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’ INTRODUCTION

Close to the 60th anniversary of the discovery of ferrocene and
recognition of its characteristic sandwich structure,1 metallo-
cenes continue to attract a great deal of interest due to their
numerous and important applications in different areas of
chemistry.2,3 Bulky, substituted cyclopentadienyl ligands have
had a tremendous impact in metallocene chemistry and have,
inter alia, triggered the study of metallocenes of the main group
elements.4

A remarkable structural variety has been uncovered for this
metallocene group, from which zincocenes do not escape. Thus,
although molecular zinc metallocenes, ZnCp02 (Cp0 denotes a
cyclopentadienyl ligand), feature a slipped-sandwich structure
with η5- and η1(π)-Cp0 ligands, a common structural character-
istic of zincocenes is the low hapticity their Cp0 rings exhibit,5

frequently η1 or η2. This is found, for instance, for the parent
ZnCp2 and related derivatives and also for anionic cyclopenta-
dienyl zincates.6 Expanding this diversity and contrasting with
the low hapticity of Zn(II) metallocenes, the recently reported
[Zn2(η

5-C5Me5)2] and [Zn2(η
5-C5Me4Et)2] present η5-coor-

dination of the Cp0 ligands and a directly bonded dizinc unit,
which elevates them to a unique position, not only within the
zincocene family but among all known metallocenes.7

A flurry of theoretical and experimental studies followed the
synthesis of [Zn2(η

5-C5Me5)2] (1), providing a clear picture of
the, until then, unknown Zn�Zn bond and expanding signifi-
cantly the number of well-defined compounds of this sort.8�10

The Zn2
2þ unit of these molecules is kinetically stabilized toward

disproportionation to Zn(0) and Zn(II) by the presence of bulky
terphenyl groups or by a variety of chelating N-containing ligands.
Some of the latter have also proved successful to stabilize
Mg�Mg bonds.11 Comparatively less attention has been paid to
disclose the chemical reactivity of these molecules, with the notable
exception of work by the group of Schulz on the use of compound 1
as a precursor for other Zn�Zn-bonded compounds.12,13

At the time we started this work, only Zn�Zn-bonded
compounds stabilized by metal coordination to C- or N-donor
ligands were known. Our original interest7 in analogous mole-
cules containing O-donor ligands has led us to investigate the
reactivity of 1 toward different alcohols and phenols. To com-
plete our contribution to the knowledge of compounds of the
[Zn�Zn]2þ core, we report in full14 synthetic efforts aimed at
enlarging this family of complexes. Since despite the increasing
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ABSTRACT:Attempts to preparemixed-ligand zinc�zinc-bonded compounds
that contain bulky C5Me5 and terphenyl groups, [Zn2(C5Me5)(Ar0)], lead
to disproportionation. The resulting half-sandwich Zn(II) complexes [(η5-
C5Me5)ZnAr0] (Ar0 = 2,6-(2,6-iPr2C6H3)2-C6H3, 2; 2,6-(2,6-Me2C6H3)2-
C6H3, 3) can also be obtained from the reaction of [Zn(C5Me5)2] with the
corresponding LiAr0. In the presence of pyr-py (4-pyrrolidinopyridine) or
DBU (1,8-diazabicyclo[5.4.0]undec-7-ene), [Zn2(η

5-C5Me5)2] reacts with
C5Me5OH to afford the tetrametallic complexes [Zn2(η

5-C5Me5)L(μ-
OC5Me5)]2 (L = pyr-py, 6; DBU, 8), respectively. The bulkier terphenyl-
oxide ArMesO� group (ArMes = 2,6-(2,4,6-Me3C6H2)2-C6H3) gives instead
the dimetallic compound [Zn2(η

5-C5Me5)(OAr
Mes)(pyr-py)2], 7, that features a terminal Zn�OArMes bond. DFT calculations on

models of 6�8 and also on the Zn�Zn-bonded complexes [Zn2(η
5-C5H5)(OC5H5)(py)2] and [(η5-C5H5)ZnZn(py)3]

þ have
been performed and reveal the nonsymmetric nature of the Zn�Zn bond with lower charge and higher participation of the s orbital
of the zinc atom coordinated to the cyclopentadienyl ligand with respect to the metal within the pseudo-ZnL3 fragment. Cyclic
voltammetric studies on [Zn2(η

5-C5Me5)2] have been also carried out and the results comparedwith the behavior of [Zn(C5Me5)2]
and related magnesium and calcium metallocenes.
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number of reports dealing with Zn�Zn-bonded compounds
little or nothing has been made of their electrochemical proper-
ties, we deemed appropriate studying the electrochemistry of 1.
We describe it herein and compare it with properties of the
related Zn(II) metallocene, [Zn(C5Me5)2], and of other M(η5-
Cp0)2 compounds of the alkaline-earth (Mg, Ca) and 3d metals
(Mn, Fe).

’RESULTS AND DISCUSSION

Synthesis and Reactivity of Zn�Zn-Bonded Complexes.
Aiming at providing more insight into the reactivity that governs
these unusual species, solutions of 1 and Zn2Ar02

8a,b (Ar0 =
2,6-(2,6-iPr2C6H3)2-C6H3) in deuterated benzene were com-
bined and stirred for 24 h at room temperature. However, such
reaction mixtures do not lead to the formation of new mixed-
ligand complexes of formula Ar0ZnZnCp* (there is no trace of a
new Zn�Zn-bonded product even when reflux conditions are
applied for several hours). Alternatively, when 1 is reacted in
diethyl ether with the lithium salts of the terphenyl ligands, LiAr0,
precipitation of a dark pyrophoric solid with concomitant formation
of soluble half-sandwich products [(η5-C5Me5)ZnAr0] (Ar0 =
2,6-(2,6-iPr2C6H3)2-C6H3, 2; 2,6-(2,6-Me2C6H3)2-C6H3, 3) is
observed (eq 1). In both cases, 1H and 13C{1H} NMR spectro-
scopic data and FAB-MS analysis are consistent with the
proposed formulation. The 1H NMR spectra of 2 and 3 show
sharp resonances due to the methyl protons of the Cp* rings at
1.64 and 1.62 ppm, respectively, with a high-field shift of about
0.4 ppm compared to Zn2Cp*2. The

13C nuclei of the Cp*
moieties resonate very close to those of decamethyldizincocene.

