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ABSTRACT: The aluminum and gallium dichlorides (Mamx)-
ECl2 1a (E = Al; 82%) and 1b (E = Ga; 79%) (Mamx = 2,4-di-
tert-butyl-6-[(dimethylamino)methyl]phenyl) reacted with dili-
thioferrocene or dilithioruthenocene to give [1]ferrocenophanes
(2a, 2b) and [1]ruthenocenophanes (3a, 3b), respectively. The
galla[1]ruthenocenophane 3b could be isolated from the reaction
mixture through precipitation into hexane (50%), while 2a, 2b,
and 3a underwent ring-opening polymerization under the
reaction conditions of their formation reactions to give metallopolymers (Mw (DLS) between 8.07 and 106 kDa). Monomer
3b was polymerized using Karstedt’s catalyst resulting in an Mw of 28.6(±6.3) kDa. In order to get an indication of the structure
of polymers, bis(ferrocenyl) compounds (Mamx)EFc2 (E = Al (4a), 51%; E = Ga (4b), 49%) were prepared and characterized by
single crystal X-ray analysis. DFT calculations shed some light on the unexpected high reactivity of these new strained sandwich
species. Optimized geometries of known aluminum and gallium-bridged [1]ferrocenophanes (Al(Pytsi) (6a), Ga(Pytsi) (6b);
Pytsi = [dimethyl(2-pyridyl)silyl]bis(trimethylsilyl)methyl) and [1]ruthenocenophanes (Al(Me2Ntsi) (7a), Ga(Me2Ntsi) (7b);
Me2Ntsi = [(dimethylamino)dimethylsilyl]bis(trimethylsilyl)methyl) matched very well with experimental molecular structures.
Geometries of species 2a, 2b, 3a, and 3b were optimized (BP86/TZ2P) and the structural influence of the tBu group of the
Mamx ligand in ortho position was evaluated by optimizing molecular structures of the four unknown species where the ortho-
tBu group was replaced by an H atom (2aH, 2bH, 3aH, and 3bH). The most pronounced structural effect was seen as a change of
the orientation of the bridging moiety with respect to the sandwich unit. As the tBu group was removed, the aromatic ligand
moved toward the freed-up space. The energetics (ΔE, ΔH298K, and ΔG298K) accompanied by the structural changes were
evaluated by a hydrogenolysis reaction of strained species resulting in Cp2M (M = Fe, Ru) and respective aluminum and gallium
dihydrides. This nonisodesmic reaction showed that [1]metallocenophanes equipped with the ortho-tBu group were on average
5.5 kcal/mol higher strained (ΔH298K) than species where the tBu group was lacking. The investigation of the isodesmic reaction
between strained species and Cp2M yielding bis(metallocenyl) compounds revealed that the ortho-tBu group sterically interacts
with one of the metallocenyl units. The bis(metallocenyl) compounds are model compounds for the respective metallopolymers
and one can conclude that even though the ortho-tBu group imposes additional strain on the starting metallocenophanes, this
effect cancels out in ROPs because the ortho-tBu group imposes a similar strain on the resulting polymers. The uncovered steric
repulsion between the ortho-tBu group and the sandwich moieties probably causes the ortho-tBu to act as an unusually sensitive
NMR probe of the tacticity of the polymers.

■ INTRODUCTION
In 1992, Manners et al. discovered that ring-opening polymer-
ization (ROP) of sila[1]ferrocenophanes gives access to high-
molecular-weight polymers.1 Since this benchmark discovery,
the synthesis of many new strained sandwich compounds has
been reported.2 In addition, different ROP methodologies were
developed for the conversion of strained sandwich compounds
into new metallopolymers,3 a growing class of functional
materials with high promise for applications in various areas.3,4

Anionic-ROP of dimethylsila[1]ferrocenophane can be per-
formed as a living polymerization, giving access to the
important class of block copolymers.5 These copolymers, with

a poly(ferrocenylsilane) core (PFS; Chart 1), can form “living”
micelles in block selective solvents; addition of further unimers
results in larger micelles of uniform lengths. This new process
was termed “crystallization-driven living self-assembly” and
allows for controlled fabrication of uniform nanomaterials.6

Compared to the vast knowledge about PFS-based materials,
that of respective group-13-containing polymers is still scarce.
The most advanced class of group-13-containing polymers is
that of boron,7 and ferrocene-based materials had been
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prepared by either ROP of bora[1]ferrocenophanes8 or, more
recently, through unusual redistribution/polycondensation
reactions starting from 1,1′-bis(boryl)ferrocenes.9 In order to
develop poly(ferrocenyl) compounds of the heavier group 13
elements by ROP, we synthesized aluminum- and gallium-
bridged sandwich compounds. After the preparation of the first
aluminum- and gallium-bridged [1]ferrocenophanes (Chart 1)
in 2005,10a,b [1]vanadarenophanes,10c [1]chromarenophanes,10

[1]molybdarenophanes,11 and [1]ruthenocenophanes12 could
be synthesized. All of these [1]metallacyclophanes were
obtained by common salt metathesis reactions starting from
dilithio-sandwich compounds and bulky dichlorides (Pytsi)ECl2
or (Me2Ntsi)ECl2 (E = Al, Ga; Chart 2).

Unfortunately, attempts to polymerize by ring-opening
aluminum- and gallium-bridged [1]ferrocenophanes and [1]-
ruthenocenophanes either failed or resulted in sluggish
reactions,12 and it seemed that the bulkiness of the trisyl-type
ligands Pytsi or Me2Ntsi was hindering the ROP of those
species. The bulkiness of the stabilizing ligand cannot easily be
reduced: employing the less sterically encumbered ligands Ar′
or p-tBuAr′ (Chart 2) resulted in [1.1]metallacyclophanes13

instead of the targeted [1]metallacyclophanes in respective salt
metathesis reactions. Structural data of metallacyclophanes
revealed that the bridging ERx unit in [1.1]metallacyclophanes
has less space available than in [1]metallacyclophanes.14 On
that basis, we speculated that, first, unstrained [1.1]-
metallacyclophanes are thermodynamically preferred when
starting compounds are equipped with the slim ligands Ar′ or
p-tBuAr′ (Chart 2) and that, second, strained [1]-
metallacyclophanes are obtained exclusively when the bulkiness
of ligands hinders or even blocks the formation of [1.1]-
metallacyclophanes. Therefore, we intended to use a ligand
with just the right bulkiness to allow the formation of
[1]metallacyclophanes but, at the same time, would not block
their polymerizability. Our plan was to increase the bulkiness of
the 2-[(dimethylamino)methyl]phenyl ligand (Ar′ in Chart 2)

such that the formation of [1.1]ferrocenophanes, the outcome
of salt metathesis reaction of Ar′ECl2 (E = Al, Ga) with
dilithioferrocene,13a,b would be impossible. From the known
molecular structures of Ar′E-bridged [1.1]ferrocenophanes.13a,b

It was evident that a tBu group in the ortho position on the
phenyl ring of the Ar′ ligand could not be accommodated. A
ligand with these steric requirements was already known in
form of the Mamx15 ligand (Chart 2), which was introduced by
Yoshifuji et al.16 and had been used to stabilize phosphorus
compounds.17 Jutzi et al. employed the Mamx ligand to
stabilize germanium species.18

In a recent short communication, we reported on the salt
metathesis reaction of (Mamx)GaCl2 with dilithioferrocene,
which resulted in the formation of the targeted [1]-
ferrocenophane 2b (Scheme 1).19 Unexpectedly, this strained

sandwich compound (2b) withstood all attempts at isolation
and underwent ROP from reaction mixtures to give the
poly(ferrocenylgallane) 2bn (Scheme 1). The ortho-tBu group

20

acts as a very sensitive probe of the stereochemistry of the
polymer backbone, and pentads were resolved in proton NMR
spectra.19 The splitting pattern of the ortho-tBu group clearly
revealed that polymer 2bn has a random tacticity. Here we
report on the completed study of the reaction between
(Mamx)ECl2 (E = Al, Ga) and dilithioferrocene and
dilithioruthenocene. New [1]ferrocenophanes and [1]-
ruthenocenophanes and their respective metallopolymers are
described. Using DFT calculations, we uncovered that the
ortho-tBu group significantly increases the strain in [1]-
metallocenophanes, an unprecedented effect in metalloceno-
phane chemistry.

