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The reaction between zincocenes and p-diketiminate zinc hydrides
was investigated, and the compounds were found to undergo
reductive elimination reactions, giving the corresponding zinc()
species and cyclopentadienes as the elimination product. The
zinc() compounds underwent disproportionation reactions in
several cases and a ligand exchange reaction in one instance, which
gave rise to octaisopropyldizincocene.

Organozinc compounds are among the first organometallic
molecules ever described, dating back to the report of diethyl
zine, in the mid-19th century.' However, in the large majority of
organozinc compounds, zinc exhibits the +II oxidation state,
due to its formal 4s> valence electron configuration.> Hence,
the isolation of decamethyldizincocene, A, in 2004, was a major
milestone in modern organometallic chemistry, as it not only
represented a stable molecule with two zinc atoms in the +I
oxidation state, but also introduced the structural motif of a
dimetallocene (Fig. 1).>“” Noteworthily, this is still rare, with
just a handful of examples.**® While the initial synthesis did
offer access to zinc(1), the exact mechanism by which this
remarkable compound formed remained unclear for many
years. Evidence that the key step is a reductive elimination of
pentamethylcyclopentadiene from a transient zinc hydride
species and decamethylzincocene, Cp*,Zn, was provided by
Fischer et al., who were able to detect penta-methylcyclopenta-
diene (Cp*H), in the reaction mixture by NMR spectroscopy.*
At the same time, their research offered an improved access to
decamethyldizincocene, A, which has become an important
starting material for other zinc(1) compounds.® For instance,
when dizincocene A is treated with one or two equivalents of a
suitable protic ligand, such as a B-diketiminate, protonation
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Fig. 1 Selected zinc() compounds A—C.

and substitution of one or both of the Cp* ligands take place,
giving access to the corresponding f-diketiminate (NacNac)
zinc(1) complexes, B or C (Fig. 1). Of course, this synthetic route
requires the preparation of the dizincocene precursor, which is
a multi-step synthesis itself. Thus, low-valent organozinc chem-
istry would greatly benefit from a more direct access to zinc(i),
from easily prepared starting materials.

Noteworthily, Xu and Crimmin reported that Zn-Zn bonds
can be formed by transition metal mediated dehydrocoupling,
starting from B-diketiminate zinc hydrides, which presented an
interesting synthetic strategy.® With this in mind and expand-
ing on Fischer’s findings of a zinc centred reductive elimina-
tion of decamethylcyclopentadiene,” we chose to investigate the
reactions between zincocenes and B-diketiminate zinc hydrides.
We started our investigation with the reaction of decamethyl-
zincocene, Cp*,Zn, and an N-Dip-substituted p-diketiminate zinc
hydride, "PNacNacZnH, as these compounds are easily
accessible,” and more importantly, the potential zinc(1) reaction
product had already been described by Schulz et al, offering
comprehensive NMR data for comparison.>® Indeed, stirring a
benzene solution of Cp*,Zn and DiPNacNacZnH at ambient
temperature for 24 h results in the formation of the corresponding
heteroleptic zinc(i) compound, 1, along with pentamethylcyclo-
pentadiene (Cp*H) (Scheme 1). Both products were identified by
their characteristic "H and "*C NMR chemical shifts.’” This clearly
shows that zinc(i) compounds can be accessed from zinc(u)
precursors by reductive elimination of a cyclopentadiene.

To probe how universal this route is, we prepared different
zincocenes and B-diketiminate zinc hydrides. When unsubstituted
zincocene, Cp,Zn, was reacted with the same DiPNacNacZnH, we
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Scheme 1 Reaction of Cp*>Zn with PPNacNacZnH to give 1.

