4) 12.2577(4)
α/deg 90 90 90
β/deg 104.633(5) 106.1100(17) 106.5540(10)
γ/deg 90 90 90
volume/Å3 2432.3(2) 2524.66(13) 2529.30(13)
ρcalc/mg m−3 1.589 1.288 1.398
temperature/K 100 173(2) 173(2)
μcalc./ mm−1 2.76 5.708 6.484
θ range/deg 1.69−26.69 4.12−66.63 4.15−66.90
reflns collected/unique 15220/2577 17246/4373 17093/4369
absorption correction multiscan multiscan multiscan
data/restraints/params 2577/0/120 4373/178/331 4369/178/331
goodness-of-fit 0.917 1.015 1.039
R1 [I > 2σ(I)]a 0.0218 0.0410 0.0418
wR2 (all data)

a 0.0501 0.1156 0.1197
largest diff. peak and hole, Δρ elect/e Å−3 0.47, −0.22 0.443, −0.261 0.814, −0.734

aR1 = [∑||Fo| − |Fc||]/[∑|Fo|] for [Fo
2 > 2σ (Fo

2)], wR2 = {[∑w(Fo
2 − Fc

2)2]/[∑w(Fo
2)2]}1/2 [all data].

Scheme 2
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arenophanes before;23 however, compounds 4a and 4b turned
out to be sparingly soluble in common organic solvents. A 13C
NMR spectrum of 4b employing CDCl3 could be measured. In
contrast, the instability of the aluminum species 4a in CDCl3
and its poor solubility in other deuterated solvents prevented its
13C NMR analysis.
Similar to the reaction shown in Scheme 2, the reactivity of

the two halides 3a and 3b (Scheme 1) toward Li2fc was
explored. 1H NMR analysis of crude products revealed the
presence of the targeted [1.1]FCPs by typical signal patterns in
the Cp region [(Mpysm)Al-bridged [1.1]FCP: δ 4.17, 4.49,
4.69, and 5.31 (C6D6); (Mpysm)Ga-bridged [1.1]FCP: δ 4.18,
4.41, 4.64, and 5.17 (C6D6)]. In addition to these sharp peaks,
reaction mixtures always exhibited broad signals indicating the
presence of oligomeric ferrocenylalumanes and gallanes,
respectively.22b Despite our best efforts, we were not able to
isolate the [1.1]FCPs from these mixtures.
Synthesis of Bis(ferrocenyl) Species with Aluminum,

Gallium, and Silicon as Bridging Elements. One of the
motivations to prepare [1.1]FCPs was to investigate the
interaction between both redox-active iron atoms. In
[1.1]FCPs, the relative orientation of ferrocene moieties is
fixed. To address the question if the degree of interaction
between two ferrocene moieties depends on their orientation,
related compounds exhibiting a higher flexibility were targeted.
Therefore, bis(ferrocenyl) species of aluminum and gallium
were prepared (Scheme 3), which were equipped with the same
intramolecularly coordinating ligands employed for the syn-
thesis of [1.1]FCPs. Furthermore, we wanted to find out, if the
type of bridging element had a significant influence on the
metal−metal interaction and, thus, prepared bis(ferrocenyl)-
silanes (7Me, 7Et; Scheme 3) were prepared. Whereas the
isolated yields for the group-13-containing species were only

low to moderate (21−47%), those of the silanes were
expectedly better (7Me: 70%; 7Et: 72%). The synthesis of the
silane 7Me had been described in a patent before,28 where LiFc
was prepared in situ from ClHgFc and nBuLi; we prepared LiFc
from FcH and tBuLi in thf as described in the literature.29

Furthermore, Manners et al. found small amounts of 7Me in
mixtures of oligomers of various chain lengths obtained by
anionic ROP of dimethylsila[1]ferrocenophane.30

All bis(ferrocenyl) species have been characterized by NMR
spectroscopy, mass spectrometry, and elemental analysis.
Furthermore, the molecular structures of the aluminum atom
species 6a and the two silanes 7Me and 7Et were solved by
single-crystal X-ray analyses (Figure 3 and 4; Table 2).31 All
four aluminum- and gallium-containing bis(ferrocenyl) com-

Figure 2. Molecular structure of 4a with thermal ellipsoids at the 50%
probability level. Hydrogen atoms are omitted for clarity. For a
thermal ellipsoid plot of 4b see Supporting Information, Figure S1.
Selected atom−atom distances [Å] and bond angles [deg] for 4a:
Al1−N1 = 2.071(2), Al1−C1 = 1.985(3), Al1−C20 = 1.964(3), Al1−
C25 = 1.972(3), Fe1···Fe1* = 5.3946(8), C1−Al1−C20 = 122.84(11),
C1−Al1−C25 = 114.47(12), C1−Al1−N1 = 84.96(10), N1−Al1−
C20 = 107.62(10), N1−Al1−C25 = 102.67(10), C20−Al1−C25 =
116.21(11). Selected atom−atom distances [Å] and bond angles [deg]
for 4b: Ga1−N1 = 2.173(2), Ga1−C1 = 1.976(3), Ga1−C20 =
1.968(3), Ga1−C25 = 1.963(3), Fe1···Fe1* = 5.4277(8), C1−Ga1−
C20 = 114.60(12), C1−Ga1−C25 = 123.15(11), C1−Ga1−N1 =
83.35(10), N1−Ga1−C20 = 101.47(10), N1−Ga1−C25 =
106.25(10), C20−Ga1−C25 = 117.65(12). Symmetry transformation
used to generate equivalent atoms (*): −x + 1, −y, −z.

Scheme 3. Synthesis of Bis(ferrocenyl) Species

Figure 3. Molecular structure of 6a with thermal ellipsoids at the 50%
probability level. Hydrogen atoms are omitted for clarity. Selected
atom−atom distances [Å] and bond angles [deg] for 6a (values in
braces refer to the second independent molecule that is not shown):
Al1−N1 = 2.000(7) {2.034(7)}, Al1−C7 = 1.977(8) {1.980(7)}, Al1−
C20 = 1.962(9) {1.962(9)}, Al1−C30 = 1.930(9) {1.950(8)},
Al1···Fe1 = 3.416(3) {3.403(3)}, Al1···Fe2 = 3.667(3) {3.680(3)},
Fe1···Fe2 = 6.045(2) {6.125(2)}, C7−Al1−C20 = 115.3(4)
{114.8(3)}, C7−Al1−C30 = 117.1(3) {118.4(3)}, C7−Al1−N1 =
96.1(3) {94.8(3)}, N1−Al1−C20 = 106.8(3) {106.4(3)}, N1−Al1−
C30 = 108.1(3) {108.4(3)}, C20−Al1−C30 = 111.5(3) {111.7(3)},
Al1−C20−CentrC20−C24 = 166.7(5) {168.1(5)}, Al1−C30−
CentrC30−C34 = 177.2(6) {176.3(6)}.
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pounds (5a, 5b, 6a, 6b) show pattern in 1H and 13C NMR
spectra consistent with time-averaged Cs symmetrical mole-
cules. Recently, we characterized species (Mamx)EFc2 [E = Al
(8a), Ga (8b)] to better understand the structure and
properties of respective poly(ferrocene)s equipped with the
same bridging units.22a Similar to the species of type 5 and 6,
compounds 8a and 8b exhibit a plane of symmetry in solution,
which can be explained with fast rotations of both Fc moieties.
Expectedly, the Fc groups in the two silanes 7Me and 7Et also
rotate fast, so that signal patterns in NMR spectra can be
interpreted by assuming C2v symmetrical species on time
average. As mentioned before, species 7Me was isolated before
and our NMR data matches those reported.30