■ RESULTS AND DISCUSSION
Synthesis of [1]Ferrocenophanes and [1]-

Ruthenocenophanes. The aluminum and gallium dichlorides
1a and 1b,19 respectively, are accessible in good yields starting
from the bromide of the Mamx ligand following common
methodologies (Scheme 1). As expected, NMR spectra of 1a
and 1b are consistent with both species being Cs symmetric on
the NMR time scale. That nitrogen is indeed coordinated to the
group 13 element could be confirmed by a single crystal
analysis of the gallium species 1b (Figure 1 and Table 1), which
showed a Ga−N bond length of 2.066(2) Å. As expected, the

Chart 1. Poly(ferrocenyldimethylsilane),
[1]Ferrocenophanes, and [1.1]Ferrocenophanes

Chart 2

Scheme 1
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molecular structure of 1b did not reveal any surprises and is
very similar to the known compounds 2-(Me2NCH2)-
C6H4GaCl2 and 2-(Me2NCHMe)C6H4GaCl2, which exhibit
Ga−N bond lengths of 2.071(2)21 and 2.049(3)22 Å,
respectively.
The dichlorides 1a and 1b were employed to prepare new

aluminum- and gallium-bridged [1]ferrocenophanes (2a, 2b19)

and [1]ruthenocenophanes (3a, 3b), starting from respective
dilithio sandwich compounds (Scheme 1). Recently, we have
shown that attempts to isolate the [1]ferrocenophane 2b
resulted in isolation of the polymer 2bn (Scheme 1).19 The
respective aluminum compound 2a shows a similar behavior
and its isolation also gave polymers (2an). Proton NMR spectra
taken from aliquots of reaction mixtures after 15−30 min
clearly showed the presence of the strained [1]ferrocenophanes
2a or 2b, in particular by patterns and chemical shifts of the Cp
protons, which are characteristic for alumina- or galla[1]-
ferrocenophanes with donor-stabilizing ligands (Cs point-group
symmetries).10,12 This is illustrated in Figure 2, where the Cp

range of the proton NMR spectrum of the aluminum
compound 2a is depicted. The two signals for the four H
atoms in α-position to the bridging element are shifted upfield
with respect to those of the four H atoms in β-potions [2a: δ
4.72 (2 β-H), 4.70 (2 β-H), 4.51 (2 α-H), 3.85 (2 α-H); 2b: δ
4.69 (4 β-H), 4.56 (2 α-H), 4.01 (2 α-H)] (Figure 2 and S7 for
2a; ref 19 for 2b). In addition, the difference between the two
signals of the α-protons is significantly larger than that of the β-
protons.23 Obviously, the influence of the disturbing bridging
unit on α- compared to β-protons is distance dependent. Two
chemically equivalent α-protons on one side of the [1]-
ferrocenophane are in the neighborhood of the amine donor
group, whereas the other pair of equivalent α-protons is on the
opposite side of the sandwich (Figure 2). Because the β-
protons are further away from the bridging moiety, they are not
so sensitive toward the two different sides of the stabilizing
ligand. In addition to the Cp protons, all expected signals were
found for the [1]ferrocenophanes 2a and 2b (Figure S7 for 2a;
ref 19 for 2b).
Judging by 1H NMR spectra of reaction mixtures, the

targeted species 2a and 2b, respectively, are the main products
(e.g., Figure 2 and S7; ref 19 for 2b). However, numerous
attempts to isolate 2a or 2b through crystallization or
precipitation into hexane failed (see the Experimental Section).
Instead of the monomers 2a and 2b, the respective polymers

Figure 1. Molecular structure of 1b with thermal ellipsoids at the 50%
probability level. Hydrogen atoms and the solvent molecule C7H8 are
omitted for clarity. Selected atom−atom distances [Å] and bond
angles [°] for 1b: Ga1−C1 = 1.956(2), Ga1−Cl1 = 2.1955(7), Ga1−
Cl2 = 2.1878(7), Ga1−N1 = 2.066(2), C1−Ga1−Cl1 = 118.70(7),
C1−Ga1−Cl2 = 125.94(7), C1−Ga1−N1 = 89.26(9), Cl1−Ga1−Cl2
= 108.51(3), N1−Ga1−Cl1 = 103.59(6), N1−Ga1−Cl2 = 104.40(7),
Ga1−C1−C2 = 134.12(18), Ga1−C1−C6 = 106.88(17).

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

1b·C7H8 4a·1/2C6H6 4b

empirical formula C24H36Cl2GaN C40H49AlFe2N C37H46Fe2GaN
fw 479.19 682.50 686.17
cryst. size/mm3 0.23 × 0.18 ×

0.15
0.14 × 0.08 ×
0.05

0.21 × 0.20 ×
0.13

cryst. system,
space group

monoclinic,
P21/c

monoclinic,
P21/c

triclinic,
P1 ̅

Z 4 4 2
a/Å 10.7202(5) 14.7365(3) 10.3706(3)
b/Å 17.6730(6) 10.9109(2) 11.7881(3)
c/Å 14.0352(5) 21.9806(5) 14.3895(3)
α/° 90 90 109.0902(7)
β/° 109.9730(10) 101.4210(10) 102.3199(8)
γ/° 90 90 97.1448(6)
volume/Å3 2499.15(15) 3464.24(12) 1587.77(7)
ρcalc/mg m−3 1.273 1.309 1.435
temperature/K 173(2) 173(2) 173(2)
μcalc/mm

−1 3.525 7.161 8.404
θ range/° 4.18 to 66.64 3.06 to 69.76 3.38 to 60.00
reflns collected/
unique

15167/4183 20971/6574 20043/4683

absorption
correction

multiscan
[SADABS]

multiscan
[SADABS]

multiscan
[SADABS]

data/restraints/
params

4183/15/262 6374/0/405 4683/0/378

goodness-of-fit 1.055 1.031 1.046
R1 [I > 2 σ(I)]a 0.0424 0.0660 0.0767
wR2 (all data)

a 0.1182 0.1799 0.1961
largest diff. peak and
hole, Δρelect/e Å−3

0.725 and
−0.555

1.458 and
−0.409

1.450 and
−1.248

aR1 = [Σ∥Fo| − |Fc∥]/[Σ|Fo|] for [Fo2 > 2σ (Fo
2)], wR2 = {[Σw(Fo2 −

Fc
2)2]/[Σw(Fo2)2]}1/2 [all data].

Figure 2. Cp range of the 1H NMR spectrum of 2a measured from an
aliquot of the reaction mixture after ca. 30 min (C6D6).
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2an and 2bn were isolated and further purified through
precipitations into hexane and methanol, respectively, with
isolated yields of 37% for 2an and 45%19 for 2bn (Scheme 1).
As shown in Scheme 1, the [1]ruthenocenophanes 3a and 3b

were prepared using similar methods as were used for the
[1]ferrocenophanes 2a and 2b. The aluminum-bridged [1]-
ruthenocenophane 3a showed a reactivity similar to that of the
[1]ferrocenophanes 2a and 2b; however, the gallium-bridged
[1]ruthenocenophane 3b showed a lower reactivity and was
isolated as a light yellow powder (50%) from filtered reaction
mixtures through precipitation into hexane. Applying the same
procedure to the aluminum species 3a mainly gave polymers.
Proton NMR spectra taken from the mother liquor after the
precipitation into hexanes did not reveal significant amounts of
the monomer 3a showing that nearly all of the strained
[1]ruthenocenophane 3a polymerized to 3an under these
conditions. However, the reactivities of 3a and 3b are not vastly
different. If reaction mixtures of the gallium species 3b are left
for 6 h, only its polymer 3bn could be isolated.
Attempts to grow crystals of 3b for structural analysis failed

(see the Experimental Section). However, 1H NMR spectros-
copy unequivocally revealed that strained [1]ruthenoceno-
phanes 3a and 3b indeed formed in salt metathesis reactions of
dichlorides and dilithioruthenocene (Scheme 1). Their Cp
protons give similar patterns as those of the [1]-
ferrocenophanes. For example, the two signals of the α-protons
show the characteristic splitting that is significantly larger than
that of the β-protons [3a: δ 5.34 (2 β-H), 5.30 (2 β-H), 4.65 (2
α-H), 4.02 (2 α-H); 3b: δ 5.36 (2 β-H), 5.34 (2 β-H), 4.59 (2
α-H) 4.05 (2 α-H)] (Figure S10 and S13).
Metallopolymers. All four strained [1]metallocenophanes

2a, 2b, 3a, and 3b undergo ring-opening polymerizations
(ROPs) at ambient temperature under the conditions of the
salt metathesis reaction (Scheme 1). In addition, as we could
isolate the monomer 3b, ROPs using Karstedt’s catalyst at
ambient temperatures were performed (toluene, 5 mol %
catalyst). All polymers were characterized by 1H and 13C NMR
spectroscopy as well as by dynamic light scattering (DLS).
Table 2 summarizes the results of the DLS analysis.

Assuming that the measured polymers were random coils in a
good solvent, the radii of gyration can be calculated from the
measured hydrodynamic radii (Rg/Rh = 2.05).24 For poly-
(ferrocenyldimethylsilane) Rg and the absolute Mw are
known,25 which we employed to calculate the molecular
weights shown in Table 2 (see the Experimental Section for
details). The molecular weights of aluminum- and gallium-
containing polymers vary between 8.07 and 106 kDa (Table 2).
For the uncontrolled ROP, polyferrocenyl species 2an and 2bn
show significantly higher Mw values compared to those of their
ruthenium analogues 3an and 3bn. The molecular weight of the

polymer 3bn could be improved by using Karstedt’s catalyst
resulting in Mw values that were nearly three times as large
compared to those of polymers obtained from the spontaneous,
uncontrolled ROP (Table 2). For the gallium-containing
polymer 2bn, molecular weights were also determined with
gel permeation chromatography (GPC) with polystyrene as a
standard, resulting in 48 kDa for the sample that gave 36 kDa
with respect to PFS as a standard by DLS analysis.19

Metallopolymers 2an, 2bn, 3an, and 3bn are formed by ROP
of the respective [1]metallocenophanes under the conditions of
the metathesis formation reactions. So far, the mechanism of
these ROPs is unknown, but it seems likely that some
dilithioferrocene in reaction mixtures of the salt metathesis
reaction acts as an anionic initiator (Scheme 1). Therefore, we
wanted to test if addition of ClSiMe3 to the reaction mixture
influences the outcome of the ROP, and we investigated the
reaction of the gallium dichloride 1b with dilithioferrocene.
Two parallel reactions were started in two different reaction
vessels under the same reaction conditions, and after 15 min,
excess Me3SiCl was added to one reaction mixture. Both
reactions were run for an additional 16 h followed by the work
up as described for the synthesis of poly(ferrocenylgallane) 2bn
(see ref 19). The polymers that resulted from the two reactions
were identical with respect to 1H NMR spectroscopy. The DLS
analysis of the polymers gave similar hydrodynamic radii; Rh for
the polymer of the reaction without Me3SiCl was 3.31 nm and
that with Me3SiCl was 2.54 nm. The reaction in the presence of
Me3SiCl was done two additional times and gave identical
polymers with respect to 1H NMR spectroscopy. Comparison
of polymers (with and without the addition of ClSiMe3) did
not reveal the presence of any Me3Si end groups.