½Zn2ðη5-C5Me5Þ2� þ LiAr0 f ½ðη5-C5Me5ÞZnAr0� þ Znþ LiCp� ð1Þ
Clearly, a more convenient route for the preparation of 2 and 3
can be developed. Thus, reaction of ZnCp*2 with LiAr0 in Et2O
allows their isolation as analytically pure colorless solids
with yields of 55% and 66%, respectively. Both compounds

decompose readily when exposed to moisture and air but can
be stored as solids under argon for months at room temperature.
The molecular complexity of 2 has been confirmed by X-ray
diffraction studies, revealing the expected half-sandwich struc-
ture and a congested metal�ligand environment, Figure 1. The
Zn�C5Me5 coordination is similar to that found for the parent
methyl derivative [(η5-C5Me5)ZnMe],15 and it is characterized
by a Zn�Cp*centr distance of 1.915 Å, whereas the Zn�C bond
length to the terphenyl central aryl ring carbon atom of 1.960(2)
Å is comparable to the Zn�CH3 bond length of 1.943(5) Å.
Additionally, the Zn�Caryl separation in 2 is identical within
experimental error to Zn�Caryl bonds in other terphenyl zinc
organometallics (for instance, 1.961(3) Å in (Ar0ZnI)2 and ca.
1.97 Å in the metal�metal-bonded Zn2Ar02).

8b

Given the meager success of this approach for the synthesis
of new dizincocenes, we pondered whether the use of bulky
alkyl� and aryl�alcohols could lead to formation of the
desired compounds through protonation of one of the
cyclopentadienyl groups. Accordingly, the reactions of 1 with
ArMesOH (2,6-(2,4,6-Me3C6H2)-C6H3OH) and C5Me5OH
have been investigated. The reaction of 1 with ArMesOH at low
temperature (�20 �C) affords a white solid, whose insolubility
makes typical solution NMR spectroscopy extremely difficult
and prevents its characterization. Under similar conditions,
C5Me5OH yields a complex mixture of unidentified products.
Stabilization of the putative alkoxide (or aryloxide) derivatives by
addition of pyridine does not prove feasible.14 Having in mind
Schulz’s results regarding isolation of [Cp*Zn�Zn(dmap)2Cp*]
by reaction of 1 with the more basic 4-dimethylaminopyridine,
the related bases 4-pyrrolidinopyridine (pyr-py) and 1,8-diaz-
abicyclo[5.4.0]undec-7-ene (DBU) have been employed. For
comparative purposes, pKa values for the conjugated acids of the
above bases in acetonitrile are 12.53 (py), 17.95 (dmap), 18.33
(pyr-py), and 24.34 (DBU).16

In the absence of alcohol, a bright yellow solution forms
immediately upon addition of 2 equiv of DBU to an ether

Figure 1. ORTEP representation for 2 (ellipsoids at 30% probability). Hydrogen atoms are not shown for clarity.
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solution of 1, indicating that coordination of the Lewis base
has taken place. The newly formed compound is stable in
solution for hours at room temperature, but it decomposes
easily and rapidly as a solid forming a dark oily material. Due
to its high instability all attempts to isolate this complex in the
solid state have failed. However, this metal�metal-bonded
adduct [Cp*Zn�Zn(DBU)2Cp*] (4) can be unambiguously
characterized by monitoring the reaction in deuterated benzene
by 1H and 13C{1H} NMR spectroscopy (see Experimental
Section and below). On the other hand, when the synthesis of
4 is carried out in CH2Cl2, a colorless, air-stable compound
forms, characterized by X-ray diffraction as the Zn(II) tetrahedral
complex [ZnCl2(DBU)2] (see Supporting Information). This
compound probably results from a radical reaction involving
participation of CH2Cl2 that we have not investigated any
further. Following the same procedure but replacing DBU by
4-pyrrolidinopyridine, the adduct [Cp*Zn�Zn(pyr-py)2Cp*]
(5) can be isolated. Compound 5 exhibits higher thermal stability
than 4 and has been obtained as a pale yellow solid (see
Experimental Section). Nevertheless, its extreme air and moist-
ure sensitivity and its poor thermal stability make it very difficult
to handle and purify, and no crystals suitable for X-ray diffraction
analysis have been obtained. Spectroscopic data for the C5Me5
groups of these two compounds, 4 and 5, are very similar to those
reported by Schulz and co-workers for the dmap adduct
[Cp*Zn�Zn(dmap)2Cp*]. The

1H NMR spectrum shows two
singlets at 2.21 and 2.06 ppm, respectively (2.03 ppm in
[Cp*Zn�Zn(dmap)2Cp*]), due to the methyl protons of the
cyclopentadienyl rings, along with the characteristic resonances
of the DBU or pyr-py ligands. In the 13C{1H} NMR spectrum
the C5Me5 methyl carbon nuclei resonate at 11.4 and 10.9 ppm,
respectively, and are accompanied by a signal at 109.6 or
109.5 ppm, which corresponds to the quaternary carbon atoms
of the cyclopentadienyl ring.
Compounds 4 and 5 can be seen as appropriate precursors to

explore the possibility of preparing the targeted zinc�zinc-
bonded compounds in the reaction with alcohols. The low-
temperature (�60 �C) reaction of 5 (generated in situ from 1
and pyr-py at �10 �C) with 2,6-diisopropyl- and 2,6-dimethyl-
phenol gives colorless solids that can be isolated after low-
temperature workup. However, the two compounds are spar-
ingly soluble in common solvents such as toluene or tetrahy-
drofuran. Furthermore, although they can be stored as solids for
several days at �20 �C, they decompose upon attempted
dissolution at temperatures above �40 �C. Hence, gathering
meaningful spectroscopic data that would allow their character-
ization in solution has not proved feasible. These results suggest
that bulkier RO� and ArO� groups are needed to stabilize an
O-bound dizinc complex.
In accord with this hypothesis, use of ArMesOH and