Figure 3 depicts the molecular structure of one of the two
crystallographically independent molecules of 6a. The covalent
bonds around the aluminum have a similar length as those of
the aluminum-bridged [1.1]FCP 4a (Figure 2). The most
interesting aspect of the molecular structure of 6a is the
different degree of bending of the two Fc moieties toward
aluminum. Such a bending has been described for boryl-
substituted ferrocenes (FcBX2) and was expressed with a dip
angle α* (Figure 5).32,33 In species 6a, the Fc moiety (Fe2)

close to the pyridyl group exhibits dip angles α* of only 2.8(6)
and 3.7(6)°, respectively, whereas the other Fc moiety (Fe1)
exhibits dip angles α* of 13.3(5) and 11.9(5)°, respectively
(Figure 3). For borylferrocenes, α* decreases with decreasing
Lewis acidity of the boryl group. Within this series, Br2BFc
showed the largest experimentally determined α* angles of 17.7
and 18.9° for two crystallographically independent mole-
cules.32,34 The dip angles of 11.9(5) and 13.3(5)° found for
6a are comparable to those determined for Me2BFc (α* =
13.0°) and (HO)MeBFc (α* = 10.3, 10.8, and 12.9°).32

Recently, the silicon cation tBuMeSiFc+ was characterized
crystallographically, showing an extreme dip angle of 44.8°,35

which is significantly larger than that of the well-known species
Ph2CFc

+ (α* = 20.7°).36 For the known systems, it has been
shown that the bending is caused by a direct bonding
interaction between the Lewis-acid atom and iron.32,37 For
the strongly bent silicon moiety in tBuMeSiFc+, a 3c-2e bond
between silicon, iron, and one of the carbon atoms of the
unsubstituted Cp ring was discussed.35

As expected, molecular structures of both bis(ferrocenyl)-
silanes 7Me and 7Et are very similar (Figure 4). Silicon atoms
like those in 7Me and 7Et should not exhibit any significant
Lewis acidity and bending toward the Fc moieties is not
expected, an expectation that is confirmed by measured α*
angles of only 2.12(12) and 2.22(12)° for 7Me, and 1.43(17)
and −3.69(15)° for 7Et.

Electrochemistry. The redox behavior of the [1.1]FCPs 4
and the bis(ferrocenyl) species 5, 6, 7, and 8 were investigated
with cyclic voltammetry using CH2Cl2 and tetrahydrofuran
(thf), respectively, as solvents and [nBu4N][PF6] as the
electrolyte (Table 3).38 While all gallium and silicon
compounds gave meaningful and interpretable data (Table 3),
all aluminum compounds were problematic with the exception
of 8a. The cyclic voltammograms (CVs) for [1.1]FCPs should

Figure 4. Molecular structure of 7Et with thermal ellipsoids at the 50%
probability level. Hydrogen atoms are omitted for clarity. For a
thermal ellipsoid plot of 7Me see Supporting Information, Figure S2.
Selected atom−atom distances [Å] and bond angles [deg] for 7Et

(respective values of 7Me given in braces): Si1−C1 = 1.880(2)
{1.8677(17)}, Si1−C3 = 1.876(2) {1.8646(17)}, Si1−C20 = 1.861(2)
{1.8580(16)}, Si1−C30 = 1.866(2) {1.8681(16)}, Si1···Fe1 =
3.5765(7) {3.4804(5)}, Si1···Fe2 = 3.5162(7) {3.5412(5)},
Fe1···Fe2 = 6.1409(6) {6.3150(4)}, C1−Si1−C3 = 111.23(10)
{109.23(8)}, C1−Si1−C20 = 108.51(10) {109.10(8)}, C1−Si1−
C30 = 108.49(9) {108.49(7)}, C3−Si1−C20 = 114.47(10)
{112.17(7)}, C3−Si1−C30 = 106.47(9) {111.91(7)}, C20−Si1−
C30 = 107.44(9) {105.81(7)}. Si1−C20−CentrC20−C24 = 176.31(15)
{177.78(12)}, Si1−C30−CentrC30−C34 = 178.57(17) {177.88(12)}.

Table 2. Crystal and Structural Refinement Data for
Compounds 6a, 7Me, and 7Et

6a 7Me 7Et

empirical formula C28H30AlFe2Nsi C22H24Fe2Si C24H28Fe2Si
fw 547.30 428.20 456.25
cryst. size/mm3 0.21 × 0.21 ×

0.01
0.32 × 0.14 ×
0.06

0.30 × 0.24 ×
0.06

cryst. system, space
group

triclinic, P1̅ monoclinic,
P21/n

triclinic, P1̅

Z 4 4 2
a/Å 10.6268(9) 8.0197(3) 7.4304(4)
b/Å 12.8724(10) 22.8843(6) 10.6917(5)
c/Å 18.6478(17) 10.1397(4) 13.0227(6)
α/deg 88.174(7) 90 80.412(4)
β/deg 82.917(7) 90.662(3) 81.259(4)
γ/deg 87.039(7) 90 86.783(4)
volume/Å3 2527.2(4) 1860.77(11) 1007.77(9)
ρcalc/mg m−3 1.438 1.529 1.504
temperature/K 100 100 100
μcalc./ mm−1 1.25 1.63 1.51
θ range/deg 1.6−25.0 1.8−25.0 1.6−25.0
reflns collected/unique 13945/6615 17039/3277 10498/3546
absorption correction multiscan multiscan multiscan
data/restraints/params 6615/94/599 3277/0/228 3546/0/246
goodness-of-fit 0.581 1.036 0.880
R1 [I > 2σ(I)]a 0.0421 0.0202 0.0255
wR2 (all data)

a 0.0886 0.0495 0.0576
largest diff. peak and
hole, Δρelect/e Å−3

0.28, −0.23 0.33, −0.24 0.41, −0.35

aR1 = [∑||Fo| − |Fc||]/[∑|Fo|] for [Fo
2 > 2σ (Fo

2)], wR2 = {[∑w(Fo
2 −

Fc
2)2]/[∑w(Fo

2)2]}1/2 [all data].

Figure 5. Definition of the dip angle α* = 180 − α(Cpcentr−Cipso−E)32.
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provide two, distinct redox couples, whose formal potential
separation is dictated by the extent to which the presence of a
charge on one ferrocene perturbs the redox potential of the
neighboring center. Furthermore, assuming that (1) the
diffusion coefficients for the three redox forms (the neutral
molecule, the monovalent cation, and the divalent cation) of
the [1.1]FCPs are not significantly different, (2) each redox
couple has a transfer coefficient close to 0.5, and (3) each redox
event corresponds to a single-electron transfer reaction, then it
is expected that each individual redox event should provide
identical peak currents when isolated from all other current
contributions.39 The gallium-bridged species 4b showed
precisely this behavior with two redox events (ΔE°′ = 0.309
V) and corrected peak heights that are essentially identical in
magnitude. A cursory inspection of the CV for the aluminum
compound 4a (Figure 6a) seems comparable as two main redox
events are clearly evident. However, a more detailed inspection
reveals the presence of two small, additional, reduction waves
(ca. −0.4 V and −0.6 V). The peak current of the second
oxidation wave is also seen to be much larger than that of the
first oxidation wave. Cumulatively, these features indicate
poorer electrochemical stability of the aluminum compound
and/or the presence of electroactive impurities in the samples.
Nevertheless, if one interprets the four main peaks in the CV of
4a as being caused by the ferrocene moieties of 4a, then the
splitting between the two formal potentials ΔE°′ amounts to
0.332 V. This splitting is similar to that of the gallium
compound 4b (ΔE°′ = 0.309 V), but its voltammetry needs to
be taken with some caution for the reasons described above. As
mentioned in the Introduction, the known aluminum-bridged
[1.1]FCP 1a, in contrast to its gallium counterpart 1b (Chart
3), showed significantly different CVs (CH2Cl2/[nBu4N]-
[PF6]).