Bis(ferrocenyl) Species. In order to get an indication of
the structure of polymers, the bis(ferrocenyl) compounds 4a
and 4b have been prepared as they can be envisioned as small
cutouts of the polymers 2an and 2bn, respectively. As illustrated
in Scheme 2, both species were obtained by salt metathesis

reactions starting from 1a and 1b, respectively, and isolated in
moderate yields of 51% (4a) and 49% (4b).
Both species have been characterized by NMR spectroscopy,

mass spectrometry, elemental analysis, and single crystal X-ray
analysis (Table 1 and Figure 3 and 4).
Whereas the aluminum species 4a (Figure 3) exhibits two

ferrocenyl moieties oriented in approximately opposite
directions, they are approximately parallel to each other in
the gallium species 4b (Figure 4). Both compounds show
highly distorted tetrahedral coordination geometries around the
group 13 element that are best described as trigonal-base
pyramids with C1, C20, and C30 at the base and N1 at the tip.
This description is justified as the sums over the three C−E−C
(E = Al, Ga) angles with 352 (4a) and 359° (4b), respectively,
are very close to 360°, indicating that the group 13 elements are

Table 2. DLS Analysis of Metallopolymersa

Rh [nm] Mw [kDa] DPw

2an
c 5.38 (±0.17) 106 (±8) 232 (±18)

2bn
b,c 2.99 (±0.36) 36.0 (±8.4) 72 (±17)

3an
c 1.33 (±0.25) 8.07 (±3.0) 16 (±6)

3bn
c 1.50 (±0.37) 10.1 (±4.8) 19 (±9)

3bn
d 2.64 (±0.27) 28.6 (±6.3) 52 (±12)

aSee also Tables S1−S5 and Figures S1−S4. bData taken from ref 19.
cPolymer from uncontrolled ROP. dPolymer from transition-metal-
catalyzed ROP.

Scheme 2
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only slightly lifted out of the plane of the base (4a: 0.322(5) Å;
4b: 0.135(2) Å). The C−E bond lengths are very similar in
both compounds and, as expected, respective bonds are slightly
longer in the case of gallium. The Ga−N donor bond in 4b of
2.153(3) Å is significantly longer than the Al−N bond of
2.038(3) Å in 4a. Similar differences are known from
comparable species and are a testament to the higher Lewis
acidity toward N-donors of aluminum compared to respective
gallium compounds.26

In 1H and 13C NMR spectra, compounds 4a and 4b each
show similar signal patterns. For example, in the typical Cp
range of 1H NMR spectra, the presence of five peaks in a
5:1:1:1:1 intensity ratio shows the equivalency of both

ferrocenyl moieties; i.e., 4a and 4b are Cs symmetric on the
NMR time scale (500 MHz; C6D6 solutions). Two different
conformers of the homologues 4a and 4b were found in the
solid state (Figure 3 and 4), which probably indicates that the
barrier of rotation of the ferrocenyl moieties is low. Therefore,
the finding of Cs symmetric species in solution is expected.

DFT Calculations. The distortion in [1]metallacyclophanes
is commonly described by a set of angles (Figure 5). The most

discussed angle to illustrate the distortion in a [1]-
metallacyclophane is the angle between the two least-squares
planes defined by the carbon atoms of the Cp rings (tilt angle
α). Despite the large number of [1]ferrocenophanes only four
[1]ruthenocenophanes are known to date [ERx: Zr-
(C5H4tBu)2,

27 SnMes*2,
27 Al(Me2Ntsi),12 and Ga-

(Me2Ntsi)
12]. Comparing respective [1]ferrocenophanes with

[1]ruthenocenophanes shows that the α angle increases from
iron to ruthenium in the range of 4.4−6.0° (Zr,27,28 Sn,27,29

Al,10,12 and Ga,10,12). One expects that an increase of the tilt of
both Cp moieties is accompanied by an increase in strain,
which is expected to result in species of higher reactivity.2a,30

On that basis, it is very surprising that the galla[1]-
ruthenocenophane 3b is isolable, whereas its iron counterpart
2b is not. Furthermore, tilt angles α for alumina- and
galla[1]ferrocenophanes 2a and 2b, respectively, should be
similar to those of other aluminum- and gallium-bridged
[1]ferrocenophanes, which were found in the range of 15−
16°.10,31 Tilt angles in that range are not expected to impose
enough strain that alone can explain the high reactivity
observed for 2a and 2b. We set out to further our
understanding of these surprising experimental results with
DFT calculations. In particular, we were interested in evaluating
if different reactivities can be traced back to differences in
ground-state geometries, e.g., if the Mamx ligand introduces
different amounts of strain on [1]ferrocenophanes than on
[1]ruthenocenophanes. Second, we wanted to find out if the
ortho-tBu has an influence on the structures and the reactivity of
the strained sandwich compounds. This intention originated in
the observation that the ortho-tBu in the metallopolymers 2an
and 2bn is a very sensitive probe of the tacticity; e.g., for 2bn
pentads of the polymer could be resolved by 1H NMR
spectroscopy.19 This unusually high sensitivity could be caused
by an intimate contact between this group and ferrocene
repeating moieties.
In a first set of calculations, geometries of known aluminum

and gallium-bridged [1]ferrocenophanes (6a, 6b) and [1]-
ruthenocenophanes (7a, 7b) were optimized and compared to
molecular structures known from single crystal X-ray analyses
(Chart 3 and Table 3). Geometry optimizations were done on a
BP86/TZ2P level using the ADF suite of programs.32 This
method has been shown to reproduce structures of metal-
locenophanes successfully.8b,33 Calculated and experimentally
determined angles to describe distortions in [1]-
metallacyclophanes are compiled in Table 3 showing good to
excellent agreement. For example, the tilt angles α calculated

Figure 3. Molecular structure of 4a with thermal ellipsoids at the 50%
probability level. Hydrogen atoms and the solvent molecule C6H6 are
omitted for clarity. Selected atom−atom distances [Å] and bond
angles [°] for 4a: Al1−C1 = 2.012(3), Al1−C20 = 1.966(4), Al1−C30
= 1.969(3), Al1−N1 = 2.038(3), Fe1−Al1 = 3.7250(11), Fe2−Al1 =
3.7746(10), C1−Al1−C20 = 124.08(14), C1−Al1−C30 =
114.03(14), C1−Al1−N1 = 86.87(12), C20−Al1−C30 =
114.06(14), N1−Al1−C20 = 111.05(13), N1−Al1−C30 =
99.85(13), Al1−C1−C2 = 137.8(2), Al1−C1−C6 = 106.0(2).

Figure 4. Molecular structure of 4b with thermal ellipsoids at the 50%
probability level. Hydrogen atoms are omitted for clarity. Selected
atom−atom distances [Å] and bond angles [°] for 4b: Ga1−C1 =
2.011(4), Ga1−C20 = 1.971(4), Ga1−C30 = 1.984(4), Ga1−N1 =
2.153(3), Fe1−Ga1 = 3.8107(7), Fe2−Ga1 = 3.7569(8), C1−Ga1−
C20 = 129.04(17), C1−Ga1−C30 = 111.99(17), C1−Ga1−N1 =
84.11(15), C20−Ga1−C30 = 117.57(18), N1−Ga1−C20 =
98.27(15), N1−Ga1−C30 = 99.75(15), Ga1−C1−C2 = 133.7(3),
Ga1−C1−C6 = 108.6(3).

Figure 5. Common angles to describe distortions in [1]-
metallacyclophanes.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja3019274 | J. Am. Chem. Soc. 2012, 134, 7924−79367928



for the two [1]ferrocenophanes 6a and 6b agree with measured
values within three estimated standard deviations, if one
considers molecule 6b with the higher α angle of 16.40(20)°
(Table 3). For the aluminum-bridged [1]ruthenocenophane 7a,
the calculated α angle is 0.92° below, whereas for the gallium
species 7b, it is 1.81° above the measured value. For the
[1]ferrocenophane 6b two independent molecules had been
found in the asymmetric unit with tilt angles α of 15.44(21)
and 16.40(20)°, respectively.31 This example illustrates that the
deviation of ±1° can be caused by packing effects in the solid
state. In addition, for known aluminum- and gallium-bridged
[1]metallacyclophanes, aluminum species always exhibit smaller
tilt angles than their gallium counterparts. For example, for
[1]chromarenophanes the difference is 1.4° [Al: 11.81(9)°; Ga:
13.24(13)°],10c whereas for [1]molybdarenophanes, equipped
with the same bridging moiety E(Me2Ntsi) (Chart 2), the
difference amounts to 3.0° [Al: 18.28(17)°; Ga: 21.24(10)°].11

The measured difference of only 0.6° for [1]ruthenoceno-
phanes 7a and 7b is surprisingly small [Al: 20.31(19)°; Ga:
20.91(19)°].12 Based on the difference of 3.0° found for
[1]molybdarenophanes, the calculated difference of 3.3° for 7a
and 7b matches with the expectation better than the
experimentally determined difference of only 0.6°.
In a second series of calculations, geometries of the known