C5Me5OH permits isolation and characterization of the targeted
compounds. Thus, generation of 5 at �10 �C followed by its
reaction with C5Me5OH at �25 �C yields a tetrametallic
compound 6 (Scheme 1a) that consists of two Cp*ZnZn(pyr-
py) units bridged by two C5Me5O

� ligands. This complex,
isolated as a colorless, very air-sensitive solid, can be indefinitely
kept at �20 �C under inert atmosphere, although slow decom-
position occurs at room temperature, particularly in solution.
Characterization of this dimer has been achieved by low-tem-
perature 1H and 13C{1H} NMR spectroscopy and by X-ray
crystallography.14 As illustrated in Figure 2, the four Zn atoms
and the two pyr-py N-donor atoms are practically coplanar. The

Zn�Zn bond, with a length of 2.366(1) Å, is longer than in 1
(2.31 Å) and comparable but somewhat shorter than in Zn2Ar2
(2.395(1) Å)8a,b and [Zn2(C5Me5)2(dmap)2] (ca. 2.42 Å).

12a

The analogous reaction with the bulkier terphenol ArMesOH
(Scheme 1b) proceeds similarly to yield a monomeric, bimetallic
compound 7, with superior thermal stability than 6. It seems
evident that the highly sterically demanding ArMesO� unit
prevents formation of a dimeric compound of type 6. Solution
NMR data for 7 indicate the additional incorporation of two pyr-
py ligands. X-ray structure analysis (Figure 3) confirms this
observation and preservation of the [Zn�Zn]2þ moiety, which
features a metal�metal bond of length 2.366(1) Å, which is
identical within experimental error to that of 6.
A third member of this family, compound 8, that contains

DBU as the stabilizing Lewis base, can be prepared similarly to 6
but employing DBU instead of pyr-py (Scheme 1a). Once again,
a dimer of formulation [Zn2(η

5-C5Me5)(μ-OC5Me5)(DBU)]2
forms, in which the two Zn2(η

5-C5Me5)(DBU) parts are bridged
by the two alkoxide ligands. Complex 8 has a thermal stability
comparable to 6 and is therefore lower than 7, probably because
of the steric hindrance exerted by the DBU ligands. This together
with its poor solubility at low temperatures has prevented its full
characterization by NMR methods (only the 1H NMR has been
recorded). Its molecular structure has been revealed by X-ray
crystallography (Figure 2) and features Zn�Zn bonds with a
length of ca. 2.39 Å.
Theoretical Calculations on Zn�Zn-Bonded Compounds.

Prior to the synthesis of [Cp*Zn�Zn(dmap)2Cp*] by Schulz
and co-workers,12a all known dizinc compounds were homo-
leptic Zn2Ln complexes. Besides being a heteroleptic, nonsym-
metric LnZnZnL0n derivative, Schulz’s complex accommodates
one of the Zn atoms of the dizincmoiety within aML3-typemetal
fragment. Since compounds 6�8 exhibit the same features, it was
considered of interest to perform a DFT study.
From a qualitative point of view, the Zn�Zn bonding in 6�8

(and in other CpZnZnL3 compounds) can be explained as
resulting from the overlap of the two singly occupied HOMOs
of (η5-C5R5)Zn and ZnL3 fragments. With reference to the
classical MO diagrams of these fragments,12 the SOMO of the

Scheme 1. Synthesis of Zn�Zn-Bonded Compounds
Supported by Alkoxide and Aryloxide Ligands
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former is a MO of a1 symmetry which results from the antibond-
ing combination of the a1 π-cyclopentadienyl orbital and the s
and pzmetal orbitals, while the SOMO of the latter is also a MO
of a1 symmetry with the same combination of s and pz metal
orbitals (see Scheme 2). In view of the well-known topological
analogy of CpM and ML3 fragments,17 large differences in the
nature of themetal�metal bond betweenCpZnZnL3 species and
[Zn2(η

5-C5Me5)2] are not actually expected.
18

Compounds [Zn2(η
5-C5H5)(py)(μ-OC5H5)]2, 6c, [Zn2(η

5-
C5H5)(OAr0)(py)2] (Ar0 = 2,6-(C6H5)2C6H3), 7c, and [Zn2-
(η5-C5H5)(DBU)(μ-OC5H5)]2, 8c, as models for compounds
6�8, respectively, have been analyzed theoretically by using
density functional theory (DFT).19 Geometry optimizations have
been carried out starting with the geometries found by X-ray
crystallography (with subsequent simplification of the cyclopen-
tadienyl and pyridine ligands), without symmetry restrictions for

Figure 2. X-ray structures of complexes 6 and 8, with hydrogen atoms omitted for clarity (ellipsoids at 30% probability).

Figure 3. ORTEP view for 7 (displacement ellipsoids are drawn at the 30% probability level). One of the two pyr-py ligands was found disordered in two
positions A and B (the occupancy factors were fixed to 0.5 for both). Only the disordered moiety “A” is shown (N2A, C40A, C41A, C42A, C43A).
Hydrogen atoms have been omitted for clarity.
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models 8c and 7c and with imposed Ci symmetry for 6c. We will
center the discussion on compounds 6c and 7c, for which the
computer-optimized structures are shown in Figure 4. The opti-
mized structure of 8c is shown in Figure S1 (Supporting In-
formation). In general, a good structural agreement with X-ray
data has been found. TheZn�Zn bond is close to 2.32Å, somewhat
shorter than experimental values, as found previously in related
calculations that replace C5Me5 by C5H5.