8b While the gallium species 1b displayed the expected
two one-electron redox events (ΔE°′ = 0.30 V) the aluminum
species 1a displayed only one two-electron redox event.8b The
published formal potential for the aluminum species at 0.36 V
with respect to Ag/AgCl is where that of ferrocene is
expected,8b indicating that a complete removal of the bridging
moieties had taken place.39 A reinvestigation of the CV of
species 1a in CH2Cl2 with [nBu4N][PF6] has shown that, in
contrast to the published results, it displays two main redox
event. However, as in the case of compound 4a, the recorded
CV peak heights were unequal. A CV of species 1a was also
recorded using the electrolyte [nBu4N][B(C6F5)4] with a
weakly coordinating anion. However, again a highly asym-

metrical CV was measured, now with an expected larger
splitting between the main redox events (see Supporting
Information, Figures S42 and S43).40,41 The second pair of
redox waves is right were the FcH/FcH+ appears and it is very
likely that at least some of the increased current is due to the
presence of ferrocene. Aluminum species, compared to
respective gallium species, are much more sensitive, and we
speculate that small amounts of fluoride ions or residual water
from the electrolyte and solvent are causing degradation. In
2008, similar observations were made for the related [1.1]-
chromarenophanes and [1.1]molybdarenophanes: only the
gallium-bridged species gave reproducible results, while
measurements of the aluminum species showed the presence
of significant amounts of the parent bis(benzene) complexes.23

As shown in Table 3, the measured ΔE°′ values for the
bis(ferrocenyl) species were found in the range 0.138−0.167 V

Table 3. Measured Formal Potentials versus FcH/FcH+ [V] of [1.1]FCPs and Bis(ferrocenyl) Speciesa

E°′ E°′ ΔE°′ Fe···Fe/Åb

4b (CH2Cl2) −0.049 0.260 0.309 5.4277(8)c

4b (thf) −0.091 0.127 0.218
5b (CH2Cl2) −0.002 0.136 0.138
5b (thf) 0.224 0
6b (CH2Cl2) 0.117 0.256 0.139
6b (thf) 0.066 0
7Me/7Et (CH2Cl2) 0.071/0.128 0.257/0.332 0.186/0.204 6.3150(4)/6.1409(6)c

7Me/7Et (thf) 0.176/0.191 0/0
8a (CH2Cl2) −0.032 0.135 0.167 5.6833(7)d

8a (thf) 0.079 0
8b (CH2Cl2) 0.044 0.201 0.157 5.5944(9)d

8b (thf) 0.200 0
a0.1 M [nBu4N][PF6]; scan rate of 50 mV/s. bValues from single-crystal X-ray structure determinations; see text for discussion. cThis work. dTaken
from ref 22a.

Figure 6. Cyclic voltammograms of 4a (A) and 4b (B) (CH2Cl2; 0.1
M [nBu4N][PF6]; scan rate = 50 mV/s).
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and are significantly smaller compared to those of the
[1.1]FCPs 4a and 4b. The largest splitting was found for the
aluminum compound 8a (ΔE°′ = 0.167 V), which was the only
aluminum species in this study that gave an expected CV
(Figure 7). The CV of the respective gallium compound 8b
looks very similar with a slightly smaller ΔE°′ value of 0.157 V
(Figure 7).

Geiger et al. systematically investigated the medium effect on
the splitting ΔE°′ and have shown that for electrochemically
generated cations, solvents of low polarity and low donor
number (DN)42 cause the largest values of ΔE°′.40,41 To test if
the solvent effect43 also holds true for the compounds
described here, CH2Cl2 and thf solutions were investigated
for all species. Furthermore, as aluminum species can be
sensitive toward chlorinated solvents, we wanted to find out if
thf improves the appearance of their CVs; however, this was
not the case. As expected, all ΔE°′ values were significantly
reduced by changing from CH2Cl2 (DN = 0) to thf (DN = 20)
(Table 3).40,41 Whereas the [1.1]FCP 4b still showed resolved
waves, all other species listed in Table 3 displayed only one
redox wave. The ΔE°′ value of the [1.1]FCP 4b diminished
from 0.309 V (CH2Cl2) to 0.218 V (thf). As the splitting
between formal potentials of the bis(ferrocenyl) species is
already small in CH2Cl2, it is not surprising that it is absent in
thf solutions.44

As mentioned above, the only aluminum species that
exhibited the expected two, one-electron oxidations in the
CV was compound 8a (Figure 7). The overall shape of its CV is
very similar to that of the gallium compound 8b (Figure 7).
While the aluminum compound 8a gets oxidized at lower
potentials compared to its gallium analogue 8b, their ΔE°′
values are very similar (8a: 0.167 V; 8b: 0.157 V; Table 3).

Aluminum is significantly less electronegative compared to
gallium, resulting in an increase of the electron density on the
ferrocenyl moieties, explaining the increased ease by which 8a
gets oxidized compared to 8b [Allred−Rochow electro-
negativities:45 1.47 (Al), 1.82 (Ga)].
Why is compound 8a the only electrochemically well-

behaved aluminum species in our study? All the aluminum and
gallium compounds were equipped with intramolecularly
coordinating ligands (Chart 2). The Mamx ligand stands out
as the only ligand used that carries a bulky group in the vicinity
of the group 13 element. This ortho-tBu group is directed
toward the fifth coordination site on the group 13 element and,
hence, provides steric protection. For example, in contrast to
the bis(ferrocenyl) species 6a (Figure 3), the ferrocenyl units of
species 8a and 8b are not bent toward the group 13 element,
but away from it (e.g., 8a: α* = −9.11°).22a One can assume
that the fifth coordination site of the group 13 elements is of
key importance for any substitution reaction, including
hydrolysis, as a Lewis acid−base adduct will likely form first.
We speculate that this extra protection provided by the ortho-
tBu group of the Mamx ligand efficiently suppresses any
unwanted reactions during the electrochemical measurement.
Recently, a comprehensive study on the electronic coupling

in bis(ferrocene) species of the type (Cp*FeC5H4)ER2 with
bridging moieties ER2 of CMe2, SiMe2, and GeMe2 was
undertaken.46 From the analysis of the intervalence charge-
transfer band of the mixed-valence monocations (Cp*FeC5H4)-
ER2

+ it was revealed that the coupling decreases in the order of
C > Si > Ge. The ΔE°′ values (thf/[nBu4N][PF6]), determined
by square-wave voltammetry, showed the same trend [0.113
(C), 0.093 (Si), and 0.073 (Ge) V], which is consistent with
Fe···Fe distances. The authors concluded that an electrostatic
through-space and not a through-bond mechanism was
operative.46 As mentioned before, species 7Me is a known
species28,30 and was investigated with electrochemical methods
before.47,30 The published ΔE°′ value of 0.15 V was determined
using a 1:1 solvent mixture of CH2Cl2 and MeCN and
[nBu4N][PF6] as the electrolyte.

