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The Trinuclear Gallium-Bridged Ferrocenophane [{Fe(n’-CsH,),};Ga,]:
Synthesis, Bonding, Structure, and Coordination Chemistry

Alexander Althoff, Dirk Eisner, Peter Jutzi,* Norman Lenze, Beate Neumann,
Wolfgang W. Schoeller, and Hans-Georg Stammler'

Abstract: The trinuclear ferroceno-
phane [{Fe(n’-CsH,);},Ga,] (3) featur-
ing two sp>-hybridized gallium atoms in
bridging positions between three ferro-
cene-1,1'-diyl units represents a novel
type of ferrocene derivative. Com-
pound 3 is obtained by thermal treat-
ment of 1,1'-bis(dimethylgallyl)ferro-
cene (1) in nondonor solvents or in di-
ethyl ether as solvent and subsequent
thermal decomplexation. The [1.1]fer-
rocenophane [{Fe(n’-CsH,),},{GaMe},]
(2) is an intermediate in the formation

described as being composed of three
only weakly interacting ferrocenediyl
units covalently connected by gallium
atoms without any m-bond contribution
in the Ga—C bonds. Owing to steric
constraints 3 cannot be reduced to the
dianion 3?7, which would feature a
Ga—Ga bond. Compound 3 represents
a stereochemically rigid difunctional
Lewis acid allowing the formation of
the adducts 3a-3d possessing linear
donor-aceptor-aceptor-donor  arrange-
ments. Crystal structure data for 3a-3d

show a symmetry-reduced chiral ferro-
cenophane core (Dy,—D3). A polymer-
ic rodlike structure is observed for 3b
and 3d caused by m-stacking effects
(3b) or by a difunctional donor-accept-
or interaction (3d). In solution, the
chirality of the adducts is lost by rapid
interconversion of the enantiomers. A
cyclic voltammogram of 3b in pyridine
reveals three quasi-reversible oxidation
steps at —356, —154, and 8 mV, indicat-
ing only weak electron delocalization
in the cationic species. The redox po-

of 3. The reaction of 3 with an excess
of trimethylgallium leads back to 1 and
proves the reversibility of the multistep
reaction sequence. Theoretical calcula-
tions reveal a carousel-type Dsj, struc-
ture for 3. The compound can best be

Introduction

One of the rich areas of metallocene chemistry is that of fer-
rocenophanes. Particularly interesting are those compounds
in which the ferrocene units are fixed in a mutually coplanar
geometry. This criterion is met ideally by the binuclear
[m.m]ferrocenophanes [0.0]ferrocenophane [{Fe(CsH,),},]
(I) and [2.2]ferrocenophane-1,13-diyne [{Fe(CsH,),},(C=C),]
(II), and to a lesser extent by the [1.1]ferrocenophanes [{Fe-
(CsH,),0X,] (M) (X=CR,)."? Only a few heteroatom-
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tentials of the pyridine adduct 3b are
compared with those of other pyridine-
stabilized gallyl-sustituted ferrocene
derivatives and with ferrocene itself.

bridged compounds III (X=BMe, , GaMe, GaCH(SiMe;),,
SiMe,, SnBu,, PbPh,, PMen; Men=menthyl) have been re-
ported. They contain Group 13, 14, or 15 atoms in 1 and 12
position.®! The existence of the carousel-like diradical [{Fe-
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(CsHy),}:C,] (IV), which is based on the tri(cyclopentadi-
enyl)methyl system has been postulated as an interesting
target molecule but was never prepared.” Traces of the tri-
nuclear iron sandwich complex [Td,Fe;], which is based on
the triindene trianion (Td), have been detected by mass
spectrometry.™

Herein, we will describe the synthesis, characterization,
and some chemistry of the trinuclear gallium-bridged ferro-
cenophane [{Fe(CsH,),}sGa,] in which three ferrocene-1,1'-
diyl units are held together by gallium atoms.

Results

Synthesis and structure of 3: The trinuclear ferrocenophane
[{Fe(CsH,),}sGa,] (3) was prepared from 1 or 2 under con-
comitant formation of trimethylgallium by several slightly
different pathways. In the first variant 3 was prepared from
a suspension of 1,1’-bis(dimethylgallyl)ferrocene (1)F! in p-
xylene under elimination of trimethylgallium at 150°C. In a
second variant 3 was prepared by using the [l.1]ferroce-
nophane [{Fe(n’-CsH,),},{GaMe},] (2)P! as a starting mate-
rial (Scheme 1). Third, 3 was formed by a solid-state decom-
position of 1 or 2 at 200°C in vacuo. The same reaction se-
quence has been observed in the mass spectrometer: The
condensation product 3% was detected in the mass spectrum
of 1 and 2, the 1% and 2% peaks were not observed. In a
fourth variant, 3 was prepared via the diethyl ether adduct
3a (vide infra), which was formed from 1 in toluene/diethyl
ether solution under concomitant formation of the diethyl
ether adduct of trimethylgallium (see Scheme 3). This reac-
tion took place when a solution of 1 in a mixture of toluene
and diethyl ether was heated to 130°C in a closed flask.
When dried in vacuo 3a decomposed to give 3 in the form
of an amorphous orange powder. Compound 3 is rather air
sensitive and sparingly soluble in nondonor solvents. It has
been characterized by NMR spectroscopy, EI mass spec-
trometry, and elemental analysis. The NMR spectrum was
recorded in [D4]DMSO; it is evident that the spectrum
shows data for the DMSO adduct 3¢. Experiments for the
crystallization of base-free 3 have failed so far.