20 A comparison between
selected computed structural parameters and those experimentally
found is collected in Table S1 (Supporting Information).
With respect to the nature of the Zn�Zn bond, in complex

[Zn2(η
5-C5H5)(OAr0)(py)2], 7c, the HOMO�1 concentrates

the Zn�Zn interaction (with 56% of Zn contribution, see
Figure 5). This orbital arises in the model compound from the
overlap of the SOMOorbitals of the fragments (η5-C5H5)Zn and
Zn(OAr0)(py)2 depicted in Scheme 2 that have been computed
separately (see Figure S2, Supporting Information). The calcula-
tion allows an estimation of ca. 73 kcal 3mol�1 for the Zn�Zn
bond energy in 7c, which is of the same order of magnitude
as that previously computed for related compounds (60�
70 kcal 3mol

�1).19 The nonsymmetric nature of the Zn�Zn
bonding interaction is revealed by the different contributions of
the two Zn atoms to the HOMO�1 (30% and 26% for (η5-
C5H5)Zn and Zn(OAr0)(py)2 zinc atoms, respectively) and also
by the disparity of their Mulliken charges (0.12 and 0.57 for (η5-
C5H5)Zn and Zn(OAr0)(py)2 zinc atoms, respectively). Addi-
tionally, small differences have also been found in the orbital
composition of each fragment, with 74% and 70% of s character
for (η5-C5H5)Zn and Zn(OAr0)(py)2, respectively. This non-
symmetric Zn�Zn bond does not imply a weaker interaction, as
confirmed by the values of the bond energy (73 kcal 3mol�1) and
the bond order (0.76), comparable to those calculated for the
[Zn2(η

5-C5H5)2] model.

In the tetranuclear complex [Zn2(η
5-C5H5)(py)(μ-OC5H5)]2,

6c, the Zn�Zn interaction is quite similar. The two Zn�Zn
bonds of this molecule correspond to the HOMO and
HOMO�1 (Figure 5) with different Zn contributions to the
MOs of 62% and 40%, respectively, but with an identical
calculated bond order (0.73). The cyclopentadienyl-bound zinc
atom features a higher s orbital preponderance in both MOs
(80% and 90% for HOMO and HOMO�1, respectively), in
comparison with the pseudo-ZnL3 fragment (50% and 57% for
HOMO and HOMO-1, respectively). Once more, the latter zinc
atoms exhibit higher Mulliken charge (0.48) than those bonded
to the η5-C5H5 ligand (0.24).
Formation of the tetrazinc complex [Zn2(η

5-C5Me5)(pyr-
py)(μ-OC5Me5)]2, 6, has been investigated theoretically. Model
compound [Zn2(η

5-C5H5)(OC5H5)(py)2], similar to 7c but
with the OC5H5 functionality, was optimized without symmetry
restrictions (see structure in Figure S3, Supporting Information).
The dimerization process to give 6c plus two molecules of
pyridine is exergonic by 24.6 kcal 3mol�1 at this level of theory.
This result supports our proposal that the steric properties of the
bulky ArMesO� group stabilizes the monomeric dizinc structure
of 7.14 The Zn�Zn bond in [Zn2(η

5-C5H5)(OC5H5)(py)2] is
analogous to that of 7c and therefore needs no further discussion
(see HOMO and selected data in Supporting Information).
Finally, the hypothetical cation [(η5-C5H5)ZnZn(py)3]

þ has
also been optimized with the result that its Zn�Zn bond is
similar to that described for 7c (see Supporting Information).
Formation of this species by reaction between the complex [(η5-
C5H5)2Zn2] and the dication [Zn2(py)6]

2þ is also exergonic
(�46.1 kcal 3mol�1 at this level of theory). Therefore, the
synthesis of a complex such as [(η5-C5Me5)ZnZn(dmap)3]

þ

can be viewed as a reasonable target.
Electrochemical Studies. Since to our knowledge the elec-

trochemical behavior of ZnCp*2 and Zn2Cp*2 has not yet been
described, we searched first for their voltammetric features over
an extended potential window (∼ 4 V). Figure 6 illustrates the
voltammetric response of a ZnCp*2 solution starting from a
potential of �0.3 V. It can be observed that a wide polarizable
window, where no charge transfer takes place, extends from�0.3
to �2.8 V. Upon scanning from �0.3 V toward more negative
values (red line scan), a sigmoidal wave A0 develops whose anodic
counterpart is the voltammetric peak A centered at �0.6 V. The
presence of a hysteresis loop in the cathodic feature together with

Scheme 2. Singly Occupied HOMOs of Cp0Zn and ZnL3
Fragments

Figure 4. Optimized structures of compounds [Zn2(η
5-C5H5)(py)(μ-OC5H5)]2, 6c, and [Zn2(η

5-C5H5)(OAr0)(py)2] (Ar0 = 2,6-(C6H5)2C6H3), 7c.
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the spiked shape of the anodic wave is consistent with formation
of a Zn layer on top of the gold surface as the reduction product
of ZnCp*2.
On the other hand, upon scanning the potential toward more

positive values than �0.3 V (blue line scan), two plateaus (B1
and B2) and a peak C develop with no cathodic counterpart. The
two plateaus are specifically related to oxidation of ZnCp*2,
whereas peak C is also present in the voltammetric fingerprint of
HCp* (green line scan) and other metallocenes containing the

Cp* ligand. Therefore, peak C is attributed to oxidation of
C5Me5

� to give the C5Me5
• radical, whose dimerization pro-

duces dihydrofulvalene, in agreement with previous results of
Moulton et al.21 Then, adsorption of this oxidation product
blocks the electrode surface, preventing any further oxidation of
C5Me5

� and giving rise to a peak-shaped wave. Fortunately, this
irreversible oxidation scenario can be easily avoided by setting
the anodic scan limit at a potential e0.5 V. As illustrated in
Figure 7, the two plateaus display now a reversible behavior
within the appropriate potential limits. Though not shown, the
same overall behavior is observed in the presence of Zn2Cp*2
solutions upon scanning the potential between �3 and 1 V.
A closer look at waves B1 and B2 shows that their heights

coincide with the expected values for two consecutive mono-
electronic oxidation steps. Furthermore, Figure 7 allows their
height and location to be compared with those of the well-known
Fcþ/Fc couple under the same experimental conditions. It may
be observed how both Zn2Cp*2 waves appear at potentials
slightly more positive (by ca. 30 mV, see Table 1) than those
of ZnCp*2. Besides the close similarities between the two sets of
waves, it should be pointed out that the oxidation kinetics of
ZnCp*2 appear to be faster than those of Zn2Cp*2, and that the
poor definition of the second Zn2Cp*2 plateau is likely to be
related to a limited stability of the [Zn2Cp*2]