could again observe cyclopentadiene as an elimination product,
along with a new set of signals in the 'H and **C NMR spectra. On
the other hand, a recently reported bis(pyrrolidinyldimethylsilyl)-
octamethylzincocene, Cp*#,Zn,'® and PPNacNacZnH showed no
reaction under identical conditions. We attribute this to steric
hindrance, as this zincocene does undergo a reaction with N-xylyl-
substituted derivative *NacNacZnH.”'! In both cases, in which
we observed a reaction between the zincocene and the zinc
hydride, we initially assigned the new sets of signals in the 'H
and *C NMR spectra to the corresponding heteroleptic zinc(i)
compounds. Peculiarly, however, we always observed precipitation
of a grey solid in these reactions. While it was easily removed by
filtration, and NMR spectroscopy otherwise indicated the reactions
to be highly selective, giving only one product, it made us
suspicious about the exact nature of the products. It is noteworthy
that the heteroleptic zinc(i) compounds of the type “NacNacZn(1)-
Zn(1)(CsRs)” cannot easily be differentiated by NMR spectroscopy
from their heteroleptic zinc(n) analogues of the type “NacNac-
Zn(u)(CsRs)”, due to their identical ligand systems and thus close
structural relationship. Fortunately, we were able to obtain single
crystals of both products, suitable for SC-XRD analysis (in the case
of 2a in the form of its thf adduct). This enabled us to structurally
authenticate the compounds to be heteroleptic zinc(u) species 2a,b
(Scheme 2). The solid-state structures clearly show one p-diketi-
minate and one cyclopentadienyl moiety bound to the zinc(m)
centers (Fig. 2).

Accordingly, we believe that the reductive elimination does
indeed take place and that the heteroleptic zinc(1) compounds
formed initially, although we could not observe them spectro-
scopically. Apparently, these zinc(i) species are not persistent
under ambient conditions, because of insufficient kinetic
stabilization, due to the relatively small steric demand of the
substituents, and consequently undergo disproportionation
reactions. Although the zinc(i) species remained elusive in
these cases, this method does present an elegant synthetic
route to heteroleptic (cyclopentadienyl)(B-diketiminate)zinc(ir)

Scheme 2 Reaction of Cp,Zn and Cp*#,Zn with PPNacNacZnH and
X!NacNacZnH to give 2a,b.
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Fig. 2 Molecular structure of (a) 2a-thf and (b) 2b in the crystal (displace-
ment ellipsoids at 50% probability level; aryl groups and thf drawn as ball-
and-stick models; and H atoms omitted for clarity).

compounds. Following these results, it was evident that a
certain steric demand is necessary to stabilize zinc(1) species.
We therefore prepared the sterically much more demanding
octaisopropyl-zincocene, *Cp,Zn.'? Stirring a benzene or
toluene solution of *Cp,Zn and PPNacNacZnH at ambient
temperature did not result in any reaction, presumably due to
the steric hindrance. However, reacting “Cp,Zn with the less
steric demanding *'NacNacZnH resulted in the formation of
tetraisopropyl-cyclopentadiene (*CpH), along with the appear-
ance of new signals in the 'H and C NMR spectra. The
absence of any grey precipitate led us to believe that the
corresponding heteroleptic zinc(r) complex had formed. Much
to our surprise, SC-XRD analysis of single crystals obtained
from the reaction mixture revealed that the product was indeed
the homoleptic octaisopropyldizincocene 3 (Scheme 3 and Fig. 3)!

We propose that this results from a heteroleptic homoleptic
ligand exchange, following the initial formation of the hetero-
leptic zinc(r) species “PNacNacZn(1)-Zn(1)(CsH'Pr,)”. Therefore,
based on stochiometric considerations, we tentatively assign the
remaining signals to the homoleptic bis(p-diketiminate)-
zinc(1) species 4. Although the exact mechanism remains
unclear at this time, it is noteworthy that the synthesis of 3 is
well reproducible. The isolation of dizincocene 3 is quite
remarkable, as it is only the third example of such a compound,
following Carmona’s reports of decamethyldizincocene, A, and
diethyloctamethyldizincocene, (Me4EtCs),Zn,, some 20 years
ago.*®? Noteworthily, the two previously reported dizincocenes
are structurally very closely related and 3 exhibits a substan-
tially different substitution pattern. Furthermore, while all

[
-4CpH

!
Xyl Xyl

Scheme 3 Reaction of *Cp,Zn with PPNacNacZnH to give 3 and 4.
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Fig. 3 Molecular structure of 3 in the crystal (displacement ellipsoids at
50% probability level; isopropyl groups drawn as ball-and-stick models;
and H atoms omitted for clarity).