30 Our value for 7Me in CH2Cl2
is with 0.186 V (Table 3) expectedly higher. We also
determined the CV of 7Me in MeCN (Supporting Information,
Figure S35) and found a splitting value ΔE°′ of 0.142 V, nearly
identical to the published value of 0.15 V in CH2Cl2/MeCN.
The ΔE°′ values of 7Me and 7Et are with 0.186 and 0.204 V
(Table 3), respectively, similar and slightly larger than those
measured for the gallium species 5b, 6b, and 8b (ΔE°′ =
0.138−0.159 V) and of the aluminum species 8a (ΔE°′ = 0.167
V). Table 3 also lists the Fe···Fe distances known from single-
crystal X-ray analysis. For the silicon species, exhibiting the
largest ΔE°′ values, the Fe···Fe distances are significantly larger
[7Me: 6.3150(4) Å; 7Et: 6.1409(6) Å] than those found for the
Mamx-containing aluminum and gallium species [8a: 5.6833(7)
Å; 8b: 5.5944(9) Å]. The only other bis(ferrocenyl) species for
which the molecular structure could be determined in the solid
state was the aluminum compound 6a (Figure 3) and Fe···Fe
distances of 6.045(2) and 6.125(2) Å for two independent
molecules were found. The covalent radii of Al and Ga are
nearly identical and one can assume that the Fe···Fe distance in
6b is very similar to those determined for 6a. The gallium
compound 6b showed with 0.139 V one of the smallest ΔE°′
values (Table 3). Of course, the Fe···Fe distances discussed so
far are not necessarily identical to those present in solution. As
evident from NMR spectra of all bis(ferrocenyl) species, both
Fc units rotate fast, and one could imagine that Fe···Fe

Figure 7. Cyclic voltammograms of 8a (A) and 8b (B) (CH2Cl2; 0.1
M [nBu4N][PF6]; scan rate = 50 mV/s).
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distances vary depending on the relative orientation of the two
Fc moieties. For the Mamx-containing species, two different
conformers were found in the solid state (Chart 4). While the

aluminum species 8a showed the Fc moieties pointing in
opposite directions (conformer I), those of the gallium species
8b were approximately parallel to each other (conformer II).22a

However, the Fe···Fe distances in both species were very similar
[8a: 5.6833(7) Å; 8b: 5.5944(9) Å], which indicates that
rotations of Fc moieties do not alter the Fe···Fe distances
significantly. Overall, there is no obvious correlation between
the Fe···Fe distances and ΔE°′ values of the bis(ferrocenyl)
species equipped with different bridging moieties (Table 3).
The ΔE°′ values of the [1.1]FCP 4b and the bis(ferrocenyl)

compound 5b, both equipped with the same bridging moiety,
are significantly different (4b: 0.309 V; 5b: 0.138 V). While the
Fe···Fe distance in 4b could be determined that of species 5b is
unknown. However, the Fe···Fe distance of the closely related
compound 8b was found to be 5.5944(9) Å (Table 3),22a which
is very similar to 5.4277(8) Å measured for the [1.1]FCP 4b
(Figure 2; Table 3). Obviously, the huge difference in ΔE°′
values cannot be rationalized on the basis of Fe···Fe distances.
As pointed out earlier, the relative orientations of the two fc
units of [1.1]FCPs (e.g., 4b) are fixed, while the Fc moieties of
bis(ferrocenyl) compounds (e.g., 5b) can freely rotate. We
speculate that the flexibility in bis(ferrocenyl) compounds
allows for an effective solvation of both Fc moieties, resulting in
an effective screening of positive charges. In contrast, the
solvation of [1.1]FCPs will be less effective as a solvent
penetration between both fc moieties will be hindered; hence,
the electrostatic interaction between the two iron centers in the
monocations will be stronger than in bis(ferrocenyl) com-
pounds, giving larger ΔE°′ values. In addition, in conformer I of
bis(ferrocenyl) compounds (Chart 4) one Cp moiety is in
between the two Fe atoms, a scenario that is not possible for
[1.1]FCPs. It is feasible that this extra electron density provided
by the Cp ligand also contributes to the screening of charges.

■ SUMMARY AND CONCLUSION
The two new [1.1]FCPs 4a (Al) and 4b (Ga) were prepared
and crystallized as anti isomers. As expected, their structures are
very similar to the known [1.1]FCPs (1a, 1b; Chart 3).
Ferrocenyl-substituted aluminum and gallium compounds are
rare.48 The new bis(ferrocenyl) compounds of aluminum (5a,
6a) and gallium (5b, 6b) equipped with two different ligands
capable of intramolecular donation were prepared. Only the
aluminum compound 6a gave crystals of sufficient quality that
allowed a structure determination by X-ray crystallography
(Figure 3). One of the two Fc units in species 6a is significantly
bent toward the open coordination site of aluminum [dip angle

α* = 13.3(5) and 11.9(5)°]. Such an effect is well-known for
boron compounds and other species with Lewis-acidic moieties
in this pseudo benzylic position, but had never been observed
for aluminum compounds. The bending of a Fc unit in 6a
illustrates that the aluminum atom still possess Lewis-acidity
despite being 4-fold coordinated.
The bis(ferrocenyl) species 5a, 5b, 6a, and 6b were prepared

so that Fe−Fe interactions could be investigated and compared
with those in the related [1.1]FCPs 4a and 4b. The series of
CV measurements also included the recently published
bis(ferrocenyl) compounds (Mamx)EFc2 [8a (Al), 8b (Ga)]
and the known aluminum-bridged [1.1]FCP 1a (Chart 3). To
include bis(ferrocenyl) species with saturated bridging moieties,
the silanes R2SiFc2 [R = Me (7Me), Et (7Et)] were prepared,
and their CVs were determined. While all gallium and silicon
compounds gave meaningful and interpretable data (Table 3),
all aluminum compounds were problematic with the exception
of 8a (Chart 4, Figure 7). The fact that 8a was the only well-
behaved aluminum species is probably due to the steric
protection of the Lewis-acidic aluminum atom by the bulky
Mamx ligand, which suppresses unwanted degradation
reactions. The degree of splitting between formal potentials
of bis(ferrocenyl) compounds 5b, 6b, 7Me, 7Et, 8a, and 8b
varied between 0.138−0.204 V (ΔE°′ in CH2Cl2; Table 3).
Recently, it had been shown that for group-14-bridged