2þ cation, which
would favor an earlier oxidation of the C5Me5

� ligand.
Given the lack of detailed information on the electrochemistry

of closed shell metallocenes, we also explored the voltammetric
behavior of CaCp*2 and MgCp*2. A comparison between their
voltammetric waves and that of FeCp*2 is illustrated in Figure 8a.
Using the oxidation wave of FeCp*2 as a reference of a mono-
electronic release,22 the larger height of both CaCp*2 and
MgCp*2 waves clearly indicates a further change of oxidation

Figure 5. Three-dimensional isosurfaces of the HOMO andHOMO-1 (top) for [Zn2(η
5-C5H5)(py)(μ-OC5H5)]2, 6c, and of the HOMO-1 (bottom)

for [Zn2(η
5-C5H5)(OAr0)(py)2] (Ar0 = 2,6-(C6H5)2C6H3), 7c, which correspond to the Zn�Zn interaction.

Figure 6. Voltammetric response of a solution containing 20 mM
ZnCp*2, 0.2 M

tBu4BF4 in THF (red, initial scan toward more negative
potentials; blue, initial scan toward more positive potentials) and of a
solution containing 10 mMHCp*, 0.2 M tBu4BF4 in THF (green). Scan
rate: 50 mV/s. For the sake of clarity, voltammograms have been shifted
vertically.
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state. A single bielectronic wave is observed for CaCp*2
oxidation, whereas two well-separated waves are recorded in
the case of MgCp*2 oxidation. The CaCp*2 oxidation wave is
located between the two oxidation waves of MgCp*2, thereby
indicating a higher electrochemical stabilization of the
[MgCp*2]

þ cation as compared to [CaCp*2]
þ. It may be

worth mentioning that CaCp*2 and MgCp*2 differ not only in
the size of the metal core but also in their molecular
structure.23 One can then speculate to which point the less
solvent-exposed structure of MgCp*2 may help to stabilize its
cationic form. A similar, though much less pronounced, effect
becomes evident when comparing the ZnCp*2 and Zn2Cp*2
voltammetric waves.
Another point of interest arises from the different heights of

the two MgCp*2 waves in Figure 8a. The first wave has the same
height as the FeCp*2 wave and can be safely assigned to the
MgCp*2 f [MgCp*2]

þ þ e� oxidation. However, the height of
the second wave is significantly smaller and also displays some
hysteresis; these two characteristics suggest that the [MgCp*2]

þ

cation may be involved in an irreversible following reaction.
Though we have not elaborated on the mechanistic details of
this hypotetical reaction, we explored the possibility of stabilizing

the cation product by using the bulkier ligand C5Me4SiMe3
(or Cp*Si in shorthand notation). Figure 8b compares the well-
behaved monoelectronic waves of Mn(Cp*Si)2 and Fe(Cp*Si)2
with the voltammetric response of Mg(Cp*Si)2. To our surprise,
apart from a systematic shift of ca. 0.1 V in the E1/2 value, addition
of the new ligand results in a decrease of both plateau currents, so
that the presence of deactivating following reactions affects
not only to the [Mg(Cp*Si)2]

þ but also to the neutral
Mg(Cp*Si)2 form.

’CONCLUSIONS

The first Zn�Zn-bonded complexes that feature anionic
O-containing ligands have been prepared and characterized
employing the bulky alcohols C5Me5OH and ArMesOH. The
presence of a neutral N donor is additionally required in order to
stabilize kinetically the Zn�Zn bond, thwarting disproportiona-
tion. In conjunction with pyr-py and DBU, C5Me5OH provides
dimeric, tetrazinc complexes with two bridging C5Me5O

�

groups adjoining the dizinc units, whereas the bulkier terphenyl-
oxide ArMesO� gives rise to a dizinc compound with a terminal
Zn�OArMes bond. Theoretical analysis of CpZnZnL3 com-
pounds confirms the nonsymmetric nature of the Zn�Zn
interaction but with practically the same bond energy as sym-
metric dizinc species. Noteworthy general features are higher
charge and lower participation of the s orbital of the zinc atom
within the ZnL3 fragment with respect to themetal that forms the
CpZn unit. Two monoelectronic oxidation steps have been
found by cyclic voltammetry for [Zn2(η

5-C5Me5)2] as well as
for the close-shell metallocenes M(C5Me5)2 for M = Zn, Mg, Ca.
These steps may appear as two well-resolved waves, as in the case
of ZnCp*2, Zn2Cp*2, MgCp*2, and Mg(Cp*Si)2, or they can
merge in a single bielectronic wave, as in the case of CaCp*2.
Moreover, the oxidation products of MgCp*2 and Mg(Cp*Si)2

Figure 8. Voltammetric response of 12 mM solutions of (a) FeCp*2
(green), CaCp*2 (red), and MgCp*2 (blue) and (b) Fe(Cp*Si)2
(green), Mn(Cp*Si)2 (red), and Mg(Cp*Si)2 (blue). Scan rate
50 mV/s.

Figure 7. Voltammetric response of 7 mM solutions of ZnCp*2 (red),
Zn2Cp*2 (blue), and FeCp2 (green) in 0.2 M

tBu4BF4 in THF. Scan rate
50 mV/s. For the sake of clarity, voltammograms have been shifted
vertically.

Table 1. Half-Wave Potentials of Metallocene Oxidation
Waves

E1/2,1/V E1/2, 2/V

FeCp2 0.000

ZnCp*2 �0.230 0.270

Zn2Cp*2 �0.195 0.300

FeCp*2 �0.445

CaCp*2 �0.675

MgCp*2 �1.550 �0.435

Fe(Cp*Si)2 �0.315

Mg(Cp*Si)2 �1.445 �0.285

Mn(Cp*Si)2 �0.835
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undergo further chemical reactions, resulting in a significant
lowering of the diffusion-limiting plateau currents.