In a series of experiments we could show that the reaction
sequence from 1 via 2 to 3 is fully reversible (Scheme 1).
Compound 3 reacts in a closed flask at 100°C with a small
excess of trimethylgallium under formation of 2 and with a
larger excess under formation of 1. In an earlier publication
we already reported that 2 reacts with excess trimethylgalli-
um under similar conditions to give 1.

= GaMe,
Fe
CS—GaMe,

- 3 GaMe,
3

N | w

+ 3 GaMe,

Scheme 1. Formation of 3.
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Quantum-chemical calculations carried out for 3 at the
B3LYP/6-31G(d) level of theory led to the molecular struc-
ture shown in Figure 1.1 Table 1 summarizes selected calcu-

Figure 1. Molecular structure and numbering scheme of 3 as calculated at
the B3LYP/6-31G(d) level of theory.

Table 1. Calculated(B3LYP/6-31G(d)) geometry parameters for 3.

Distances [A] Angles [°]
Ga(1)-C(1) 1.95 C(1)-Ga(1)-C(6A) 120
Ga(1)—-C(16) 1.95 C(1)-Ga(1)-C(11) 120
Ga(1)-C(21) 1.95 C(6 A)-Ga(1)-C(11) 120
Fe(1)—Fe(2) 5.47 Cp—Cp rotation (a) 0
Fe(1)-Fe(3) 5.47 Cp—Cp tilt (8) 3
Fe(2)—Fe(3) 5.47 dip angle (y) 0
Ga—Ga 3.38 ¥ C-Ga-C 360

lated distances and angles. The structure of 3 shows that
three ferrocene-1,1'-diyl units are linked together by two
gallium(m) centers to form a Dy, structure. The Ga—Ga sep-
aration is 3.38 A, which is shorter than twice the van der
Waals radius of gallium (1.87 A); the nonbonding distance
between the Fe centers is 5.47 A. Both gallium atoms have a
trigonal-planar coordination geometry (C-Ga-C angle sum:
360°; C-Ga-C angles: 120°; Ga—C bonds: 1.95 A). The six
cyclopentadienyl ligands of the three ferrocene-1,1'-diyl
units are arranged in an eclipsed, almost coplanar manner.
The main structural features are given by the rotation («),
the tilt (3) and the dip angle (y) (Figure 2). The parameters
for 3 are a=0°, $=3° and y=0° (av).

Owing to the short Ga—Ga separation in 3 and owing to
the suitable geometric constellation for the gallium p orbi-
tals to overlap the question arises whether there is a bond-
ing interaction between the two gallium atoms. Different
MO analyses based on the natural bond orbitals (NBO)®l
and the electron localization function (ELF) of 3 clearly

GaMe - GaMe, o 71—Ga
|
Fe Fe
&S71—GaMe + GaMe, <S55+ Ga
2 3
2 3
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Figure 2. Definition of structural parameters in 3.

show no electron density in the center of the molecule, that
is, between the two gallium atoms. The Wiberg bond order
between the gallium atoms is 0.04. Thus, a bonding interac-
tion along the Ga—Ga vector can be excluded. Another im-
portant conclusion must be drawn from the MO calcula-
tions: there is no m-electron density present in the (ferroce-
nediyl)carbon—gallium bonds. These results are illustrated in
Figure 3 (left side) by an ELF representation of a Ga-Ga-Fe

2e”
3 _— 3=

Figure 3. ELF plots of 3 and 3?7, showing the Ga-Ga-Fe plane. The elec-
tron pairs of the Ga—C bonds are polarized towards the C atoms due to
the difference in electronegativity.

plane in 3 and by an MO picture of the HOMO in Figure 5.
No essential m-electron delocalization from the ferrocenedi-
yl units to the Ga atoms takes place and consequently no
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electron density is available for a Ga—Ga interaction. The
final bonding description of three electronically isolated fer-
rocene units held together by two gallium atoms is further
substantiated by a comparison of the calculated Kohn-Sham
orbitals of ferrocene and of 3: The HOMO energies are
identical for both systems (—5.2 eV).