bis(ferrocenyl) compounds a through-space coupling is
operative and, hence, through-bond coupling is relatively
unimportant.46 In this study, a qualitative correlation between
ΔE°′ values and Fe···Fe distances was found: the larger the
distances, the smaller the ΔE°′ values. Our ΔE°′ values
measured for the two silanes 7Me and 7Et seem to support such
a correlation, if Fe···Fe distances found in the solid state are
indicative of Fe···Fe distances in solution: species 7Et with the
smaller Fe···Fe distance gave the stronger interaction (Table 3).
Structural evidence suggests that Fe···Fe distances in bis-
(ferrocenyl) aluminum and gallium species are shorter than in
the silicon compounds 7Me and 7Et, but their ΔE°′ values are
smaller. Geiger et al. performed a comprehensive study of
solvent and electrolyte effects on ΔE°′ values by keeping the
analyte constant.40,41 For electrochemically produced cations,
ΔE°′ can be maximized by applying solvents of low polarity
and low donor number and a weakly ion-pairing electrolyte
anion. We investigated a series of different species under the
same conditions, where all the electrochemically produced
cations were different. Therefore, for all cations the overall
effects of ion pairing and solvation must be different. All the
seemingly similar bis(ferrocenyl) compounds are, with respect
to all the factors that govern the splitting between formal
potentials, too different, and a correlation of ΔE°′ with Fe···Fe
distances cannot be expected.
The splitting between formal potentials in [1.1]FCPs is

significantly larger than in related ferrocenyl compounds, even
though the Fe···Fe distances are similar [e.g., ΔE°′ = 0.309
(4b), 0.138 (5b) V]. It might be that the flexibility in
bis(ferrocenyl) compounds allows for an effective solvation of
both Fc moieties, resulting in an effective screening of positive
charges leading to a small ΔE°′. However, in the absence of
additional data, the latter statement remains speculative.

■ EXPERIMENTAL SECTION
Syntheses. All syntheses were carried out using standard Schlenk

and glovebox techniques. Solvents were dried using an MBraun
Solvent Purification System and stored under nitrogen over 3 Å

Chart 4. Two Conformers of (Mamx)EFc2 [E = Al (8a), Ga
(8b)]22a
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molecular sieves. All solvents for NMR spectroscopy were degassed
prior to use and stored under nitrogen over 3 Å molecular sieves. 1H
and 13C NMR spectra were recorded on a 500 MHz Bruker Avance
NMR spectrometer at 25 °C in C6D6 and CDCl3, respectively.

1H
chemical shifts were referenced to the residual protons of the
deuterated solvents (δ 7.15 for C6D6 and 7.26 for CDCl3);

13C
chemical shifts were referenced to the C6D6 signal at δ 128.00 and
CDCl3 signal at δ 77.00. Mass spectra were measured on a VG 70SE
and were reported in the form m/z (rel intens) [M+] where “m/z” is
the mass observed, “rel intens” is the intensity of the peak relative to
the most intense peak and “M+” is the molecular ion or fragment; only
characteristic mass peaks are reported. For isotopic pattern, only the
mass peak of the isotopoloque or isotope with the highest natural
abundance is listed. Elemental analyses were performed on a Perkin-
Elmer 2400 CHN Elemental Analyzer using V2O5 to promote
complete combustion.
Note that small amounts of ferrocene (FeCp2) were present in the

isolated products 4a, 4b, 5a, 5b, 6a, and 6b; complete removal of this
impurity was not successful. The three aluminum species show larger
amounts of ferrocene impurities compared to their gallium counter-
parts (see NMR spectra in the Supporting Information). The
difficulties to obtain analytically pure aluminum species reflect their
higher sensitivity toward hydrolysis compared to respective gallium
compounds. Elemental analysis gave carbon values for 4a, 5a, and 6a
below their calculated amounts. All three compounds have calculated
amounts of C above 60%, and carbide formation might have
contributed to the lower than expected C values. All new compounds
showed molecular ions of fitting masses in high-resolution mass
spectrometry.
Reagents. The compounds (LiC5H4)Fe(C5H5) (LiFc),29

(LiC5H4)2Fe·2/3tmeda (Li2fc·2/3tmeda),,49 2-(trimethylsilyl)-
pyridine,50 and 2b19a were synthesized according to literature
procedures. The known species 1-bromo-4-[(dimethylamino)methyl]-
benzene51 and 1-[(dimethylamino)methyl]-4-trimethylsilylbenzene52

were synthesized according to the published procedures with small
alterations (see Supporting Information). AlCl3 (98%), ferrocene
(98%), nBuLi (2.8 M in hexanes), tBuLi (1.7 M in pentane), Me3SiCl
(98%), and C6D6 (99.6 atom % D) were purchased from Sigma
Aldrich; AlCl3 was sublimed prior to use. GaCl3 (Alfa Aesar; 99.999%),
2-bromopyridine (Alfa Aesar; 99%), and 1-bromo-4-(bromomethyl)-
benzene (Alfa Aesar; 99%) were purchased from VWR. N,N,N′,N′-
tetramethylethylenediamine (tmeda) (Acros Organics; 99%) was
purchased from Fisher Scientific.
Electrochemical Measurements. A computer controlled system,

consisting of a HEKA potentiostat PG590 (HEKA, Mahone Bay, NS,
Canada) was used for the cyclic voltammetry experiments. Data was
collected using a multifunction DAQ card (PCI 6251 M Series,
National Instruments Austin, Texas) and in-house software written in
the LabVIEW environment. Glassy carbon (BAS, 3 mm) was used as
the working electrode. The quasi-reference electrode (QRE) was a
silver wire and all measurements were made against the QRE. A coiled
gold wire was used as the auxiliary electrode. Before each
measurement, 1 mM solutions of samples were freshly prepared in
dry organic solvents with 0.1 M [nBu4N][PF6] as the supporting
electrolyte. The electrolyte was dried overnight under high vacuum at
100 °C before. The scan rate for the CVs reported was 50 mV/s. The
measurements were conducted inside a glovebox and taken at ambient
temperature.
Synthesis of Dichloro{2-[(dimethylamino)methyl]-5-

(trimethylsilyl)phenyl-κ2C,N}alumane (2a). tBuLi (1.7 M in
pentane, 9.8 mL, 17 mmol) was added dropwise to a cold (0 °C)
solution of 1-[(dimethylamino)methyl]-4-trimethylsilylbenzene (3.55
g, 15.1 mmol) in hexane (40 mL). The reaction mixture was warmed
up to room temperature (r.t.) and stirred for 16 h, yielding a pale
yellow solution with a white precipitate. The solid lithium salt was
filtered off and dried under high vacuum (2.24 g, 10.5 mmol). Et2O
(30 mL) was added to the white solid, resulting a slurry which was
cooled down to −78 °C. The cold slurry was added dropwise to a cold
(−78 °C) solution of AlCl3 (1.39 g, 10.4 mmol) in Et2O (40 mL). The
reaction mixture was warmed up to r.t. and stirred for 16 h, resulting in

a pale yellow solution with a white precipitate. The solid was filtered
off, and all volatiles were removed under high vacuum. Sublimation
(110 °C, high vacuum) yielded analytically pure product 2a as a
colorless crystalline solid (2.33 g, 73%). 1H NMR (C6D6): δ 0.26 (s,
9H, SiMe3), 1.90 (s, 6H, NMe2), 2.97 (s, 2H, CH2), 6.75 (d, 1H,
C6H3), 7.45 (d, 1H, C6H3), 7.91 (s, 1H, C6H3).

13C NMR (C6D6): δ
−1.09 (SiMe3), 45.35 (CH2), 64.72 (NMe2), 125.06, 134.86, 140.64,
141.097 (C6H3). MS (70 eV) m/z (rel intens): 303 (15) [M+], 288
(100) [M+ − Me], 272 (16) [C10H13AlCl2NSi+], 245 (18)
[C9H12AlCl2Si

+]. HRMS (70 eV) m/z: calcd for C12H20AlCl2NSi,
305.0528; found, 305.0521. Anal. Calcd for C12H20AlCl2NSi (304.27):
C, 47.37; H, 6.63; N, 4.60. Found: C, 47.39; H, 6.55; N, 4.61.