’EXPERIMENTAL SECTION

General Considerations. All preparations and manipulations
were carried out under oxygen-free argon using conventional Schlenk
techniques, inmost cases at low temperatures. Compounds 5, 6, 7, and 8
have to be stored under nitrogen at �20 �C to avoid decomposition.
Solvents were rigorously dried and degassed before use. Solution NMR
spectra were recorded on Bruker AMX-300, DRX-400, and DRX-500
spectrometers. The 1H and 13C resonances of the solvent were used as
the internal standard, and the chemical shifts are reported relative to
TMS. FAB-MS analyses were carried out in a Waters AUOSPEC-Q
spectrometer using 3-nitrobenzyl alcohol as the matrix. Yields of the
metal complexes are based on zinc. [Zn2(η

5-C5Me5)2],
7b C5Me5OH,

24

and ArMesOH25 were prepared according to literature methods. Other
chemicals were commercially available and used as received. The
thermal instability and extreme reactivity of compounds 5�8 toward
oxygen and water do not allow performing elemental analyses and high-
resolution mass spectrometry.
Synthesis of [(η5-C5Me5)Zn{2,6-(2,6-

iPr2C6H3)2-C6H3}] (2).
{2,6-(2,6-iPr2C6H3)2-C6H3}Li (1.55 g, 3.83mmol) and ZnCp*2 (1.29 g,
3.84 mmol) were mixed in Et2O (30 mL). A colorless suspension
formed, which was stirred for 20 h at room temperature. After removing
the solid (LiCp*) by filtration, the solvent was evaporated under reduced
pressure. The colorless oily residue was extracted with pentane (10 mL)
and filtered. After addition of ca. 0.5 mL of benzene, the resulting
solution was put in the fridge at�20 �C and a crystalline solid separated
out. The mother liquor was transferred into another flask and dried
under vacuum to give a colorless solid identified as 2 (1.25 g, 2.09 mmol,
55%). 1H NMR (400.13 MHz): δ 7.28 and 7.20 (AB2 spin system, 6H,
3JHH = 7.80 Hz, aryl protons of C6H3

iPr2), 7.13 and 7.07 (AB2 spin
system, 3H, 3JHH = 8.8 Hz, aryl protons of C6H3Ar2), 2.90 (sept, 4H,
3JHH = 6.9 Hz, CHCH3), 1.64 (s, 15H, CH3 of Cp*), 1.27 (d, 12H,
3JHH = 6.9 Hz, CHCH3), 1.05 (d, 12H,

3JHH = 6.9 Hz, CHCH3) ppm.
13C{1H} NMR (100.67 MHz): 150.2 (s, ortho of C6H3Ar2), 149.2
(s, ipso of C6H3Ar2), 146.3 (s, ortho of C6H3

iPr2), 145.9 (s, ipso of
C6H3

iPr2), 127.9 (s, para of C6H3
iPr2), 127.1 (s, para of C6H3Ar2),

126.2 (s,meta of C6H3Ar2), 123.4 (s,meta of C6H3
iPr2), 109.0 (s, CCH3

of Cp*), 30.6 (s, CHCH3), 25.2 (s, CHCH3), 23.4 (s, CHCH3), 10.7
(s, CH3 of Cp*) ppm. FAB MS: m/z calcd for C40H52Zn 596.3360;
found 596.3387.
Synthesis of [(η5-C5Me5)Zn{2,6-(2,6-Me2C6H3)2-C6H3}] (3).

The compound was prepared similarly to 2 using 2,6-(2,6-
Me2C6H3)2-C6H3}Li instead of {2,6-(2,6-iPr2C6H3)2-C6H3}Li.
Yield: 1.30 g, 2.69 mmol, 66%. 1H NMR (400.13 MHz, C6D6): δ
6.80�7.20 (m, 9H, aromatic protons), 2.02 (s, 12H, CH3 of
C6H3Me2), 1.62 (s, 15H, CH3 of Cp*) ppm. 13C{1H} NMR
(100.63 MHz, C6D6): 151.3 (s, ortho of C6H3Ar2), 147.4 (s, ipso
of C6H3Me2), 146.2 (s, ipso of C6H3Ar2), 135.8 (s, ortho of
C6H3Me2), 128.5 (s, para of C6H3Ar2), 128.1 (s, meta of C6H3Me2),
127.1 (para of C6H3Me2), 125.4 (s, meta of C6H3Ar2), 107.8 (s,
CCH3 of Cp*), 20.9 (s, CH3 of C6H3Me2), 9.6 (s, CH3 of Cp*). FAB
MS: m/z calcd for C32H36Zn 484.2118; found 484.2108.
Synthesis of [Zn2Cp*2(DBU)2] (4).The compoundwas prepared

by addition of 2 equiv of pure DBU to 30 mg of Zn2Cp*2 dissolved in
approximately 0.5 mL of C6D6 and characterized in situ. 1H NMR
(400.13 MHz, C6D6): 3.12 (m, 4H; H4), 2.58�2.52 and 2.30�2.27 (m,
12H; H2, H6, H10), 2.21 (s, 30H, CH3), 1.48�1.42, 1.40�1.34,
1.27�1.21 and 1.10�1.04 (m, 16H; H3, H7, H8, H9) ppm. 13C{1H}
NMR (100.63 MHz): 161.0 (s, CdN), 109.6 (s, CCH3), 52.5
(s, NCH2), 48.1 (s, NCH2), 43.8 (s, NCH2), 37.0 (s, CH2), 29.7

(s, CH2), 28.4 (s, CH2), 26.1 (s, CH2), 22.8(s, CH2), 11.4 (s, CH3 of
Cp*) ppm.