One could expect that the reduction of 3 to 3*~ results in
the formation of a Ga—Ga bond."”! To prove the possibility
of this type of Ga—Ga bond formation, an MO analysis has
been performed on the model compound 1,5-digallabicyclo-
[3.3.3]undecane (4), in which the three 1,1'-ferrocendiyl-
groups of 3 have been substituted by -(CH,);- spacers. The
neutral compound 4 exhibits no Ga—Ga bonding interaction.
However, strong bonding interactions are found in the di-
anion 4%~ (Scheme 2). The LUMO of 4 describes the bond-

Ga G
C | -
/ —_—_— /
/ /7
/ /
Ga~ Ga~

4 4%

Scheme 2. Reduction of 4.

ing situation necessary to form the Ga—Ga bond. If two
electrons are added to 4 the former LUMO becomes the
new HOMO of the reduced species (Figure 4). Note that
the Ga—Ga separation changes from 2.83 A in the neutral
compound to 2.36 A in the dianion.

HOMO LUMO LUMO+1

HOMO

Figure 4. Molecular orbitals of 4 and 4*~.

The possibility for a comparable two electron reduction of
3 to 3*” under formation of a Ga—Ga bond has been investi-
gated on the basis of theoretical calculations. The most im-
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portant conclusions can be drawn from the molecular orbital
pictures in Figure 5 and from the ELF plots in Figure 3. The
LUMO of 3 describes the bonding situation necessary to

Figure 5. Molecular orbitals of 3 and 3*".

form a Ga—Ga bond. However, if two electrons are added
they are not positioned in the LUMO but in the LUMO+1,
which becomes the new HOMO, while the previous LUMO
remains the LUMO of the reduced species 3*". The ELF
analysis of 3?~ clearly shows that the two additional elec-
trons are pointing away from the Ga—Ga center (see
Figure 3, right side), which results in a pyramidalization at
the Ga atoms and a lengthening of the Ga—Ga distance. An
explanation for the lack of Ga—Ga bond formation is given
by the fact that the Ga—Ga distance of 3 (3.38 A) is much
longer than a typical Ga—Ga o bond (2.47-2.52 A); a pro-
nounced shortening of this distance is impossible due to the
rigidity of the carousel-frame.

Synthesis and structure of coordination compounds 3a-d:
The three-coordinate gallium atoms in 3 allow the formation
of molecular and supramolecular coordination com-
pounds.’> With monodentate donor molecules D, com-
plexes of the type 3-2D are formed; linear bidentate donors
give rodlike polymeric complexes of the type (3-D).. The
most straightforward method to synthesize such donor-ac-
ceptor complexes is the combination of the respective donor
and acceptor molecules (Scheme 3, [Eq. (1)]). Compound
3a (D=Et,0) is rather thermolabile and decomposes al-
ready at room temperature under formation of 3 and of di-
ethyl ether (Scheme 3, [Eq (2)]), complexes 3b (D =pyri-
dine), 3¢ (D=DMSO) and 3d (D=pyrazine) represent
thermally stable compounds. The easy transformation of the
ferrocenyllgalane 1 into the ferrocenophane 2 and into the
ferrocenophane 3 (Scheme 1) offers additional pathways for
the formation of 3a-d (Scheme 3, [Eq. (3) and (4)]). Thus,
when 1 or 2 were dissolved in a mixture of toluene and the
respective donor and were then warmed up to 130°C in a
closed flask until a clear solution had formed, the adducts
3a-d could be isolated as X-ray quality crystals after cooling
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2 3a-d (3)
2 — GaMes D
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3 1 ——————— 3ad (4)
— 4 GaMes D
3 2a,b,d ———— 3a,b (5)
2 — GaMe3 D
2a,3a | 2b,3b 3¢ | 2d,3d
X N\
D| Epo | | ) | bMso [ /]
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Scheme 3. Formation of the adducts 3a—d.

to room temperature. In the remaining solution, the donor
adducts of trimethylgallium could be detected by NMR
spectroscopy. Another variant started with a suspension of
2a, 2b, or 2d in toluene. Heating to 150°C resulted in the
formation of 3a or 3b and of the respective donor adduct of
trimethylgallium (Scheme 3, [Eq. (5)]). Utilizing the easy ex-
change of donor molecules, 3b could also be prepared from
the donor complexes 3a or 3¢ and excess pyridine at 130°C.
Similarly, the donor adduct 3¢ was prepared by starting
from complexes 3a or 3b. From a synthetic point of view
the preparation of 3a—-d is most easily performed starting
from 1 as the ferrocenylgallium component.

The compounds 3a-d have been characterized by using
X-ray crystal structure analysis, NMR spectroscopy, mass
spectrometry, elemental analysis, cyclic voltammetry, and
spectroelectrochemistry. They are only sparingly soluble in
nondonor solvents. The solubility of 3a, 3b, and 3d in
DMSO stems from the formation of the adduct 3¢. The
NMR spectra were recorded in [Dg]DMSO; thus, the spec-
tra show data for the DMSO adduct 3¢ and for the free
donor molecules. In the mass spectra of 3a-d the peaks of
the molecular ions [3-2D]* could not be detected; instead,
the fragments 3* and D" have been observed.