Synthesis of Dichloro{[dimethyl(2-pyridyl)silyl]methyl-
κ2C,N}alumane (3a). tBuLi (1.7 M in pentane, 11.8 mL, 20.1
mmol) was added dropwise to a solution of 2-(trimethylsilyl)pyridine
(2.89 g, 19.1 mmol) in Et2O (30 mL) at −78 °C. After 40 min of
stirring at −78 °C, a solution of AlCl3 (2.44 g, 18.3 mmol) in Et2O (30
mL) was added slowly at −78 °C. After the reaction mixture was
stirred for 16 h at r.t., all volatiles were removed under vacuum. The
product was dissolved in toluene (35 mL), and the precipitate was
filtered off and washed with toluene (10 × 5 mL). All volatiles were
removed at high vacuum at 90 °C and crystallization from toluene (5
mL) at ca. −25 °C yielded colorless crystals of 3a (2.60 g, 47%). 1H
NMR (C6D6): δ −0.32 (s, 2H, CH2), 0.02 (s, 6H, SiMe2), 6.27 (m,
1H, Ar−H), 6.70 (m, 2H, Ar−H), 8.28 (m, 1H, Ar−H). 13C NMR
(C6D6): δ −0.60 (CH2), 1.36 (SiMe2), 124.92, 130.29, 139.35, 146.91,
171.05 (C5H4N). MS (70 eV) m/z (rel intens): 247 (7) [M+], 232
(100) [M+ −Me], 212 (11) [M+ − Cl], 151 (11) [MH+ − AlCl2], 150
(15) [M+ − AlCl2], 106 (14) [C5H4NSi

+]. HRMS (70 eV) m/z: calcd
for C8H12Cl2AlNSi, 248.9902; found, 248.9901. Anal. Calcd for
C8H12AlCl2NSi (248.16): C, 38.72; H, 4.87; N, 5.64. Found: C, 39.66;
H, 5.32, N, 5.51.

Synthesis of Dichloro{[dimethyl(2-pyridyl)silyl]methyl-
κ2C,N}gallium (3b). tBuLi (1.7 M in pentane, 8.60 mL, 14.6
mmol) was added dropwise to a solution of 2-(trimethylsilyl)pyridine
in Et2O (25 mL) at −78 °C. After 40 min at −78 °C, the solution was
slowly added to a solution of GaCl3 (2.38 g, 13.5 mmol) in Et2O (35
mL) at −78 °C. After the reaction mixture was stirred for 16 h at r.t.,
all volatiles were removed under vacuum. The crude product was
dissolved in toluene (40 mL), and the precipitate was filtered off and
washed with toluene (4 × 10 mL). Sublimation (120 °C; high
vacuum) gave 3b as a colorless, crystalline product (2.00 g, 50%) that
contained only very minor impurities. Analytically pure product (1.36
g, 35%) was obtained by crystallization from toluene (4 mL). Crystals
suitable for single-crystal X-ray analysis were obtained from toluene
solution at −25 °C. 1H NMR (C6D6): δ −0.07 (s, 2H, CH2), −0.02 (s,
6H, SiMe2), 6.42 (m, 1H, Ar−H), 6.77 (d, 1H, Ar−H), 6.82 (m, 1H,
Ar−H), 8.41 (d, 1H, Ar−H). 13C NMR (C6D6): δ −6.83 (CH2),
−1.11 (SiMe2), 125.50, 130.28, 139.24, 146.80, 167.22 (C5H4N). MS
(70 eV) m/z (rel intens): 291 (7) [M+], 276 (100) [M+ − Me], 256
(54) [M+ − Cl], 170 (11) [(NC5H4)SiMeCH2Cl

+], 149 (14)
[C8H7NSi

+], 120 (16) [C6H6NSi
+], 106 (12) [C5H4NSi

+], 92 (11)
[C5H4Si

+], 91 (15) [C5H3Si
+], 69 (14) [Ga]. HRMS (70 eV) m/z:

calcd for C8H12Cl2GaNSi, 290.9363; found, 290.9350. Anal. Calcd for
C8H12Cl2GaNSi (290.90): C, 33.03; H, 4.16; N, 4.81. Found: C,
33.82; H, 4.33; N, 4.61.

Synthes is of Bis ( {2 - [ (d imethylamino)methyl ] -5-
(trimethylsilyl)phenyl-κ2C,N}alumina)[1.1]ferrocenophane
(4a). A solution of 2a (0.710 g, 2.33 mmol) in Et2O (30 mL) was
added dropwise to a slurry of (LiC5H4)2Fe·2/3tmeda (0.701 g, 2.55
mmol) in Et2O (20 mL). The reaction mixture was stirred at r.t. for 16
h, resulting in a red solution with white precipitate. After the solid was
filtered off, all volatiles were removed from the filtrate under vacuum.
The resulting deep orange, sticky crude product was washed with
hexane (3 × 50 mL), yielding the pure product 4a as an orange solid
(0.420 g, 43%). Crystals suitable for single-crystal X-ray analysis were
obtained from thf solution at ca. −25 °C. Note: 4b is poorly soluble in
organic solvents, expect for chloroform. However, it slowly reacts with
the solvent preventing its 13C NMR analysis. 1H NMR (C6H6): δ 0.43
(s, 18H, SiMe3), 1.74 (s, 12H, NMe2), 3.33 (s, 4H, CH2), 4.01, 4.46,
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4.60, 5.30 (pst, 8H, C5H4), 7.04 (d, 2H, C6H3), 7.64 (d, 2H, C6H3),
8.90 (s, 2H, C6H3). MS (70 eV) m/z (rel intens): 834 (12) [M+], 206
(32) [C12H20NSi

+], 207 (45) [C12H21NSi
+], 186 (100) [C10H10Fe

+],
163 (11) [C10H15Si

+], 135 (14) [C9H13N
+], 134 (14) [C9H12N

+], 121
(29) [C5H5Fe

+]. HRMS (70 eV) m/z: calcd for C44H56Fe2Al2N2Si2,
834.2380; found, 834.2367. Anal. Calcd for C44H56Al2Fe2N2Si2
(834.75): C, 63.31; H, 6.76; N, 3.36. Found: C, 61.19; H, 7.00; N,
3.22.
Synthes is of Bis ( {2- [ (d imethylamino)methyl ] -5-

(trimethylsilyl)phenyl-κ2C,N}galla)[1.1]ferrocenophane (4b). A
solution of 2b (1.12 g, 3.23 mmol) in Et2O (40 mL) was added
dropwise to a slurry of (LiC5H4)2Fe·2/3tmeda (0.998 g, 3.62 mmol)
in Et2O (30 mL). The reaction mixture was stirred at r.t. for 16 h,
yielding a red solution with a white precipitate. After the solid was
filtered off, all volatiles were removed from the filtrate under vacuum.
The resulting deep orange, sticky crude product was washed with
hexane (3 × 50 mL), yielding the pure product as an orange solid
(0.701 g, 47%). Crystals suitable for single-crystal X-ray analysis were
obtained from thf solution at −22 °C. 1H NMR (CDCl3): δ 0.40 (s,
18H, SiMe3), 2.14 (s, 12H, NMe2), 3.72 (s, 4H, CH2), 3.86, 4.26, 4.32,
4.74 (pst, 8H, C5H4), 7.15 (d, 2H, C6H3), 7.50 (d, 2H, C6H3), 8.34 (s,
2H, C6H3).