Synthesis of [Zn2Cp*2(pyr-py)2] (5). A solution of 4-pyrrolidi-
nopyridine in Et2O (120mg, 0.81mmol in 10mL) was added slowly to a
solution of Zn2Cp*2 in Et2O (150mg, 0.372mmol in 10mL) at�10 �C.
A yellow solution was obtained which was allowed to reach room
temperature and stirred for 30 min. The solution was concentrated to ca.
3 mL by evaporation of the solvent under reduced pressure, and pentane
was added at �20 �C. The resulting suspension was filtered, and the
yellow air-sensitive solid was collected by filtration, washed with pentane
(5 mL), and dried quickly under vacuum. Yield: 240 mg, 93%. 1H NMR
(300.13 MHz, C6D6, 279 K): 8.43 (d, 4H, 3JHH = 5.0 Hz, pyr2), 6.06
(d, 4H, 3JHH = 5.0 Hz, pyr3), 2.63�2.59 (m, 8H, NCH2), 2.06 (s, 30H,
CH3 of Cp*), 1.31�1.26 (m, 8H, NCH2CH2) ppm. 13C{1H} NMR
(125.78 MHz): 151.7 (s, pyr4), 150.1 (s, pyr2), 109.5 (s, CCH3), 107.1
(s, pyr3), 46.5 (s, NCH2CH2), 25.1 (s, NCH2CH2), 10.9 (s, CH3 of
Cp*) ppm.
Synthesis of [Zn2Cp*(pyr-py)(OCp*)]2 (6). A solution of

4-pyrrolidinopyridine in toluene (196 mg, 1.32 mmol in 10 mL) was
added slowly to a solution of Zn2Cp*2 in toluene (250 mg, 0.62 mmol in
10 mL) at �10 �C. The solution quickly turned yellow. At �25 �C, an
ether solution of Cp*OHwas carefully layered on the yellow toluene of 4
and the Schlenk tube was then put in the fridge at �20 �C. Colorless
crystals of 6 formed andwere isolated, washed with pentane, and dried in
vacuo. Yield: 280mg (80%). 1HNMR (500.13MHz, toluene-d8):δ 8.43
(d, 4H, 3JHH = 5.0 Hz, pyr2), 6.06 (d, 4H, 3JHH = 5.0 Hz, pyr3),
2.63�2.59 (m, 8H, NCH2), 2.41 (s, 30H, CH3 of C5Me5), 1.99 (s, 12H,
β CH3 of OC5Me5), 1.67 (s, 12H, γ CH3 of OC5Me5), 1.36�1.31 (m,
8H, NCH2CH2), 1.20 (s, 6H, R CH3 of OC5Me5) ppm. 13C{1H}NMR
(125.78 MHz, toluene-d8, 223 K): δ 149.7 (s, py

2), 140.2 (s, β CCH3 of
OC5Me5), 127.5 (s, γCCH3 ofOC5Me5), 107.8 (s,CCH3 ofOC5Me5),
106.7 (s, py3), 85.6 (s, R CCH3 of OC5Me5), 45.9 (s, NCH2), 24.8
(s, NCH2CH2), 21.4 (s, R CH3 of OC5Me5), 11.4 (s, β or γ CH3 of
OC5Me5), 10.9 (s, CH3 of C5Me5), 9.1 (s, β or γ CH3 of OC5Me5)
ppm (py4 not observed).
Synthesis of [Zn2Cp*(pyr-py)2(OAr

Mes)] (7). The compound
was prepared and crystallized similarly to 6 using ArMesOH instead of
Cp*OH. Yield: 160 mg (80%). 1H NMR (300.13 MHz, C6D6): 7.83
(d, 4H, 3JHH = 6.1 Hz, pyr2), 7.26 (d, 3JHH = 7.3 Hz, meta H of
C6H3Ar2), 6.95 (t,

3JHH = 7.3 Hz, paraH of C6H3Ar2), 6.84 (s, 4H,meta
H of C6H2Me3), 5.85 (d, 4H,

3JHH = 6.1 Hz, pyr3), 2.54 (s, 15H, CH3 of
Cp*), 2.54�2.48 (m, 8H, NCH2), 2.38 (s, 12H, orthoCH3), 2.27 (s, 6H,
para CH3), 1.26�1.17 (m, 8H, NCH2CH2) ppm. 13C{1H} NMR
(125.78 MHz, THF-d8, 263 K): 164.5 (s, C-OZn), 152.8 (s, py4),
148.8 (s, py2), 147.1 (s, ipso of C6H2Me3) 141.1 (s, orthoC of C6H3Ar2),
137.8 (s, ortho CCH3 of C6H2Me3), 134.5 (s, para CCH3 of C6H2Me3),
132.2 (s, meta CH of C6H2Ar2), 129.2 (s, para CH of C6H2Ar2), 128.2
(s, meta CCH3 of C6H2Me3), 108.4 (s, CCH3 of Cp*), 107.0 (s, py3),
47.8 (s, NCH2), 26.3 (s, NCH2CH2), 22.0 (s, ortho CH3 of C6H2Me3),
21.7 (s, para CH3 of C6H2Me3), 11.3 (s, CH3 of Cp*).
Synthesis of [Zn2(η

5-C5Me5) (DBU)(μ-OC5Me5)]2 (8). The
compound was prepared and crystallized similarly to 6 using DBU
instead of pyr-py. Yield: 180 mg (85%). 1HNMR (300.13 MHz, C6D6):
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δ 3.41 (t, 4H, 3JHH = 5.3 Hz; H4), 2.66�2.54 (m, 12H; H10, H6, and
H2), 2.26 (s, 30H, CH3 of C5Me5), 1.98 (s, 12H, β CH3 of OC5Me5),
1.79 (s, 12H, γ CH3 of OC5Me5), 1.58�1.42 (m, 8H; H9 and H3),
1.34�1.24 (m, 4H; H8), 1.33 (s, 6H, R CH3 of OC5Me5), 1.13�1.03
(m, 4H; H7) ppm.
Computational Details. The electronic structure and geometries

of compounds 6c�8cwere computed by density functional theory at the
B3LYP level.26 The atoms were described using the 6-31G** basis set.
The optimized geometries of all compounds were characterized as
energy minima either by the absence of imaginary frequencies (NImag =
0) or by very low vibrational frequencies (<25 cm�1) in the diagonaliza-
tion of the analytically computed Hessian (vibrational frequencies
calculations). These very low vibrational frequencies that do not lead
to energy minimum optimization have been reported in other cases and
seem to be associated to numerical errors in the DFT integration grid.
They could be eliminated by much more expensive calculation with a
better grid.27 MO analysis of (η5-C5H5)Zn and Zn(OAr0)(py)2 (Ar0 =
2,6-(C6H5)2C6H3) metal fragments of 7c was carried out by computing
them at the same level of theory with the frozen geometries found in the
optimized complex. The bond energy of the Zn�Zn bond was
calculated directly by subtracting the energies of the optimized binuclear
complex and the two mononuclear fragments that have the geometry
they adopt in the complex. Composition of MOs and bond orders were
obtained using the Chemissian program.28 DFT calculations were
performed using the Gaussian 03 suite of programs.29 Cartesian
coordinates of the optimized compounds are collected in the Supporting
Information (Table 2).