dizincocenes exhibit near linear/coplanar arrangements of the
cyclopentadienide ligands (< (ZnZn'Cp*™): 177.04(2)°), the
dizincocenes reported by Carmona et al. possess eclipsed
conformations in the solid state, while 3 shows a staggered
conformation in the solid state. However, we attribute this to
the packing effect in the crystal. The Zn-Zn bond lengths in
the previously reported dizincocenes are 229.50(3) pm
((Me,EtC;5),Zn,%?) and 230.49(4) pm (A*?), which is longer than
that in 3, measuring 227.92(4) pm, despite its bulkier substitu-
tion pattern. This may be a result of attractive dispersion
interactions between the isopropyl groups (vide infra), an effect
that was previously observed in an isopropyl-substituted het-
erobimetallic dimetallocene.** To investigate the electronic
properties of dizincocene 3 and investigate the Zn-Zn bond,
we performed DFT calculations.” Inspection of the Kohn-Sham
molecular orbitals revealed that the HOMO—4 corresponds to
the Zn-Zn ¢ bond. On the other hand, the HOMO to HOMO—-3
are associated with the ligand centred m systems, while the
LUMO to LUMO+2 are located at the Zn, moiety and justify its
Lewis acidic nature (Fig. S14)."* To gain further insight into the
nature of the Zn-Zn bond in 3, we performed a Natural Bond
Orbital (NBO) analysis, which disclosed that the Zn-Zn bond
exhibits a pronounced s character of 81.8%, originating from
the formal 4s' configuration of the zinc(i) centres (Fig. 4).
This is consistent with the Zn-Zn bonds in other zinc(i)
compounds stabilized by other ligands, such as p-diketiminates
(Table S2). To understand why the Zn-Zn bond in 3 is so short,
we performed Energy Decomposition Analysis combined
with Natural Orbitals for Chemical Valence (EDA-NOCV)."
The overall dissociation energy of 3 is computed to be D, =
307.8 k] mol ', which is slightly higher than that of Carmona’s
dizincocene A (D, = 294.0 k] mol~),'® but lower than for some
NacNac substituted systems (Table S3). This high dissociation
energy is also reflected by our experimental observation of a
remarkably high thermal stability of 3. More specifically, dizin-
cocene 3 is stable for at least 4 days in boiling toluene (110 °C)
under an atmosphere of argon. The o-type NOCV bonding
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Fig. 4 NBO contour plot illustrating the Zn—-Zn o bond in 3, calculated at
the PBEO-D3(BJ)/def2-TZVP//PBEO-D3(BJ)/def2-SVP level of theory.
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channel constitutes the most stabilizing orbital interaction in 3
(AEgm. = —163.4 k] mol ") and in A (AEyp.c = —160.1 kJ mol )
and is slightly stronger than in NacNac substituted systems
(Table S3). This is consistent with the shorter Zn-Zn bonds in
dizincocenes than in many other compounds exhibiting Zn-Zn
bonds and matches the calculated bond orders (Table S1).° Thus,
dizincocenes exhibit a strong covalent Zn-Zn ¢ bond. Further-
more, as speculated (vide supra), attractive dispersion interactions
also do play a role in the stabilization of the Zn-Zn bond in 3
(AEgisp = —30.8 KJ mol ™ '). This is the reason why 3 exhibits the
shortest Zn-Zn bond of all dizincocenes, and this contribution is
approximately two times larger than in Carmona’s dizincocene A
(AEgisp = —14.5 kJ mol "). Noteworthily, this is substantially
lower than in NacNac substituted compounds with Zn-Zn bonds
(Table S3), which exhibit strong dispersion interactions between
the flanking aryl groups. In general, our bonding analysis studies
suggest that the Cp-substituted dizincocenes have shorter Zn-Zn
bonds, due to stronger orbital and electrostatic interactions, while
dispersion interactions play a secondary role. In contrast, NacNac-
substituted complexes exhibit longer Zn-Zn bonds, with the
orbital and electrostatic contributions being substantially weaker
and attractive dispersion interactions stronger.

In summary, a new access to zinc(forganyls, starting from
B-diketiminate zinc(m)hydrides and zincocenes, via reductive
elimination of cyclopentadienes, is reported. This route pro-
vides improved access to low-valent zinc(1) compounds and will
be of interest for the preparation of other zinc(r)organyls, in the
future. While the mechanism will be the subject of future
investigations, we found that the reaction itself and the stability
of the formed zinc(1) compounds are heavily influenced by
steric factors. While the combination of too bulky substitution
patterns prevented any reaction, low steric bulk resulted in
disproportionation of the zinc(i) species due to insufficient
kinetic stabilization. Most remarkably, in one case, the homo-
leptic dizincocene was reproducibly isolated, rather than the
heteroleptic product. Octaisopropyldizincocene, 3, is the third
example of such a species and the first derivative with a
substantially different substitution pattern, more than twenty
years after Carmona’s initial report.>”

This journal is © The Royal Society of Chemistry 2026
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