Drawings of the molecular structures of 3a—d in form of a
thermal ellipsoid plots are given in Figure 6 and Figure 7.
Table 2 summarizes selected bond lengths and angles. The
drawings of 3a-d show that three ferrocene-1,1'-diyl units
are linked together by two donor-stabilized gallium(1) cen-
ters to form the expected carousel structure. The pyramidal-
ization of the gallium centers results in a deviation of the
Cp(centroid)-C(Cp)-Ga units from linearity and in a distor-
tion of the ferrocene-1,1"-diyl units. Owing to the pyramidal-
ization of the gallium centers the Ga—Ga separation is

Chem. Eur. J. 2006, 12, 5471 - 5480
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Figure 6. Molecular structures of 3a, 3b, and 3¢ (thermal ellipsoids at 50% probability).

Figure 7. Part of the polymeric structure of 3d (thermal ellipsoids at 50 %
probability).

greater than in 3. The six cyclopentadienyl ligands of the
three ferrocene-1,1’-diyl units deviate from a mutually co-
planar arrangement in such a way that they are tilted rela-
tive to the Ga—Ga axis. The clockwise or counter-clockwise
orientation gives rise to components having a slightly twist-
ed and thus chiral structure. The rotation angles a (see
Figure 2) can be used to measure of the amount of twist.
The diethyl ether complex 3a crystallizes in the monoclin-
ic space group C2/c. The Ga—Ga separation is 3.72 A which
is roughly double the van der Waals radius of gallium
(1.87 A); the average nonbonding distance between the Fe
centers is 5.49 A. The gallium centers have a slightly distort-
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ed trigonal-pyramidal coordination geometry (C-Ga-C angle
sum: 357°; C-Ga-O angles: 97.84(6), 94.36(6), 93.67(6)°;
Ga—C bonds: 1.9461(16), 1.9499(16), 1.9516(16) A). The
Ga—O bond lengths of 2.1551(12) A are comparable to
those of the digallaferrocenophane diethyl ether adduct 2a
(2.153(2) A).P"l The C(Cp)—Ga bonds, with reference to the
Cp ring plane, are bent away from the iron centers by y=
4°. A slight deviation of the Cp ligands within the ferrocene-
1,1’-diyl units from a mutually parallel arrangement is ob-
served (8=3°). The rotation angle « is 5°.

The pyridine complex 3b crystallizes as [3b-1.5 toluene]
in the monoclinic space group C2/c.'"!! It shows a disorder of
toluene molecules. A drawing of the structure without the
disordered toluene molecules is given in Figure 6. The ferro-
cenophane framework parameters are comparable to those
of 3a. The Ga—N bond lengths of 2.143(14) A are similar to
those of 2b (2.144(5) A).” The angles in 3b are a=11°,
p=4°, and y=4°. The C-Ga-C angle sum is 355°. Therefore,
complex 3b is more twisted (greater o) and more pyrami-
dalized (lower C-Ga-C angle sum) than 3a. A polymeric
rodlike structure is observed for 3b caused by m-stacking in-
teractions between the pyridine molecules. The distance be-
tween the pyridine ring-planes is 3.45 A.

The DMSO complex 3¢ crystallizes as [3¢-DMSO] in the
orthorombic space group Pbca. The crystals show a disorder
of DMSO molecules at two positions. A drawing of the mo-
lecular unit of [3¢:DMSO] is given in Figure 6. The DMSO
molecules coordinate at the gallium atoms of 3 through
their oxygen atoms. This corresponds well to the fact that
oxygen donors are stronger Lewis bases with respect to
Ga'! centers than sulfur atoms.'” The angles in 3¢ are a=
15°, f=3° and y =3°. The C-Ga-C angle sum is 357°.

Depending on the preparation method the rodlike poly-
meric pyrazine complex 3d crystallizes in different pseudo-
polymorphic modifications. Exemplary ferrocenophane
framework parameters are given for one modification which
crystallizes as [3d-0.75 toluene] in the triclinic space group
P1. It shows a disorder of toluene molecules. A drawing of a
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Table 2. Selected distances [A] and angles [°] for 3a—d.

the a-CH and one set for the {3-

3a 3b-1.5toluene 3¢ DMSO 3d-0.75toluene CH units of the three ferro-

distances cene-1,1"-diyl fragments. This
ga(i)—g(ié 1-245‘2?(12) i-ggi(ig) i-gg;(? i-géﬁé(j) observation indicates an aver-