Electrochemical Measurements. Electrochemical measure-
ments were carried out in a three-electrode glass cell, thermostated at
�15 ( 0.2 �C with a Haake D8.G circulator thermostat. Cell and
electrodes were kept inside a glovebox under nitrogen overpressure.
Working solutions were prepared in the electrochemical cell by dissol-
ving weighted amounts of tBu4BF4 and the metallocene of interest in
4 cm3 of freshly distilled THF. Transfer of the solution components to
the glovebox was performed under inert atmosphere conditions. A Ag/
AgCl wire immersed in a 0.2 M tBu4BF4 THF solution and a gold wire
were used as reference and auxiliary electrodes, respectively. The work-
ing ultramicroelectrode was a polycrystalline gold disk of 25 μm
diameter, whose surface was polished with 0.05 μm alumina powder
(Buheler). At the end of each run of experiments a given amount of
FeCp2 was added to the solution and the FeCp2

þ/FeCp2 half-wave
potential E1/2

Fcþ/Fc was determined from its voltammetric response. All
potential values were then referred to the ferrocenium/ferrocene
potential scale by subtracting E1/2

Fcþ/Fc from the experimentally re-
corded potentials.30 Voltammetric measurements were carried out with
an Autolab PGSTAT30 (Eco Chemie).
X-ray Structural Characterization of 2. Crystals suitable for

X-ray diffraction were grown from pentane/benzene at �20 �C (vide
supra). A single crystal of suitable size, coated with dry perfluoropo-
lyether, was mounted on a glass fiber and fixed in a cold nitrogen stream
[T = 173(2) K] to the goniometer head. Data collection was performed
on Bruker-Nonius X8APEX-II CCD diffractometer, using monochro-
matic radiation λ(MoKR1) = 0.71073 Å, bymeans ofω andj scans. The
data were reduced (SAINT)31 and corrected for Lorentz polarization
effects and absorption by multiscan method applied by SADABS.32

Table 2. Crystal Data for 2 3 0.5(C6H6), 6, 7 3Et2O 3C7H8, and 8a

2 6 7 8

empirical formula C40H52Zn 0.5(C6H6) C72H100N4O2Zn4 C52H64N4OZn2 3C4H10O 3C7H8 C29H46N2OZn2
fw 637.24 1315.04 1058.07 569.42

temp./K 173(2) 173(2) 173(2) 100(2)

cryst syst monoclinic triclinic monoclinic monoclinic

space group P21/n P1 C2/c P21/n

a/Å 10.7913(8) 12.1601(17) 29.4692(7) 9.1353(8)

b/Å 15.3326(13) 12.9369(18) 14.0062(3) 22.0335(14)

c/Å 22.3159(16) 13.6190(19) 31.3110(7) 14.2988(12)

R/deg 90 103.123(5) 90 90

β/deg 95.310(2) 109.060(5) 115.1140(10) 91.452(4)

γ/deg 90 110.926(5) 90 90

vol./Å3 3676.5(5) 1742.2(4) 11701.9(5) 2877.2(4)

Z 4 1 8 4

Dcalcd/g cm
�3 1.151 1.253 1.201 1.315

F(000) 1372 696 4512 1208

cryst size (mm3) 0.24 � 0.24 � 0.13 0.36 � 0.21 � 0.20 0.50 � 0.45 � 0.14 0.25 � 0.21 � 0.16

θ range/deg 1.61 to 30.52. 1.72 to 30.78 1.44 to 30.56 1.70 to 27.12

index ranges �15 e h e 10 �17 e h e 17 �42 e h e 30 �10 e h e 11,

�21 e k e 21 �18 e k e 11 �20 e k e 20 �25 e k e 28,

�30 e l e 31 �19 e l e 19 �24 e l e 44 �15 e l e 18

reflns collected 46 824 37 936 122 515 17 316

independent reflns 10 825[R(int) = 0.0622] 10 557[R(int) = 0.0720] 17 463[R(int) = 0.0489] 6348 [R(int) = 0.0667]

data/restraints/parameters 10 825/0/410 10 557/0/381 17 463/0/712 6348/0/317

goodness-of-fit on F2 1.040 1028 1.060 1.027

Final R indices [I > 2σ(I)] R1 = 0.0514, wR2 = 0.1197 R1 = 0.0599, wR2 = 0.1341 R1 = 0.0541, wR2 = 0.1249 R1 = 0.0522, wR2 = 0.1356

R indices (all data) R1 = 0.0958, wR2 = 0.1395 R1 = 0.0901, wR2 = 0.2182 R1 = 0.0860, wR2 = 0.1424 R1 = 0.0771, wR2 = 0.1510
aAbsorption correction: semi-empirical from equivalent. Refinement method: full-matrix least-squares on F2. Wavelength = 0.71073 Å.
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The structure was solved by direct methods (SIR-2002)33 and refined
against all F2 data by full-matrix least-squares techniques (SHELXTL-6.12).34

All non-hydrogen atoms were refined with anisotropic displacement
parameters. The hydrogen atoms were included from calculated posi-
tions and refined riding on their respective carbon atoms with isotropic
displacement parameters. Details are given in Table 2. CCDC nos.
828096, 773522, 773521, 773523, and 828097 contains the supplemen-
tary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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