[1]ferrocenophanes, 2a and 2b, and [1]ruthenocenophanes, 3a
and 3b, were optimized on the same level of theory that was
successfully applied to 6a,b and 7a,b. As mentioned before, we
intended to find out if the ortho-tBu group has an influence on
the structure and, potentially, on the reactivity of strained
sandwich compounds. In order to evaluate the structural
influence of the ortho-tBu group, molecular structures of the

four unknown species 2aH, 2bH, 3aH, and 3bH (Chart 3), where
this group was replaced by a H atom, were calculated as well.
Table 4 compiles all calculated structural parameters commonly

used to describe [1]metallocenophanes (Figure 5). The tilt
angle α varies between 12.36 and 15.80° for [1]-
ferrocenophanes and between 18.29° and 22.90° for [1]-
ruthenocenophanes. Comparing respective aluminum and
gallium compounds, the gallium species show α angles that
are larger by 2.58 and 2.92° for ferrocenophanes and by 3.53
and 3.79° for ruthenocenophanes. The tilt angle α is not very
sensitive toward the ortho-tBu group. If this group is absent, the
angle α decreases only by 0.86 and 0.52° for ferrocenophanes
and by 1.08 and 0.82° for ruthenocenophanes.
Table 5 compiles bond lengths around aluminum and

gallium, respectively, of all calculated species (see Chart 3 for
numbering of atoms). Data in Table 5 reveals that all bonds
around the bridging element are slightly lengthened in species
equipped with the ortho-tBu group. The average overall
difference for all four types of bonds (E−N, E−C1, E−C10,
and E−C20) is just 0.017 Å, with the smallest average
difference found for E−N bonds (0.006 Å) and the largest
found for E−C1 (0.033 Å). Even though the absolute values are
small, they hint at a tension caused by the presence of the tBu
in the ortho position. However, the most pronounced structural
effect can be seen as a change of the orientation of the bridging
moiety with respect to the sandwich unit. The M−E−C1 angle
decreases between 8.08 (2b to 2bH) and 12.73° (3a to 3aH)
(see Table 5), whereas at the same time the tilt of the aromatic
ring relative to the sandwich moiety changes the torsion angle
M−E−C1−C2 in the range of 5.26 and 6.98° (Table 5 and
Chart 3). It appears that as the tBu group gets removed, the
aromatic ligand moves toward the freed-up space. This main
structural change is also illustrated in Figure 6 with the
galla[1]ruthenocenophanes 3b and 3bH as examples. The

Chart 3. Overview of [1]Ferrocenophanes and
[1]Ruthenocenophanes

Table 3. Comparison of Calculated and Measured Angles [°] of the Known [1]Ferrocenophanes 6a,b and
[1]Ruthenocenophanes 7a,ba

α β/β′ θ δ

calc. exp.b calc. exp.b calc. exp.b calc. exp.b

6a 14.02 14.9(3) 39.96/40.05 39.6(4)/40.5(4)c 94.22 94.7(2) 169.02 167.9(3)
6bd 16.17 15.44(21)d 37.38/37.52 38.3(3)/39.0(2)d 90.95 92.68(13)d 166.91 166.96(17)d

16.40(20) 38.5(3)/37.6(2) 92.22(13) 166.31(16)
7a 19.39 20.31(19) 41.48/41.21 39.9(4)/40.6(4) 102.63 101.3(2) 166.26 165.2(2)
7b 22.72 20.91(19) 37.63/38.01 38.6(2)/38.6(3) 98.30 98.42(13) 163.33 163.71(15)

aSee Figure 5 and Chart 3. bExperimental data taken from refs 10a (6a), 31 (6b), and 12 (7a,b). cPublished value of 43.1° has been recalculated.
dTwo independent molecules were found in the asymmetric unit of 6b.31

Table 4. Calculated Angles [°] for [1]Ferrocenophanes and
[1]Ruthenocenophanesa

M/E/R α β/β′ θ δ

2a Fe/Al/tBu 13.22 40.61/40.89 95.13 169.73
2aH Fe/Al/H 12.36 43.06/43.33 97.45 170.16
2b Fe/Ga/tBu 15.80 38.06/37.78 91.59 167.30
2bH Fe/Ga/H 15.28 39.57/39.30 93.28 167.49
3a Ru/Al/tBu 19.37 41.90/41.46 102.80 166.44
3aH Ru/Al/H 18.29 44.80/44.47 105.41 166.90
3b Ru/Ga/tBu 22.90 37.49/37.90 98.06 163.23
3bH Ru/Ga/H 22.08 39.88/40.21 100.47 163.66

aSee Figure 5 and Chart 3.
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species without the ortho-tBu group (3bH) shows a significant
larger distance between C1 and the plane Ru−C10−C20
(double headed arrow in Figure 6). All other respective
distances are listed in Table 5.
Thermochemistry. We intended to evaluate the effect of

the ortho-tBu group on the reactivity of strained species. So far,
only structural effects of the ortho-tBu group have been
described showing that the removal of the tBu group results in
a relaxation of the remaining ligand toward the opened-up
space. We wanted to quantify the energy change associated
with these structural changes, and consequently, the amount of
strain in species with and without the tBu group needed to be
calculated. Intrinsic strain of a compound can be best described
by the enthalpy of a reaction where the strained species is
transformed into an unstrained species. As shown in Scheme 3,
the hydrogenation reaction (eq 1) was chosen as the chemically

simplest possibility to release the strain. Table 6 provides an
overview of the calculated thermodynamic values.

The hydrogenation reaction (eq 1) is not isodesmic, and
therefore, calculated enthalpies are not equal to the intrinsic
strain of respective metallocenophanes. The calculated
thermodynamic values are a mix of the release of strain of
the sandwich species and the loss and gain of energy associated
with bond breakage and formation. However, if one compares
the hydrogenation of a tBu containing species (e.g., 2a) with
that of the respective metallocenophane where the tBu group is
lacking (e.g., 2aH), then the difference in the calculated
thermodynamic values (ΔΔE, ΔΔH, and ΔΔG) provide a
measure of the effect of the ortho-tBu group. From the listed
ΔΔE, ΔΔH, and ΔΔG values in Table 7 one can see that all
species with the ortho-tBu group (2a, 2b, 3a, and 3b) are more

Table 5. Calculated Bond Lengths [Å] and Angles [°] for [1]Ferrocenophanes and [1]Ruthenocenophanesa

M/E/R E−N E−C1 E−C10 E−C20 M−E−C1 M−E−C1−C2 plM,C10,C20−C1b

2a Fe/Al/tBu 2.078 2.014 2.015 2.005 153.31 −27.62 1.042
2aH Fe/Al/H 2.071 1.980 1.997 1.990 141.88 −22.36 1.603
2b Fe/Ga/tBu 2.193 2.013 2.025 2.036 157.24 −25.66 0.906
2bH Fe/Ga/H 2.184 1.981 2.012 2.019 149.16 −19.95 1.291
3a Ru/Al/tBu 2.070 2.011 2.033 2.044 151.26 −30.42 1.174
3aH Ru/Al/H 2.065 1.979 2.021 2.029 138.53 −23.44 1.770
3b Ru/Ga/tBu 2.181 2.013 2.049 2.062 155.60 −28.01 1.003
3bH Ru/Ga/H 2.177 1.980 2.035 2.043 144.88 −21.33 1.518

aSee Chart 3. bDistance of C1 from the plane defined by M, C10, and C20 (see Figure 6).

Figure 6. Optimized geometries of the galla[1]ruthenocenophanes 3b and 3bH. Hydrogen atoms are omitted for clarity. The double-headed arrow
illustrates the distance of C1 of 1.003 (3b) and 1.518 Å (3bH) from the plane Ru−C10−C20 (dotted line) (see Tables 4 and 5).

Scheme 3. Hydrogenation Reaction to Evaluate Strain in
[1]Metallacyclophanes

Table 6. Thermodynamic Data [kcal/mol] of the
Hydrogenolysis Reaction (eq 1 in Scheme 3)

M/E/R ΔE ΔH298K ΔG298K

2a Fe/Al/tBu −29.31 −18.97 −13.47
2aH Fe/Al/H −25.83 −12.64 −9.922
2b Fe/Ga/tBu −40.41 −28.54 −24.54
2bH Fe/Ga/H −37.59 −23.74 −21.13
3a Ru/Al/tBu −32.31 −22.45 −15.67
3aH Ru/Al/H −28.63 −16.52 −10.56
3b Ru/Ga/tBu −44.87 −33.38 −28.02
3bH Ru/Ga/H −41.83 −28.35 −24.15
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strained than their slimmer counterparts (2aH, 2bH, 3aH, and
3bH).
The calculated increases of enthalpies are between −4.80 and

−6.33 kcal/mol (Table 7) which raises the question of whether
these increases are significant. The best experimental measure-
ment of the strain present in a metallocenophane is the
enthalpy of the thermal ROP. The text book example of a
strained sandwich compound, dimethylsila[1]ferrocenophane,
was found to release ca. 19 kcal/mol (ΔHROP).34 With respect
to this value, the average increase of strain caused by the ortho-
tBu group of 5.5 kcal/mol is indeed substantial.
As mentioned above, the hydrogenation reaction has the

disadvantage that the absolute values of calculated thermody-
namic data are meaningless. Therefore, an isodesmic reaction
was sought and reaction 2 was investigated (Scheme 4).