a(1)— ) ; ; ) . .
Ga§1;—cgz1; 1.9499§16§ 1.9735173 1.9578 1.96124; aged’. highly symmetr ical struc-
Ga(1)-N/O 2.1551(12) 2.143(14) 2.0984(13) 2280(3) ture in solution. It is assumed
Ga—Ga 3.7 387 3.80 3.81 that there occurs a rapid inter-
Fe(1)—Fe(2) 5.45 5.40 5.47 5.46 conversion of the enantiomers
Fe(1)-Fe(3) 5.45 5.40 5.36 541 as well as a rapid motion of the
EICISQS_FCG) 531 358 548 538 donor molecules and of the fer-
C(1)-Ga(1)-C(16) 118.61(7) 117.9(8) 121.10(9) 120.43(15) rocenophane fragment around
C(1)-Ga(1)-C(21) 118.85(7) 116.8(7) 117.34(9) 118.39(16) the Ga—Ga axis.
C(16)-Ga(1)-C(21) 120.03(7) 120.6(8) 118.07(9) 117.35(15) To analyze the interconver-
N/O-Ga(1)-C(1) 97.84(6) 98.1(7) 98.10(7) 93.87(12) sion of the enantiomeres in
N/O-Ga(1)-C(16) 94.36(6) 95.0(6) 95.05(7) 97.33(12) .
N/O-Ga(1)-C(21) 93.67(6) 98.8(7) 95.53(7) 98.45(12) more detail we have computed
Cp-Cp rotation (a) 5 11 15 14 the model complex 3-2NHj;
Cp—Cp tilt (B) 4 4 3 4 within D, and alternatively
dip angle (y) 4 4 3 4 within D, geometry. The latter
¥ C-Ga-C 357 355 357 356
part of the structure without the disordered toluene mole- 6 -
cules is given in Figure 7. The Ga—N bond lengths of
2.280(3) A are slightly longer then those of 2d 1
(2.1854(14) A).P") The angles in 3d are a=14°, f=4° and 2
y=4° The C-Ga-C angle sum is 356°.

Recently we reported that the complex 2b reacts with < 01
excess trimethylgallium under formation of 1 and the pyri- z L)
dine adduct of trimethylgallium.”® Similarly, the complexes
3a—c react with excess trimethylgallium under formation of 4 4
1 or 2, respectively, and the corresponding donor adducts of
trimethylgallium. It is concluded from these experiments 61
that the reversibility according to Scheme 1 can also be ob- 8 i . X
served in systems containing the donor adducts of 1, 2, and 400 0 400 800

3.

Electrochemistry of 3b: A cyclic voltammogram of 3b was
recorded by using pyridine as solvent and tetrabutylammo-
nium fluoride (TBAPF) as the supporting electrolyte.
Quasi-reversible oxidation potentials are observed at
E,(1)=-356mV, E;(2)=—-154mV, and E;(3)=8mV
(versus ferrocene/ferrocenium), with a peak separation of
90 mV (Figure 8). The differences in the oxidation potentials
(AE,,(2-1)=202mV (3b*/3b*>*) and AE,,(3—-2)=162mV
(3b**/3b**)) indicate only a partial electron delocalization
in the cationic species (presumably, class II in the Robin
and Day classification!). The AE,,(2—1) value is compara-
ble to that observed for 2b.”"!

Oxidation of ferrocenophanes might result in changes of
optical properties due to inter-valence charge-transfer inter-
actions.”! Spectroelectrochemical studies performed with
solutions of 3b have not shown any charge-transfer effect.
The optical properties of 3b*, 3b’*, and 3b** are compara-
ble to those of the parent ferrocene!' and indicate the pres-
ence of nearly isolated ferrocenediyl units.

Dynamic behavior of 3¢ in solution: Both the 'H and the
BC NMR spectrum of 3¢ display only one set of signals for
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ElmV

Figure 8. Cyclic voltammogram of a solution of 3¢ in pyridine (0.1m
NBu,PFy).

refers to the N-donor-stabilized adducts 3¢ and 3d. A picto-
rial representation is summarized in Figure 9.

The calculated structures (RI-BP86/SV(P) level™) pre-
sume the following aspects: lowering the symmetry (Ds,—
D;) shrinks the N—Ga bond lengths and reduces the strain
under formation of sp*-hybridized Ga centers. The energy
profit due to symmetry lowering is rather small, and
amounts to —2.7 kcalmol ™' (without zero-point energy cor-
rection). This gives credit to the belief that at room temper-
ature the donor adduct 3¢ and in general all complexes of 3
undergo strong tumbling, as documented by the effects
measured in the solution-NMR spectra.

Discussion
A novel route to [1.1]ferrocenophanes has been found with

the synthesis of the gallium-bridged ferrocenophane [{Fe-
(CsH,)3},Ga,] (3) and of its donor adducts 3a-d. The syn-

Chem. Eur. J. 2006, 12, 5471 - 5480
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Ga-Ga 4.30 3.7
Fe-Fe 5.26 549
Ga-N 2.64 2.21
Fe-C 2.04-222 2.08-2.09

Figure 9. Plot of the equilibrium geometries of 3-2NH; within D5, (left)
and D; (right) geometries, calculated at RI-BP86/SV (P) level. Bond
lengths are in Angstroms, bond angles in degrees. Hydrogen atoms are
omitted for clarity, N=NH,.

thetic strategy depends on rather weak C(ferrocenyl)—galli-
um and C(methyl)-gallium bonds, so that substituent ex-
change reactions can take place easily. Thus, heating of
[Fe(CsH,GaMe,),] (1) leads under elimination of trimethyl-
gallium in quantitative yields to the formation of 3 via the
[1.1]ferrocenophane [{Fe(CsH,),},{GaMe},] (2). Donor ad-
ducts of 3 are formed under comparable conditions starting
from donor adducts of 1. Highly stereo- and regiospecific
substitution reactions at the gallium atoms are necessary to
transform 1 into 3. A plausible reaction sequence for the
formation of the stable intermediate 2 is shown in Scheme 4.
The weakness of the Ga—C(ferrocenediyl) bridge bond and