1H NMR (C6D6): δ 0.43 (s, 18H, SiMe3), 1.84 (s, 12H,
NMe2), 3.28 (s, 4H, CH2), 4.03, 4.40, 4.58, 5.22 (pst, 8H, C5H4), 7.07
(d, 2H, C6H3), 7.60 (d, 2H, C6H3), 8.80 (s, 2H, C6H3).

13C NMR
(CDCl3): δ −0.72 (SiMe3), 46.22 (NMe2), 66.61 (CH2), 70.02, 70.19,
70.52, 74.31, 74.81 (C5H4), 123.93, 131.97, 138.05, 142.00, 145.09,
149.54 (C6H3). MS (70 eV) m/z (rel intens): 920 (100) [M+], 460
(19) [C22H29FeGaNSi

+], 69 (12) [Ga+]. HRMS (70 eV) m/z: calcd
for C44H56Fe2Ga2N2Si2, 920.1184; found, 920.1170. Anal. Calcd for
C44H56Fe2Ga2N2Si2 (920.24): C, 57.43; H, 6.13; N, 3.04. Found: C,
56.94; H, 6.31; N, 2.91.
Synthesis of {2-[(Dimethylamino)methyl]-5-(trimethylsilyl)-

phenyl-κ2C,N}bis(ferrocenyl)alumane (5a). A solution of 2a
(0.610 g, 2.00 mmol) in benzene (40 mL) was added dropwise to a
slurry of LiFc (0.968 g, 5.04 mmol) in benzene (25 mL) at r.t. and
stirred for 16 h, after which a red solution with an orange precipitate
was obtained. After the solid was filtered off, all volatiles were removed
under vacuum, yielding a red paste as the crude product. The product
was extracted with cyclohexane (40 mL), the cyclohexane solution was
concentrated to a volume of approximately 10 mL and kept at 6 °C for
16 h, resulting in orange crystals. The crystals were washed with
hexane (2 × 5 mL) and dried under vacuum, yielding pure 5a as an
orange powder (0.568 g, 47%). 1H NMR (C6D6): δ 0.35 (s, 9H,
SiMe3), 1.90 (s, 6H, NMe2), 3.35 (s, 2H, CH2), 4.02, 4.41, 4.45, 4.48
(pst, 8H, C5H4), 4.33 (s, 10H, C5H5), 7.01 (d, 1H, C6H3), 7.59 (d, 1H,
C6H3), 8.50 (s, 1H, C6H3).

13C NMR (C6D6): δ −0.73 (SiMe3), 45.87
(NMe2), 67.28 (CH2), 68.12 (C5H5), 71.54, 71.65, 76.35, 77.21
(C5H4), 123.69, 132.87, 138.19, 142.96, 145.09 (C6H3). MS (70 eV)
m/z (rel intens): 603 (100) [M+], 301 (10) [C17H14AlFe

+], 186 (27)
[C10H10Fe

+], 120 (10) [C5H5Fe
+]. HRMS (70 eV) m/z: calcd for

C32H38Fe2AlNSi, 603.1288; found, 603.1291. Anal. Calcd for
C32H38AlFe2NSi (603.41): C, 63.70; H, 6.35; N, 2.32. Found: C,
60.02; H, 6.35; N, 2.11.
Synthesis of {2-[(Dimethylamino)methyl]-5-(trimethylsilyl)-

phenyl-κ2C,N}bis(ferrocenyl)gallane (5b). A solution of 2b (0.495
g, 1.43 mmol) in benzene (30 mL) was added dropwise to a slurry of
LiFc (0.678 g, 3.53 mmol) in benzene (10 mL) at r.t. The resulting
reaction mixture was stirred for 16 h, resulting in a red solution with an
orange precipitate. After the solid was filtered off, all volatiles were
removed under vacuum, yielding a red paste as the crude product. The
product was extracted with cyclohexane (30 mL), the cyclohexane
solution was concentrated to a volume of approximately 10 mL and
kept at 6 °C for 16 h, resulting in orange crystals. The crystals were
washed with hexane (2 × 5 mL) and dried under vacuum, yielding the
product as an orange powder (0.568 g, 41%). 1H NMR (C6D6): δ 0.35
(s, 9H, SiMe3), 1.82 (s, 6H, NMe2), 3.27 (s, 2H, CH2), 4.01, 4.37,
4.44, 4.47 (pst, 8H, C5H4), 4.36 (s, 10H, C5H5), 7.04 (d, 1H, C6H3),
7.57 (d, 1H, C6H3), 8.46 (s, 1H, C6H3).

13C NMR (C6D6): δ 0.68
(SiMe3), 46.02 (NMe2), 67.01 (CH2), 68.18 (C5H5), 70.96, 71.08,
72.19, 75.50, 76.06 (C5H4), 124.24, 132.55, 138.59, 141.88, 144.54,

150.22 (C6H3). MS (70 eV) m/z (rel intens): 645 (75) [M+], 460
(33) [C22H29FeGaNSi

+], 186 (100) [C10H10Fe
+]. HRMS (70 eV) m/

z: calcd for C32H38Fe2GaNSi, 645.0728; found, 645.0740. Anal. Calcd
for C32H38Fe2GaNSi (646.15): C, 59.48; H, 5.93; N, 2.17. Found: C,
59.92; H, 6.11; N, 2.11.

Synthesis of {[Dimethyl(2-pyridyl)silyl]methyl-κ2C,N}bis-
(ferrocenyl)alumane (6a). A solution of 3a (0.49 g, 2.0 mmol) in
benzene (20 mL) was added to a suspension of LiFc (0.95 g, 5.0
mmol) in benzene (30 mL). After 16 h, the precipitate was filtered off,
and all volatiles were removed under vacuum. The product was
extracted with hexane (105 mL) and crystallized at ca. −25 °C (0.22 g,
21%). Crystals suitable for single-crystal X-ray analysis were obtained
from Et2O solution at −25 °C. 1H NMR (C6D6): δ −0.15 (s, 4H,
CH2), 0.37 (s, 12H, SiMe2), 4.11 (m, 2H, C5H4), 4.15 (s, 10H, C5H5),
4.43 (m, 2H, C5H4), 4.47 (m, 4H, C5H4), 6.28 (m, 1H, Ar−H), 6.74
(m, 1H, Ar−H), 6.96 (m, 1H, Ar−H), 8.28 (m, 1H, Ar−H). 13C NMR
(C6D6): δ 0.72 (SiMe2), 67.93 (C5H5), 71.18, 71.41, 75.92, 77.04
(C5H4), 123.87, 129.95, 137.85, 147.43, 172.22 (C5H4N). MS (70 eV)
m/z (rel intens): 547 (15) [M+], 187 (13) [C10H11Fe

+], 186 (100)
[C10H10Fe

+], 150 (11) [C8H12NSi
+], 136 (24) [C7H10NSi

+], 121 (30)
[C7H6NSi

+]. HRMS (70 eV) m/z: calcd for C28H30Fe2GaNSi,
547.0662; found, 547.0665. Anal. Calcd for C28H30AlFe2NSi
(547.30): C, 61.45; H, 5.52; N, 2.56. Found: C, 59.90; H, 6.56; N,
2.26.