Reaction 2 results in bis(metallocenyl) species of type 4 or 5,
which can be envisioned as model compounds for the
respective polymers obtained by ROP of strained [1]-
metallocenophanes. Hence, the calculated heat of eq 2 should
be a very good approximation of the exothermy of a ROP.
As discussed above, the bis(ferrocenyl) compounds 4a and

4b crystallized with different orientations of the ferrocenyl
moieties (Figures 3 and 4). These two different conformers, I
and II, are illustrated in Figure 7. Two series of geometry
calculations have been performed: one with starting geometries
like that of 4a (conformer I) and one with starting geometries
like that of 4b (conformer II). In both series convergence was
obtained, but the size and floppiness of the bis(metallocenyl)
compounds precluded reliable frequency calculations. Except
for the two ferrocenophanes 4aH and 4bH, conformer I is
energetically preferred over conformer II (ΔE = 1.63 (4a), 0.56
(4b), 2.80 (5a), 3.07 (5b), 1.69 (5aH), and 0.54 (5bH) kcal/
mol). For the aluminum compound 4aH, both conformers are
of equal energy (ΔE = −0.08 kcal/mol), whereas in the case of
the gallium analogue 4bH, conformer II is slightly more stable
(ΔE = −0.61 kcal/mol).

Because the size and floppiness of the bis(metallocenyl)
compounds precluded reliable frequency calculations, only ΔE
values could be determined for the isodesmic reaction 2 (Table
8). As indicated in Scheme 4, only conformer I was taken into

account. All eight reactions are exothermic with ΔE values
varying for ferrocenophanes between −16.73 and −21.27 kcal/
mol and for ruthenocenes between −22.13 and −26.74 kcal/
mol. Surprisingly, species with the ortho-tBu group seemed to
be either slightly less than (2a and 2b) or similarly strained (3a
and 3b) as their slimmer counterparts 2aH, 2bH, 3aH, and 3bH

(see ΔΔE values in Table 8). These unexpected results contrast
the results of the hydrogenation reaction (eq 1) discussed
above.
A close inspection of the structures of conformer I of

bis(metallocenyl) species 4 and 5 uncovers that the species
with the ortho-tBu group are structurally distorted compared to
those without the ortho-tBu group. Table 9 provides an
overview of selected structural parameters of products of type 4
and 5; Figure 8 shows the calculated geometries of the two
aluminum species 4a and 4aH. The comparison of measured
and calculated structural parameters for 4a (Table 9) illustrates
the excellent match of theory and experiment. Only the Al−N
bond cannot be reproduced well. The most striking effect of the
ortho-tBu on the structures of the bis(metallocenyl) compounds
4 and 5 can be best illustrated by a comparison of E−M
distances (E = Al or Ga; M = Fe or Ru; Figure 8 and Table 9).
For example, by changing from species 4a to species 4aH one
Al−Fe distance is shortened by only 0.052 Å (E−Fe(1)),
whereas the other Al−Fe distance decreases strongly by 0.249
Å from 3.791 to 3.542 Å (E−Fe(2); Figure 8). This structural
difference can also be seen by a comparison of angles between
E, the ipso-CCp atom, and the centroid of that Cp ring (E−
Cipso−centr(1) and E−Cipso−centr(2) in Table 9). For the tBu-
containing species the centroid−M(2)−centroid axis of the
metallocenyl unit is tilted away from the element E, whereas for
the slimmer species the respective axis is tilted in the opposite
direction, toward the element E. This difference in the direction
of the tilting is illustrated with angle τ which is defined in
Figure 9 as the centroid(2)−E−Cipso angle. Starting from

Table 7. Effect of the ortho-tBu Group on the
Hydrogenolysis Reaction (eq 1 in Scheme 3)a

M/E ΔΔE ΔΔH298K ΔΔG298K

Fe/Al −3.48 −6.33 −3.55
Fe/Ga −2.82 −4.80 −3.41
Ru/Al −3.68 −5.94 −5.10
Ru/Ga −3.86 −5.03 −3.86

aValues in kcal/mol. Negative values indicate that species with R = tBu
result in a larger release of energy.

Scheme 4. Isodesmic Reaction to Evaluate Strain in
[1]Metallacyclophanes

Figure 7. Conformers I and II of bis(metallocenyl) species 4a, 4b, 5a,
5b, 4aH, 4bH, 5aH, and 5bH. See Tables S14−S29 for Cartesian
coordinates of all 16 optimized geometries.

Table 8. Comparison of Thermodynamic Data [kcal/mol] of
the Isodesmic Reaction (eq 2 in Scheme 4)

M/E/R ΔE M/E/R ΔE ΔΔEa

2a Fe/Al/tBu −16.73 2aH Fe/Al/H −17.74 1.01
2b Fe/Ga/tBu −19.94 2bH Fe/Ga/H −21.27 1.33
3a Ru/Al/tBu −22.13 3aH Ru/Al/H −22.32 0.19
3b Ru/Ga/tBu −26.74 3bH Ru/Ga/H −26.74 0.00

aPositive values indicate that species with R = H result in a larger
release of energy.
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centroid(2), τ is smaller than 180° for the ortho-tBu containing
compounds and larger than 180° for the less bulkier species
2aH, 2bH, 3aH, and 3bH (Figure 9). The differences for angle τ
for respective pairs range from 8.24° (5b/5bH) to 14.27° (4a/
4aH) (see Table 9 and Figure 9). These differences show the
space requirements of the ortho-tBu group: the tBu group
points toward the metallocenyl unit M(2) and forces it to be
bent away (τ < 180°). Removal of the tBu group let the
metallocenyl unit M(2) relax, which goes hand-in-hand with
the decrease of E−M(2) distances as discussed above (Figure 8

and 9; Table 9). The degree of bending is less pronounced for
ruthenium compounds than for iron species, with differences of
respective E−M(2) distances of 0.249 (Al) and 0.185 (Ga) for
ferrocene species and 0.208 (Al) and 0.163 (Ga) for
ruthenocene compounds (Table 9). Presumably, the larger
spacing between the two Cp rings in ruthenocenes reduces the
steric congestion compared with that in ferrocenes.
The structural differences caused by the ortho-tBu group in

species of type 4 and 5 clearly show that molecules equipped
with the ortho-tBu group are strained compared to their less
bulky counterparts 4aH, 4bH, 5aH, and 5bH. Hence, the
isodesmic reaction 2 (Scheme 4) does not provide a good
measurement of the effect of the ortho-tBu group on the strain
in metallocenophanes.

■ SUMMARY AND CONCLUSION

Common salt metathesis reactions between dilithio sandwich
species and aluminum or gallium dichlorides (Mamx)ECl2 (1a,
1b) resulted in the two [1]ferrocenophanes 2a and 2b19 and
the two new [1]ruthenocenophanes 3a and 3b. In contrast to
the large number of known [1]ferrocenophanes, their
ruthenium counterparts are rare and 3a and 3b being only
the fifth and the sixth species of this type known to date.
Surprisingly, only the gallium-bridged [1]ruthenocenophane 3b
was isolable, whereas the other three strained sandwich
compounds polymerized under the conditions of their
formation reactions. However, the isolable 3b is similarly
reactive as the other strained species and polymerizes if left in
solution. Polymer 3bn can be obtained with a significantly
increased molecular weight through Pt0-catalyzed ROP employ-
ing Karstedt’s catalyst. Overall, polymers 2an, 2bn,

19 3an, and
3bn were prepared with molecular weights between 8.07 and
106 kDa (Table 2). DFT calculations have been performed to
shed some light on the unexpected high reactivity of these new
strained sandwich species. In particular, the role of the tBu
group in the ortho position at the bulky Mamx ligand (Chart 2)
was investigated by comparing species equipped with the Mamx
ligand (2a, 2b, 3a, and 3b) with those where the ortho-tBu
group had been eliminated (2aH, 2bH, 3aH, and 3bH; Chart 3).
These investigations uncovered that the average increase in
strain caused by the ortho-tBu group is 5.5 kcal/mol (ΔΔH298K;
Table 7). This is a significant increase of strain, if compared
with measured enthalpy of polymerization of dimethylsila[1]-
ferrocenophane (ΔHROP = 19 kcal/mol).34 Structurally, the
effect of the ortho-tBu group can mainly be seen in a tilting of
the Mamx ligand toward the side, while tilt angles α do not
change significantly (Figure 6). To the best of our knowledge,

Table 9. Calculated Structural Parameters [Å and °] of Conformer I of Bis(metallocenyl) Species of Type 4 and 5 (Scheme 4)a

E−M(1) E−M(2) E−N E−Cipso(1) E−Cipso(2) E−Carom.

E−Cipso−
centr(1)

E−Cipso−
centr(2) τc

4a 3.792
[3.7250(11)]

3.791
[3.7746(10)]

2.109
[2.038(3)]

1.985
[1.966(4)]

1.981
[1.969(3)]

2.022
[2.012(3)]

171.26
[174.55]

171.65
[170.89]

171.65
[170.89]

4aH 3.740 3.542 2.126 1.978 1.972 1.995 173.40 174.08b 185.92
4b 3.803 3.775 2.247 1.989 1.986 2.029 170.95 172.52 172.52
4bH 3.757 3.590 2.275 1.979 1.970 1.998 172.71 177.02b 182.98
5a 3.892 3.881 2.106 1.988 1.985 2.016 171.99 172.87 172.87
5aH 3.883 3.673 2.120 1.982 1.976 1.993 172.44 176.27b 183.73
5b 3.892 3.863 2.235 1.989 1.985 2.024 171.68 173.37 173.37
5bH 3.897 3.700 2.255 1.981 1.974 1.995 171.14 178.39b 181.61

aMeasured values of 4a are given in square brackets. bSandwich unit is tilted toward the element E and not away from the element like in 4a, 4b, 5a,
and 5b as shown in Figure 9 (see text for discussion). cAngle τ is defined as in Figure 9 (see text for discussion).