FULL PAPER

the chance for the formation of a bridging methyl group in a
reactive intermediate or transition state are the prerequisite
for the extrusion of trimethylgallium and the concomitant
formation of a novel Ga—C(ferrocenediyl) bond.'® The for-
mation of 3 proceeds via intermediates resembling that
shown in brackets in Scheme 4. Owing to the complexity of
these transformations, reversibility of reaction sequences
(proof-reading) seems to be necessary. Not surprisingly in
this context, the ferrocenophane 3 can be transformed back
to 1 in the presence of excess trimethylgallium at tempera-
tures of about 100°C (see Scheme 1). Comparable activation
barriers for the forward and the backward reactions, the
large excess of one reactant (trimethylgallium) and/or the
low solubility and easy crystallization of one of the products
have been shown to be responsible for the selective product
formation. These are criteria for reactions performed under
the concept of “dynamic covalent chemistry”.["”

Compound 3 is an example of a stereochemically rigid di-
functional Lewis acid.'®l It is the first molecule containing
two Lewis acidic main-group element centers fixed in a
manner that allows Lewis bases to be bonded along a linear
base-acid-acid-base vector. These geometric constraints
result in a high synthetic potential for the formation of com-
plexes such as 3b and 3d, which crystallize in the form of
supramolecular rods. Further examples of such compounds
will be presented in a forthcoming publication.

While the base-free 3 is an achiral compound, the coordi-
nation of donor molecules results in a left-hand or right-
hand twist of the carousel structure and therefore in the for-
mation of chiral species as shown by the presence of two
enantiomers in the solid-state structures of 3a-d. The

amount of twist can be meas-
ured by the rotation angles a.
— The conformational isomeriza-

E/ tion of 3a-d can be compared
@41\ to the situation found in atropi-
| ' 1
hégz Fe e K GaMe, someric molecu.lar propellelrgs
\ Fe like in some trlarylboranes.[ I
@1 Ga_ . The dynamic structure of ad-
Ga L7 “Me . . .
Me, '|:e Vo ? N o ducts of 3 in solution is based
2 Ga . .
! /Ga - Fe / on the fast interconversions of
! ; = Me,Ga—~>y Me e the observed enantiomers. The
M ~Ga L solid-state structures of 3a-d
' Me, o will be discussed in detail in a
1 forthcoming publication, to-
gether with the structures of
* GaMe; | —GaMe, further  coordination  com-
pounds of 3.
_Me Me The electronic communica-
. e tion in multiferrocenyl systems
&=y Ga \C=ramuicl - :
I .Me ] has been studied already in
Fe N + GaMe, Fe 0
, L7 , great detail.!’ In general, the
7—G —_—— <76 . .
2 | _ ° | electronic coupling depends on
e GaMe;, Me, Fe
: =l the rigidity of the ferrocene-
Me,Ga ..
2 B containing framework, on the
2

Scheme 4. Postulated reaction sequence for the formation of 2.
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tron mobility in the respective bridging unit. In the class of
ferrocenophanes (see Figure 1), the [0.0]ferrocenophane I is
a strongly interacting system, whereas the [1.1]ferroce-
nophanes of type II are only weakly interacting."! Also com-
pound 3b, which is a type IV ferrocenophane with the two
carbon bridges substituted by two pyridine-gallium units,
represents a weakly interacting system. This is concluded
from electrochemical and spectroelectric measurements,
which are the most widely used tools to investigate the elec-
tronic communication.!'*

It is worth mentioning that the electronic behavior of 3b
differs from that observed for the pyridine adduct of trifer-
rocenylgallium.””! Whereas 3b exhibits three separate oxida-
tion steps in the cyclic voltammogram (see Figure 9 and
Figure 10), the ferrocenyl units of triferrocenylgallium are
oxidized simultaneously. This difference is attributed to the
fact that all ferrocenyl groups of triferrocenylgallium are
freely rotating and thus fully independent, while those of 3b
are fixed in a carousel-type structure and thus are capable
of some weak electronic communication.

';y P
Fe

&7 GaMe, C?)‘
|
compound Fe Fe /\b
&7 GaMe, <576 ?
A A
Py Py
1-2Py 3b
Substituents 2 GaMe, Py [Ga(Py)L[(H4Cs).Fel,
En(1) -370 mV < 356 mV <
Eip(2) - 154 mV <
Ein(3) 8 mv

Figure 10. First oxidation potentials (in pyridine) of substituted ferrocenes (functional groups printed in bold
letters). For 2b and 3b also the second (and third) oxidation potential is shown.