Synthesis of {[Dimethyl(2-pyridyl)silyl]methyl-κ2C,N}bis-
(ferrocenyl)gallane (6b). Species 3b (0.61 g, 2.1 mmol) and LiFc
(1.00 g, 5.21 mmol) were stirred for two days in a mixture of hexane
(100 mL) and Et2O (30 mL). After the removal of a part of the solvent
(ca. 30 mL) in vacuum, the precipitate was filtered off and washed with
hexane (3 × 10 mL). The volume of the solution was reduced in
vacuum. Upon cooling to −25 °C a small amount of an orange colored
material deposited on the walls of the flask. The mother liquor was
syringed off; cooling at −78 °C resulted in an orange colored
precipitate, which was separated and washed with hexane (15 and 10
mL) at −78 °C. All volatiles were removed in vacuum at ambient
temperature to leave product 6b behind (0.41 g, 33%). 1H NMR
(C6D6): δ 0.05 (s, 2H, CH2), 0.38 (s, 6H, SiMe2), 4.10 (m, 2H, C5H4),
4.17 (s, 10H, C5H5), 4.37 (m, 2H, C5H4), 4.44 (m, 2H, C5H4), 4.50
(m, 2H, C5H4), 6.29 (m, 1H, Ar−H), 6.76 (m, 1H, Ar−H), 6.97 (m,
1H, Ar−H), 8.18 (m, 1H, Ar−H). 13C NMR (C6D6) δ −9.99 (CH2),
0.58 (SiMe2), 68.03 (C5H5), 70.58, 70.79, 75.00, 75.88, 76.12 (C5H4),
123.96, 129.58, 136.98, 147.55, 170.07 (C5H4N). MS (70 eV) m/z (rel
intens): 589 (100) [M+], 404 (75) [M+ − C10H9Fe], 69 (12) [Ga+].
HRMS (70 eV) m/z: calcd for C28H30Fe2AlNSi, 589.0102; found,
589.0119. Anal. Calcd for C28H30Fe2GaNSi (590.04): C, 57.00; H,
5.12; N, 2.37. Found: C, 56.65; H, 5.05; N, 2.44.

Synthesis of Bis(ferrocenyl)dimethylsilane (7Me). A solution of
Me2SiCl2 (0.515 g, 3.99 mmol) in hexane (40 mL) was added
dropwise via tubing to a slurry of LiFc (1.93 g, 10.1 mmol) in a
mixture of hexane (15 mL) and Et2O (10 mL) at r.t. The resulting
reaction mixture was stirred for 16 h, yielding a red solution with
orange precipitate. After the solid was filtered off, the red solution was
concentrated to approximately 10 mL and kept at ca. −25 °C for 16 h.
Red crystals were obtained as pure product (1.19 g, 70%). 1H NMR
(C6D6): δ 0.50 (s, 6H, CH3), 4.02 (s, 10H, C5H5), 4.08, 4.19 (pst, 8H,
C5H4).

13C NMR (C6D6): δ −0.60 (CH3), 68.58 (C5H5), 71.10, 71.62,
73.45 (C5H4). MS (70 eV) m/z (rel intens): 428 (100) [M+], 363
(32) [M+ − C5H5], 242 (9) [M+ − C10H10Fe], 186 (8) [C10H10Fe

+].
HRMS (70 eV) m/z: calcd for C22H24Fe2Si, 428.0346; found,
428.0361. Anal. Calcd for C22H24Fe2Si (428.20): C, 61.71; H, 5.65.
Found: C, 61.53; H, 5.53.

Synthesis of Diethylbis(ferrocenyl)silane (7Et). A solution of
Et2SiCl2 (0.631 g, 4.02 mmol) in hexane (40 mL) was added dropwise
via tubing to a slurry of LiFc (1.93 g, 10.1 mmol) in a mixture of
hexane (15 mL) and Et2O (10 mL) at r.t. The resulting reaction
mixture was stirred for 16 h, yielding a red solution with orange
precipitate. After the solid was filtered off, the red solution was
concentrated to approximately 10 mL and kept at ca. −25 °C for 16 h.
Red crystals (1.31 g, 72%) were obtained as pure product. 1H NMR
(C6D6): δ 0.99 (q, 4H, CH2), 1.18 (t, 6H, CH3), 4.02 (s, 10H, C5H5),
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4.11, 4.21 (pst, 8H, C5H4).
13C NMR (C6D6): δ 6.53 (CH2), 8.44

(CH3), 68.68 (C5H5), 69.75, 70.92, 73.87 (C5H4). MS (70 eV) m/z
(rel intens): 456 (100) [M+], 427 (38) [M+ − Et], 333 (9)
[C15H13Fe2Si

+], 213 (30) [C10H9FeSi
+]. HRMS (70 eV) m/z: calcd

for C24H28Fe2Si, 456.0659; found, 456.0664. Anal. Calcd for
C24H28Fe2Si (456.25): C, 63.18; H, 6.19. Found: C, 63.12; H, 6.19.
Single-Crystal X-ray Analysis of 3b, 6a, 7Me, and 7Et. Data was

collected with an STOE IPDS-2 or IPDS-2T diffractometer with
graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) using an
oil-coated schock-cooled crystal at 100 K. Absorption effects were
corrected semiempirical using multiscanned reflections (PLATON).53

Cell constants were refined using many thousands of observed
reflections of the data collections.54 The structures were solved by
direct methods by using the programs SIR200855 (6a, 3b), SIR9256

(7Me), or SIR9757 (7Et), and refined by full matrix least-squares
procedures on F2 using SHELXL-97.58 The non-hydrogen atoms have
been refined anisotropically; hydrogen atoms were included at
calculated positions and refined using the “riding model” with
isotropic temperature factors at 1.2 times (for CH3 groups 1.5
times) that of the preceding carbon atom. CH3 groups were allowed to
rotate about the bond to their next atom to fit the electron density.
Compound 6a happened to be a nonmerohedral twin with twin law

[−1 0 0 0 1 0 0 0 −1]. Only the undistorted data of one twin domain
have been used for the refinement (completeness of the data set 74%).
Because of this twinning and the small size of the crystal the overall
intensity of the data was low. During the refinement of 6a restraints
were included for the anisotropic temperature factors.
Single-Crystal X-ray Analysis of 4a and 4b. Single crystals of

4a·2thf and 4b·2thf were coated with Paratone-N oil, mounted using a
Micromount (MiTeGen - Microtechnologies for Structural Ge-
nomics), and frozen in the cold stream of the Oxford cryojet attached
to the diffractometer. Crystal data were collected at 173 K on a Bruker-
AXS Proteum R Smart 6000 diffractometer using monochromated Cu
Kα radiation (λ = 1.54184 Å). An initial orientation matrix and cell was
determined from ω scans, and the X-ray data were measured using φ
and ω scans.59 Data reduction was performed using SAINT60 included
in the APEX2 software package.59 A multiscan absorption correction
was applied (SADABS).58 Structures were solved by direct methods
(SIR-2004)61 and refined by full-matrix least-squares methods on F2

with SHELX-97.58 Unless otherwise stated, the non-hydrogen atoms
were refined anisotropically; hydrogen atoms were included at
geometrically idealized positions but not refined. The isotropic
thermal parameters of the hydrogen atoms were fixed at 1.2 times
that of the preceding carbon atom.
All thermal ellipsoid plots were prepared using ORTEP-3 for

Windows.62
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