Figure 8. Optimized geometries of 4b and 4bH. Hydrogen atoms are
omitted for clarity.

Figure 9. Illustration of the effect of the ortho-tBu group on the tilting
direction of the metallocenyl moiety of M(2) (angle τ) and the
associated change in E−M(2) distances. See Scheme 4 and Table 9 and
text for discussion.
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such an unusual effect has never been observed in strained
sandwich compounds before. This unusual effect of a tBu group
was deduced from a hydrogenolysis of the strained sandwich
compounds, which had the disadvantage of being a non-
isodesmic reaction (Scheme 3). The isodesmic reaction of
aluminum- or gallium-bridged [1]metallocenophanes with
ferrocene or ruthenocene (Scheme 4) could not be used to
extract the strain present in [1]ferrocenophanes (2a, 2b) or
[1]ruthenocenophanes (3a, 3b). The ortho-tBu group in the
resulting bis(metallocenyl) species 4a, 4b, 5a, and 5b sterically
interacts with one of the metallocenyl units (Figure 9). The
resulting structural distortion was confirmed by comparing the
calculated and measured molecular structures of the aluminum
compound 4a (Figure 3 and Table 9). Bis(metallocenyl)
species of type 4 and 5 can be envisioned as the smallest
representative cutout of metallopolymers and the isodesmic
reaction 2 (Scheme 4) provides important information about
the ROP of [1]metallocenophanes 2a, 2b, 3a, and 3b. Even
though the ortho-tBu group imposes additional strain on the
starting metallocenophanes, this effect cancels out in ROPs
because the ortho-tBu group imposes a similar strain on the
resulting polymers.
We reported that the proton NMR signal of the ortho-tBu

group of polymer 2bn is split into 10 singlets,19 revealing a
random tacticity of the polymer. It was a surprise that the ortho-
tBu group was so sensitive toward the tacticity of the polymer
and its signal could be resolved into the different pentads. Our
new finding that the ortho-tBu group in bis(metallocenyl)
species sterically interacts with the sandwich moieties clearly
reveals that similar interactions must be present in respective
metallopolymers. We speculate that this steric repulsion causing
the ortho-tBu to act as such an unusually sensitive probe of the
tacticity.
The initial intention of the DFT calculations was to improve

our understanding of the high reactivity of aluminum- and
gallium-bridged [1]metallocenophanes. We were puzzled that
only one [1]ruthenocenophane (3b) was isolable, whereas
compounds 2a, 2b, and 3a were not isolable. However, theory
did not reveal any unexpected differences between the
geometries of [1]ferrocenophanes and [1]ruthenocenophanes.
We could not find any clear evidence for the unexpected high
reactivity of the prepared strained sandwich compounds, and
hence, we can only conclude that kinetics governs the reactivity
of these species. Unfortunately, the mechanism of the ROP of
the aluminum- and gallium-bridged compounds is still
unknown. It seems likely that small amounts of dilithioferro-
cene in reaction mixtures of the salt metathesis reaction act as
an anionic initiator for ROP (Scheme 1), but several attempts
to trap anions by addition of excess of Me3SiCl did not result in
a measurable effect on the polymerization reaction.

■ EXPERIMENTAL SECTION
General Procedures. All syntheses were carried out using

standard Schlenk and glovebox techniques (N2 as inert gas), unless
noted differently. Toluene, Et2O, thf, hexane, and CH2Cl2 were dried
using an MBraun Solvent Purification System and stored under
nitrogen over 3 Å molecular sieves. Degassed C6H6 and MeOH were
dried over 3 Å molecular sieves under N2. All solvents for NMR
spectroscopy were degassed prior to use and stored under N2 over 3 Å
molecular sieves. 1H and 13C NMR spectra were recorded on a Bruker
500 MHz Avance NMR spectrometer at 25 °C in C6D6 and CD2Cl2,
respectively (1H at 500.28 MHz; 13C at 125.80 MHz). 1H chemical
shifts were referenced to the residual protons of the deuterated
solvents (δ 7.15 for C6D6 and 5.32 for CD2Cl2);

13C chemical shifts

were referenced to the C6D6 signal at δ 128.00 and the CD2Cl2 signal
at δ 54.00. Carbon atoms directly bound to group 13 elements in 1a,
3b, and 4a were not detected in respective 13C NMR spectra. UV−
visible spectra were measured on a Varian Cary 50 UV−visible
spectrophotometer. Mass spectra were measured on a VG 70SE and
are reported in the form m/z (rel intens) [M+] where “m/z” is the
mass observed, “rel intens” is 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.

Dynamic Light Scattering. Dynamic light scattering experiments
were performed using a nano series Malvern zetasizer instrument
equipped with a 633 nm red laser. Samples were filtered through 0.2
μm syringe PTFE filters before they were analyzed in 1 cm glass
cuvettes at concentrations of 4.0, 3.0, 2.0, and 1.0 mg/mL in CH2Cl2 at
25 °C. The refractive index of the polymers was assumed to be 1.5. For
each polymer, three samples were prepared at each concentration.
Every sample was measured three times. Few measured Rh values stand
out as being either far too small or far too large and were not included
in the analysis. For poly(ferrocenyldimethylsilane) (PFS) the absolute
molecular weights (Mw) in the range of 10 to 100 kDa and their radii
of gyration (Rg) are known in literature.25 Assuming that the polymers
2an, 3an, and 3bn are random coils in good solvents, measured Rh
values were converted into Rg values using the factor Rg/Rh = 2.0524

and the published relation between log(Rg) and log(Mw) for PFS25

was used to calculate Mw for 2an, 3an, and 3bn (see SI for more
details).

Chemicals. AlCl3 (98%), FeCp2 (98%), nBuLi (2.8 M in hexanes),
platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane (Karstedt’s cata-
lyst; 2 wt % in xylene), and C6D6 (99.6 atom % D) were purchased
from Sigma Aldrich; AlCl3 was sublimed prior to use. GaCl3 (Alfa
Aesar; 99.999%) and tetramethylethylenediamine (Alfa Aesar; 99%)
were purchased from VWR. RuCl3·xH2O (99%) was purchased from
Precious Metals Online. CD2Cl2 (99.9 atom % D) was purchased from
Cambridge Isotope Laboratories. The compounds (LiC5H4)CpFe,

35

(LiC5H4)2Fe·2/3tmeda,36 RuCp2,
37 (LiC5H4)2Ru·tmeda,27 6-

(Me2NCH2)-2,4-tBu2C6H2Br (MamxBr),19 and (Mamx)GaCl2
(1b)19 were synthesized according to literature procedures.

Synthesis of {2,4-Di-tert-butyl-6-[(dimethylamino)methyl]-
phenyl}dichloroalumane (1a). nBuLi (2.8 M in hexanes, 7.90
mL, 22.1 mmol) was added dropwise to a cold (−78 °C) solution of
MamxBr (6.53 g, 20.0 mmol) in Et2O (30 mL). The reaction mixture
was stirred at −78 °C for 45 min and a cold (0 °C) solution of AlCl3
(2.66 g, 20.0 mmol) in Et2O (30 mL) was added dropwise. The
resulting mixture was warmed up to r.t. and stirred for 16 h, resulting
in a pale yellow solution with a colorless precipitate. After the solid was
filtered off, the pale yellow solution was concentrated to approximately
20 mL, and analytically pure product 1a was obtained as needle-
shaped, colorless crystals at −22 °C (5.65 g, 82%). 1H NMR (C6D6): δ
1.33 (s, 9H, tBu-4), 1.59 (s, 9H, tBu-2), 1.92 (s, 6H, NMe2), 3.13 (s,
2H, CH2), 6.74 (s, 1H, CH-5), 7.58 (s, 1H, CH-3).

13C NMR (C6D6):
δ 31.60 [C(CH3)3-4], 32.84 [C(CH3)3-2], 34.87 [C(CH3)3-4], 37.31
[C(CH3)3-2], 45.57 (NMe2), 65.66 (CH2), 119.22 (C-5), 122.37 (C-
3), 142.75 (C-6), 152.28 (C-4) 160.68 (C-2). EIMS (70 eV): m/z (%)
343 (14) [M+], 328 (21) [M+ - Me], 301 (48) [C14H22AlCl2N

+], 292
(14) [C16H24AlClN

+], 247 (88) [C17H29N
+], 246 (57) [C17H28N

+],
203 (55) [C15H23

+], 190 (24) [C14H22
+], 189 (18) [C14H21

+], 187
(30) [C14H19

+], 148 (61) [C11H16
+], 147 (15) [C11H15

+], 146 (12)
[C11H14

+], 133 (100) [C10H13
+], 131 (16) [C10H11

+], 91 (13)
[C7H7

+], 58 (75) [C4H10
+], 57 (25) [C4H9

+]. Anal. Calcd for
C17H28Cl2AlN (344.30): C, 59.30; H, 7.84; N, 4.07. Found: C, 59.39;
H, 7.55; N, 4.07.

Identification of {2,4-Di-tert-butyl-6-[(dimethylamino)-
methyl]phenyl}alumina[1]ferrocenophane (2a). Product 2a is
an intermediate in the preparation of polymer 2an (see below) and can
be identified via 1H NMR spectroscopy. All attempts to isolate pure 2a
resulted in the isolation of polymer 2an.