On the basis of the CV data for 3b measured in the pres-
ent work and of the CV data described in two earlier publi-
cations, the first oxidation potentials of ferrocene and of the
so far known pyridine-gallium substituted ferrocene deriva-
tives are compared (Figure 10). The ferrocene derivatives
[Fe(CsH,GaMe, Py),] (12Py),”! [Fe({GaMe(Py)H,Cs},Fe)]
(2b),P*! and [Fe({Ga(Py)H,Cs}sFe)] (3b) are oxidized more
easily than the parent ferrocene. The electron-donating abil-
ity decreases in the direction 1-:2Py >3b>2b. Thus, starting
from the parent ferrocene as reference the substitution of
hydrogen atoms for pyridine-stabilized diorganogallyl
groups causes an easier oxidation of the ferrocene deriva-
tive. The easier oxidation of 3 compared with 2 still lacks a
plausible explanation.
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The ferrocenophane 3 is the first representative of a new
class of compounds and offers several aspects for further de-
tailed studies of the parent compound and of its derivatives.

From a synthetic point of view the preparation of a mole-
cule representing a “molecular-level carousel” is challeng-
ing. In this context, the ferrocenophane 3 or a properly sub-
stituted derivative has to be fixed in a framework structure
with the help of suitable donor centers. It is worth investi-
gating whether the ferrocenophane-rotation within such a
framework can be controlled by external stimuli.*!

Experimental Section

General comments: All manipulations were carried out under a purified
argon atmosphere using standard Schlenk techniques. The solvents were
commercially available, purified by conventional means, and distilled im-
mediately prior to use. The NMR spectra were recorded in [Ds]DMSO
using a Bruker Advance DRX 500 spectrometer (*H 500.1 MHz; “C
125.8 MHz). Chemical shifts are reported in ppm and were referenced to
the solvent resonances as internal standard. The mass spectra (EI) were

recorded on a VG Autospec mass

Py spectrometer. Only characteristic frag-

Me\ ¥y ments and isotopes of the highest
Ga— Sy abundance are listed. The elemental

Fe <7 analyses were performed by the Mi-
Fe @ Il'e croanalytical Laboratory of the Uni-
= versitdt Bielefeld. The cyclic voltam-
Ga\ mogram was recorded on an EG&G

P{ Me potentiostat, Model 273A, controlled

by M 250/270 software. The supporting
electrolyte was tetrabutylammonium
2b fluoride (TBAPF), which was pur-
chased from Fluka and used without
further purification. The electrolyte

[GaMe(Py)H,Cs],Fe concentration was 0.1m. The voltam-
metric measurements were performed
using a platinum-disk electrode (d=

-314mv < 0O mv 2 mm), which was polished prior to
use. Potentials were calibrated by the
- 114 mvV

method of Gagné and are quoted
versus the ferrocenium—ferrocene
couple as internal standard.”?! A plati-
num wire was used as a counter elec-
trode.

Starting materials: 1,1’-Bis(dimethyl-
gallyl)ferrocene (1)P and the digalla-
[1.1]ferrocenophane 2P were pre-
pared by using literature procedures.
Preparation of 3: Method a: Compound 1 (200 mg, 0.52 mmol) or 2
(200 mg, 0.37 mmol) was mixed with p-xylene (3 mL) in a Schlenk flask.
In the tightly closed flask, the suspension was heated for 15 min to
150°C. After the mixture was cooled to room temperature and the super-
natant solvent was decanted, the residue was washed with hexane and
dried in vacuo to give 3 (80 mg, 0.12 mmol; 69%) as an orange solid.
Method b: Compound 1 (200 mg, 0.52 mmol) or 2 (200 mg, 0.37 mmol)
was heated in vacuo for 2 h to 200°C without melting. The resulting solid
was washed with n-hexane to remove impurities, resulting from thermal
decomposition. The residue was dried in vacuo to give 3 (50 mg,
0.07 mmol; 40%) as an orange solid. Method c: In a Schlenk flask 1
(200 mg, 0.29 mmol) was treated with diethyl ether (1 mL) and toluene
(3 mL) at room temperature. The reaction mixture was heated for 5 min
to 130°C and then cooled to +6°C. After one day an orange, crystalline
solid had formed, which was washed with n-hexane and dried in vacuo to
give 3 (55 mg, 0.08 mmol; 43 %) as an orange powder.
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3: '"HNMR ([D,]DMSO): 6=4.20 (s, 12H; ring-C2/5-H or -C3/4-H),
4.30 ppm (s, 12H; ring-C2/5-H or -C3/4-H); *C NMR ([D¢]DMSO): 6=
69.2 (ring-C2/5 or -C3/4), 74.9 ppm (ring-C2/5-H or -C3/4-H); MS: m/z
(%): 692 (3) [M*]; elemental anaysis caled (%) for CyH,,Fe;Ga, (M=
691.51 gmol™"): C 52.11, H 3.50; found: C 51.79, H 3.51.

Preparation of 3a-d: Method a: In a Schlenk flask, 1 (300 mg,
0.78 mmol), or 2 (210 mg, 0.39 mmol), or 3 (180 mg, 0.26 mmol) were
treated with toluene (3 mL) and the respective donor (1 mmol). In the
tightly closed flask, the reaction mixture was heated to 130°C for 5 min.
After the mixture was cooled to room temperature, a crystalline solid
formed over a few days. The solid was washed with n-hexane and dried
in vacuo. Yields are given for this method. Method b: In a Schlenk flask,
2a or 2b (0.4 mmol) were treated with toluene (3 mL). The reaction mix-
ture was heated to 130°C for 5 min in the tightly closed flask. After the
mixture was cooled to room temperature, a crystalline solid formed over
a few days. The solid was washed with n-hexane and dried in vacuo to
give 3a or 3b, respectively.

Crystals of 3b and 3¢ contain cocrystallized solvent molecules. When
they were dried in vacuo solvent was removed and the crystals decom-
posed to an amorphous solid.

3a: 'HNMR ([Dg]DMSO): 6=1.08 (t, */(H,H)=6.9 Hz, 12H; Et,0),
3.37, (q, *J(H,H) =6.9 Hz, 8H; Et,0), 4.20 (s, 12H; ring-C2/5-H or -C3/4-
H), 4.30 ppm (s, 12H; ring-C2/5-H or -C3/4-H); “C NMR ([D,]DMSO):
0=15.1 (Et,0), 64.9, (Et,0), 69.2 (ring-C2/5 or -C3/4), 74.9 ppm (ring-
C2/5 or -C3/4); 3a is thermolabile and decomposes already at room tem-
perature.*’)

3b: Yield 76 mg (0.11 mmol, 42%) 3b. 'H NMR ([Ds]DMSO): 6=4.20
(s, 12H; ring-C2/5-H or -C3/4-H), 4.30 (s, 12H; ring-C2/5-H or -C3/4-H),
7.38 (s, 4H; pyridine), 7.78 (s, 2H; pyridine), 8.55 ppm (s, 4H; pyridine);
BCNMR ([Dg]DMSO): =692 (ring-C2/5 or -C3/4), 74.9 (ring-C2/5 or
-C3/4), 123.9 (pyridine), 125.3 (pyridine), 150.3 ppm (pyridine); MS: m/z
(%): 692 (22) [M*—2 pyridine], 79 (100) [pyridine*]; elemental anaysis
caled (%) for CyHsFesGa,N, (M =849.71 gmol'): C 56.54, H 4.03, N
330; found: C 56.17, H 3.93, N 327; CV: E;5(1)=—-356mV, E,(2)=
—154 mV, E,,(3)=8 mV (peak separation 90 mV).

3c: Yield 85 mg (0.10 mmol, 38%) 3¢. 'HNMR ([Dg]DMSO): 6 =2.49 (s,
12H; DMSO), 4.20 (s, 12H; ring-C2/5-H or -C3/4-H), 4.30 ppm (s, 12H;
ring-C2/5-H or -C3/4-H); "CNMR ([D¢]DMSO): 6=39.5 (CH; in
DMSO), 69.2 (ring-C2/5 or -C3/4), 74.9 ppm (ring-C2/5 or -C3/4); MS:
mlz (%): 692 (1) [M*-2DMSO], 78 (2) [DMSOT*]; elemental analysis
was not successful due to tenacious retainment of fractional amounts of
solvent.

3d: Yield 137 mg (0.17 mmol, 64%) 3d. "H NMR ([D,]DMSO): 6 =4.20
(s, 12H; ring-C2/5-H or -C3/4-H), 4.30 (s, 12H; ring-C2/5-H or -C3/4-H),
8.66 ppm (s, 4H; pyrazine). >C NMR ([Dg]DMSO): 6=69.2 (ring-C2/5
or -C3/4), 74.9 (ring-C2/5 or -C3/4), 145.2 ppm (pyrazine). MS: m/z (%):
692 (2) [M*—pyrazine], 80 (4) [pyrazine™]; elemental analysis was not
successful due to tenacious retainment of fractional amounts of solvent.

Reaction of 3 and 3a-c with trimethylgallium: Method a: Trimethylgalli-
um ((pyrophoric!) 100 mg, 0.9 mmol) was added to a suspension of 3
(30 mg, 43 umol) in [Dg|toluene (0.5 mL) in a NMR tube. The reaction
mixture was heated to 100°C in the tightly closed tube until all compo-
nents had dissolved. On cooling the mixture to room temperature, 1
formed as an orange microcrystalline solid. The supernatant solution was
decanted, and the solid residue was washed with hexane, and identified
by using NMR spectroscopy. Method b: Trimethylgallium ((pyrophoric!)
50 mg, 0.45 mmol) was added to a suspension of 3 (30 mg, 43 pmol) in
[Dg]toluene (0.5 mL) in a NMR tube. The reaction mixture was heated to
100°C in the tightly closed tube until all components had dissolved. On
cooling the mixture to room temperature, 2 formed as an orange micro-
crystalline solid. The supernatant solution was decanted, and the solid
residue was washed with hexane, and identified by using NMR spectro-
scopy. Only GaMe; could be identified in the reaction mixture by NMR
spectroscopy.

The coordination compounds 3a-c react with trimethylgallium in a simi-
lar manner. The donor adduct of GaMe; and uncoordinated GaMe; were
identified in the reaction mixture.
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