1H NMR (C6D6; taken from
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an aliquot of the reaction mixture after 30 min): δ 1.42 (s, 9H, tBu-4),
1.71 (s, 9H, tBu-2), 2.09 (s, 6H, NMe2), 3.41 (s, 2H, CH2), 3.85 (pst,
2H, CH-α), 4.51 (pst, 2H, CH-α), 4.70 (pst, 2H, CH-β), 4.72 (pst,
2H, CH-β), 6.87 (s, 1H, CH-5), 7.64 (s, 1H, CH-3).
Attempted Isolations of [1]Metallocenophanes 2a, 2b, and

3a. As soon as the [1]metallocenophane was detected by 1H NMR
spectroscopy (approximately 15−20 min after mixing the solution/
slurry of the respective group 13 element dichloride and the
dilithiometallocene), quick filtration was performed to remove LiCl.
Following are the descriptions of our attempts to isolate [1]-
metallocenophanes from the respective filtrate: (1) The filtrated was
kept at −80 °C for several (7−30) days without any precipitate or
crystals forming. The solution was warmed up to r.t. and 1H NMR
measurement from the solution revealed the presence of the
[1]metallocenophane as well as respective polymeric product. (2) In
many attempts, the filtrate was concentrated to variable degrees
(approximately 2/3, 1/2, 1/3, 1/4) under reduced pressure. Different
attempts were made to isolate [1]metallocenophane from these
concentrated solutions: (a) A concentrated solution was kept at −22
°C or −80 °C for several (3−14) days, resulting in precipitates that
were isolated and found to be polymeric product (1H NMR
spectroscopy). (b) A concentrated solution was added to well stirred
hexane (approximately 3−4 times the volume of the concentrated
solution) with the formation of precipitate which was isolated as
polymeric material. (c) An open vial containing the concentrated
solution was placed in a larger vial filled with hexane and the larger vial
was closed to allow diffusion of one solvent into the other. The setup
was left at r.t. or at −30 °C for several (3−14) days which gave
precipitates that were again identified as polymers.
Synthesis of Poly(ferrocenylalumane) 2an. A solution of 1a

(0.797 g, 2.31 mmol) in Et2O (65 mL) was added dropwise to a slurry
of (LiC5H4)2Fe·2/3tmeda (0.639 g, 2.32 mmol) in Et2O (40 mL) at
r.t. The resulting reaction mixture was stirred for 4 h and then left
unstirred for 16 h, resulting in a red gelatinous material. All volatiles
were removed under vacuum, yielding a red paste. The crude product
was extracted with benzene (50 mL) and the benzene solution was
concentrated to approximately 10 mL. The concentrated benzene
solution was added dropwise to hexane (60 mL) with vigorous stirring,
yielding an orange precipitate with a red solution. The precipitate
(0.438 g) was filtered off and dried under vacuum. For further
purification, the orange solid was dissolved in benzene (15 mL) and
added dropwise to MeOH (60 mL) with vigorous stirring, resulting in
an orange precipitate and a pale yellow solution. The precipitate was
filtered off and dried under vacuum to give 2an (0.391 g, 37%). UV/
vis: λmax = 475 nm, ε = 0.29 mL (mg cm)−1. 1H NMR (C6D6): δ 1.40
(br. s, 9 H, tBu-4), 1.86 (br. s with shoulders at 1.77, 9 H, tBu-2), 1.97
(br. s, 6 H, NMe2), 3.39 (br. s with shoulder at 3.43, 2 H, CH2), 4.26,
4.33, 4.42 (3 br. s, 4H, CH-α), 4.76 (br. s, 4H, CH-β), 6.90 (br. s, 1 H,
CH-3), 7.64 (br. s, 1 H, CH-5). 13C NMR (C6D6): δ 31.90 [C(CH3)3-
4], 33.79 [C(CH3)3-2], 34.71 [C(CH3)3-4], 37.37 [C(CH3)3-2], 45.73
(NMe2), 67.21 (CH2), 71.55, 72.87, 76.47, 76.60, 76.78 (C5H4),
118.91 (C-5), 121.67 (C-3), 142.41 (C-1), 144.49 (C-6), 149.77 (C-
4), 160.75 (C-2).
Identification of {2,4-Di-tert-butyl-6-[(dimethylamino)-

methyl]phenyl}alumina[1]ruthenocenophane (3a). Product 3a
is an intermediate in the preparation of polymer 3an (see below) and
can be identified via 1H NMR spectroscopy. All attempts to isolate
pure 3a resulted in the isolation of polymer 3an.

1H NMR (C6D6;
taken from an aliquot of the reaction mixture after 30 min): δ 1.40 (s,
9H, tBu-4), 1.60 (s, 9H, tBu-2), 1.97 (s, 6H, NMe2), 3.42 (s, 2H,
CH2), 4.02 (pst, 2H, CH-α), 4.65 (pst, 2H, CH-α), 5.30 (pst, 2H, CH-
β), 5.34 (pst, 2H, CH-β), 6.86 (s, 1H, CH-5), 7.61 (s, 1H, CH-3).
Synthesis of Poly(ruthenocenylalumane) 3an. A solution of 1a

(0.575 g, 1.67 mmol) in toluene (20 mL) was added dropwise to a
slurry of (LiC5H4)2Ru·tmeda (0.600 g, 1.67 mmol) in toluene (15
mL) at r.t. The resulting reaction mixture was stirred for 4 h and then
left unstirred for 16 h, resulting in a yellow solution with a colorless
precipitate. The solid was filtered off and the yellow solution was
concentrated to approximately 8 mL. The concentrated toluene
solution was added dropwise to hexane (30 mL) with vigorous stirring,

yielding in a pale yellow precipitate with a yellow solution. The
precipitate (0.416 g) was filtered off and dried under vacuum. For
further purification, the pale yellow solid was dissolved in 1:1 mixture
of toluene/Et2O (10 mL) and added dropwise to MeOH (30 mL)
with vigorous stirring, resulting in an off-white precipitate and a pale
yellow solution. The precipitate was filtered off and dried under
vacuum to give 3an (0.361 g, 43%). UV/vis: λmax = 341 nm, ε = 0.29
mL (mg cm)−1. 1H NMR (CD2Cl2): δ 1.32 (br. s, 18 H, tBu-2 and
tBu-4), 2.37 (br. s with shoulders at 2.36, 2.38 and 2.41, 6 H, NMe2),
3.66 (br. s with shoulder at 3.68, 2 H, CH2), 4.35, 4.37, 4.41, 4.43,
4.48, 4.49, 4.59, 4.60 (3 br. s with shoulders, 8H, CH-α and CH-β),
6.92 (br. s with shoulder at 6.93, 1 H, CH-5), 7.38 (br. s, 1 H, CH-3).
13C NMR (CD2Cl2): δ 31.81,[C(CH3)3-4], 33.54 [C(CH3)3-2], 34.99
[C(CH3)3-4], 37.26 [C(CH3)3-2], 46.36 (NMe2), 67.85 (CH2), 70.47,
70.59, 70.95, 71.79, 72.06, 73.35, 77.58, 77.78, 77.96, 79.52 (C5H4),
119.79 (C-5), 122.01 (C-3), 142.25, 142.52, 142.91 (C-1), 143.34 (C-
6), 149.40 (C-4), 158.65 (C-2).

Synthesis of {2,4-Di-tert-butyl-6-[(dimethylamino)methyl]-
phenyl}galla[1]ruthenocenophane (3b). A solution of 1b (1.51
g, 3.90 mmol) in toluene (35 mL) was added dropwise to a slurry of
(LiC5H4)2Ru·tmeda (1.42 g, 3.95 mmol) in toluene (20 mL). The
reaction mixture was stirred at r.t. for 2 h, resulting in a yellow solution
with a colorless precipitate. After the solid was filtered off, the yellow
solution was concentrated to approximately 15 mL, yielding a cloudy
mixture which was added dropwise to hexane (35 mL) with vigorous
stirring, yielding a yellow solution with a pale yellow precipitate. The
reaction flask was kept at −30 °C for 16 h to complete the
precipitation. The precipitate was filtered off and dried under vacuum
to give product 3b (1.06 g, 50%). Attempt to crystallize 3b: A
saturated solution of 3b was prepared in different organic solvents
(Et2O, thf, toluene, and benzene). Following are the attempts to
crystallize 3b from the saturated solutions: (1) The solutions were
kept for several (7−14) days at low temperature (−22 °C for Et2O,
thf, and toluene solutions and 6 °C for benzene solutions). (2) An
open vial containing the saturated solution was placed in a larger vial
filled with hexane and the larger vial was closed to allow diffusion of
one solvent into the other. The setup was left at r.t. or at lower
temperatures (+6 or −30 °C) for several (7−14) days. Crystals were
never obtained; however, these attempts gave precipitates that were
identified as polymers by 1H NMR spectroscopy.

1H NMR (C6D6): δ 1.39 (s, 9H, tBu-4), 1.55 (s, 9H, tBu-2), 1.95 (s,
6H, NMe2), 3.30 (s, 2H, CH2), 4.05 (pst, 2H, CH-α of Cp), 4.59 (pst,
2H, CH-α of Cp), 5.34 (pst, 2H, CH-β of Cp), 5.36 (pst, 2H, CH-β of
Cp), 6.89 (s, 1H, CH-5), 7.62 (s, 1H, CH-3). 13C NMR (C6D6): δ
31.67 [C(CH3)3-4], 32.92 [C(CH3)3-2], 34.81 [C(CH3)3-4], 36.49
[C(CH3)3-2], 46.55 (NMe2), 67.65 (CH2), 76.32, 78.41, 78.81, 79.34
(C5H4), 119.46 (C-5), 121.26 (C-3), 142.16 (C-6), 150.46 (C-4)
158.38 (C-2). Anal. Calcd for C27H36GaNRu (545.37): C, 59.46; H,
6.65; N, 2.57. Found: C, 58.59; H, 6.95; N, 2.45.

Synthesis of Poly(ruthenocenylgallane) 3bn through Tran-
sition-Metal-Catalyzed ROP. Platinum(0)-1,3-divinyl-1,1,3,3-tetra-
methyldisiloxane (2 wt % Pt in xylene, 0.557 mL, 0.025 mmol) was
added dropwise to a solution of 3b (0.275 g, 0.504 mmol) in toluene
(5 mL) at r.t. The reaction mixture was stirred at r.t. for 16 h, yielding
a brown solution which was concentrated to ca. 2 mL. The
concentrated solution was added to hexane (30 mL) with vigorous
stirring, yielding a brown solution with pale yellow precipitate which
was filtered off and dried under vacuum. For further purification, the
pale yellow solid was dissolved in toluene (3 mL) and added dropwise
to MeOH (30 mL) with vigorous stirring, resulting in an off-white
precipitate and a pale yellow solution. The precipitate was filtered off
and dried under vacuum to give 3bn (0.141 g, 56%). UV/vis: λmax =
347 nm, ε = 0.32 mL (mg cm)−1. 1H NMR (C6D6): δ 1.37 (br. s, 9 H,
tBu-4), 1.58 (br. s with shoulders at 1.56,1.63, 1.65 and 1.67, 9 H, tBu-
2), 2.10 (br. s with shoulders at 2.05, 2.08, 2.18 and 2.19, 6 H, NMe2),
3.42 (br. s with shoulder at 3.30, 2 H, CH2), 4.65 (br. s with shoulders
at 4.56, 4.60 and 4.73, 4H, CH-α), 4.93 (br. s with shoulders at 4.90
and 5.01, 4H, CH-β), 6.98 (br. s with shoulder at 6.95, 1 H, CH-5),
7.62 (br. s, 1 H, CH-3). 13C NMR (C6D6): δ 31.44 [C(CH3)3-4],
33.28 [C(CH3)3-2], 34.38 [C(CH3)3-4], 36.89 [C(CH3)3-2], 45.23,
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45.27 (NMe2), 67.09 (CH2), 70.06, 70.28, 70.56, 70.65, 71.61, 71.85,
71.95, 72.80, 73.15, 77.47, 78.86, 79.11 (C5H4), 118.98 (C-5), 121.70
(C-3), 142.50 (C-1), 143.30 (C-6), 149.16 (C-4), 158.93 (C-2).
Synthesis of Poly(ruthenocenylgallane) 3bn through Un-

controlled ROP. A solution of 1b (3.75 g, 9.69 mmol) in toluene (55
mL) was added dropwise to a slurry of (LiC5H4)2Ru·tmeda (3.51 g,
9.77 mmol) in toluene (30 mL) at r.t. The resulting reaction mixture
was stirred for 16 h, resulting in a yellow solution with white
precipitate. The solid was filtered off and the yellow solution was
concentrated to ca. 20 mL. The concentrated solution was added
dropwise to hexane (100 mL) with vigorous stirring, yielding a pale
yellow precipitate with a yellow solution. The precipitate (0.438 g) was
filtered off and dried under vacuum. For further purification, the pale
yellow solid was dissolved in toluene (25 mL) and added dropwise to
MeOH (100 mL) with vigorous stirring, resulting in an off-white
precipitate and a pale yellow solution. The precipitate was filtered off
and dried under vacuum to give product 3bn (2.53 g, 52%).
Synthesis of {2,4-Di-tert-butyl-6-[(dimethylamino)methyl]-

phenyl}bis(ferrocenyl)alumane (4a). A solution of 1a (0.690 g,
2.00 mmol) in Et2O (40 mL) was added dropwise to a slurry of
(LiC5H4)CpFe (0.967 g, 5.04 mmol) in Et2O (30 mL) at r.t. The
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
which was washed with hexane (3 × 50 mL), resulting in an orange
solid. The solid was dissolved in Et2O (30 mL), the Et2O solution was
concentrated to approximately to 10 mL and added to hexane (50
mL) with vigorous stirring. The resulting orange precipitate was
filtered off and dried under vacuum, yielding 4a as an orange powder
(0.657 g, 51%). 1H NMR (C6D6): δ 1.38 (s, 9H, tBu-4), 1.71 (s, 9H,
tBu-2), 1.83 (s, 6H, NMe2), 3.28 (s, 2H, CH2), 4.11, 4.27, 4.35, 4.41
(pst, 8H, C5H4), 4.23 (s, 10H, C5H5), 6.89 (s, 1H, CH-5), 7.66 (s, 1H,
CH-3). 13C NMR (C6D6): δ 31.69 [C(CH3)3-4], 33.66 [C(CH3)3-2],
34.72 [C(CH3)3-4], 37.29 [C(CH3)3-2], 45.55 (NMe2), 67.07 (CH2),
68.34 (C5H5), 70.83, 70.90, 76.52, 76.91 (C5H4), 118.86 (C-5), 121.62
(C-3), 144.29 (C-6), 150.15 (C-4) 160.78 (C-2). EIMS (70 eV): m/z
(%) 643 (100) [M+], 458 (12) [M+ - C10H9Fe], 186 (17)
[C10H10Fe

+]. Anal. Calcd for C37H46AlFe2N (643.44): C, 69.07; H,
7.21; N, 2.18. Found: C, 69.84; H, 7.05; N, 2.01.
Synthesis of {2,4-Di-tert-butyl-6-[(dimethylamino)methyl]-

phenyl}bis(ferrocenyl)gallane (4b). A solution of 1b (1.06 g,
2.02 mmol) in Et2O (30 mL) was added dropwise to a slurry of
(LiC5H4)CpFe (0.967 g, 5.53 mmol) in Et2O (30 mL) at r.t. The
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
which was dissolved in thf (10 mL). Pure product 4b (0.685 g, 49%)
was obtained in form of red-orange crystals from this thf solution at
−22 °C. 1H NMR (C6D6): δ 1.37 (s, 9H, tBu-4), 1.71 (s, 9H, tBu-2),
1.73 (s, 6H, NMe2), 3.20 (s, 2H, CH2), 4.06, 4.30, 4.31, 4.39 (pst, 8H,
C5H4), 4.27 (s, 10H, C5H5), 6.93 (s, 1H, CH-5), 7.69 (s, 1H, CH-3).
13C NMR (C6D6): δ 31.70 [C(CH3)3-4], 33.49 [C(CH3)3-2], 34.68
[C(CH3)3-4], 37.04 [C(CH3)3-2], 45.39 (NMe2), 66.95 (CH2), 68.45
(C5H5), 70.27, 70.33, 75.40, 75.78, 76.76 (C5H4), 119.45 (C-5),
122.00 (C-3), 142.42 (C-1), 143.65 (C-6), 149.67 (C-4) 159.02 (C-2).
EIMS (70 eV): m/z (%) 685 (14) [M+], 535 (100) [C30H36FeGaN

+],
186 (96) [C10H10Fe

+]. Anal. Calcd for C37H46GaFe2N (686.18): C,
64.76; H, 6.76; N, 2.04. Found: C, 64.48; H, 6.76; N, 1.98.
Crystal Structure Determination. Single crystals of 1b, 4a·

1/2C6H6 and 4b were coated with Paratone-N oil, mounted using a
Micromount (MiTeGen - Microtechnologies for Structural Genomics),
and frozen in the cold stream of the Oxford cryojet attached to the
diffractometer. Crystal data were collected at −100 °C on a Bruker-
AXS Proteum R Smart 6000 3-Circle diffractometer using mono-
chromated 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.38 Data reduction was performed using
SAINT included in the APEX2 software package.38 A multiscan
absorption correction was applied (SADABS).39

Structures were solved by direct methods (SIR-2004)40 and refined
by full-matrix least-squares methods on F2 with SHELX-97.39 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. For the
structure 4b diffraction data from two crystals with similar size were
combined in order to obtain enough data for solving the structure. It
appeared that the crystals decomposed over time upon exposure to X-
ray radiation.

Computational Details. Theoretical calculations were carried out
using the Amsterdam density functional package (version
ADF2010.02).32 The Slater-type orbital (STO) basis sets were of
triple-ζ quality augmented with a two polarization functions (ADF
basis TZ2P). Core electrons were frozen (C, N 1s; Al, Si, Fe 2p; Ru
3d) in our model of the electronic configuration for each atom.
Relativistic effects were included by virtue of the zero order regular
approximation (ZORA).41 The local density approximation (LDA) by
Vosko, Wilk, and Nusair (VWN)42 was used together with the
exchange correlation corrections of Becke43 and Perdew44 (BP86).43,44

Tight optimization conditions were used for the monomer series of
compounds 2, 3, 6, 7, 8, MCp2, and H2. Frequency calculations were
used to confirm minima and provide thermodynamic information.
Some compounds showed small imaginary frequencies corresponding
to barrierless rotation of cyclopentadienyl rings or tBu groups. The
large size and number of conformers of the bis(metallocenyl) species
of type 4 and 5 necessitated TZP basis sets and more relaxed
optimization conditions for these molecules. The resulting optimized
structures were then subjected to single point calculations with TZ2P
basis sets to obtain consistent values for the reaction 2 (Scheme 4).
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