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The isoelectronic My clusters [CuzZn,l(Cp*)s (1) and {[Cu,Znsl(Cp*)s}* (2) are described. While 1 can be
isolated only as a minor side product from the reaction of Cu(CHsCO,) with equimolar amounts of
[Zn,Cp*,] with the trigonal cluster [CuZn,](Cp*)s as the major product, 2 is available in acceptable yields
from the reaction of [CuZn,](Cp*)s with the Cp*Zn,-transfer-reagent [Cp*Zn,(Et,O)sl[BAr,']. The trigonal

bipyramidal Cu/Zn-clusters exhibit exceptional bonding situations: with formally only one skeleton
Received 1st September 2018 lect ir th b ded highly elect deficient. H detailed DFT lvsi l
Accepted 26th October 2018 electron pair they can be regarded as highly electron deficient. However, a detaile analysis reveals
that the cluster bonding is supported by 3d orbital contributions of the trigonal metal base unit. The data
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Introduction

Ligand stabilized metal clusters [M,](L),, are fascinating links
between molecules and bulk metals. They have attracted
persistent interest since Hieber described [Co4](CO);, * in 1932
up to the discovery of very high nuclearity transition-metal
carbonyl clusters such as Dahl's [Pd;45](CO)eo(PEts)s0 > re-
ported in 2000 and finally the thiolate-capped atom-precise gold
clusters with the giant [Au,6]|(p-MDT)g, * as a spectacular and
recent example (2016).

A related break-through in main group metal clusters was
Schnockel's work on bottom-up synthesis based on metastable
solutions of low valent group-13 species, and [Al;,]Cp*;, *
(2004) became an icon of this chemistry (Cp* = C5(CHj3)s). The
cluster growth reactions are difficult to control and each case is
very subtly dependent on the kinetic balance of many inter-
linked processes, i.e. disproportionation, agglomeration, ligand
substitution and/or salt metathesis. Nevertheless, over the years
a rich library of small, medium to high nuclearity clusters was
successively developed.® In this context we started out to
investigate the related organometallic cluster chemistry of Zn
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and studied the activation of low valent [Zn,Cp*,] by oxidative
cleavage of one Zn-Cp* bond to induce disproportionation of
the initial intermediate [Zn,Cp*]". From the reaction mixture
{[Zn;,]Cp*s(CH;)}" was isolated as the very first example of
a ligated oligonuclear Zn-cluster.®

The synthetic scenario becomes even more diverse and
challenging for bimetallic clusters [M';M?;](L),,, in particular
when combining chemically distinctly different metals. A
specific tool-box of suitable building blocks and reactions needs
to be developed for each metal combination. For example,
[Cu,Zn4](CN'Bu),Cp*, is reproducibly available in moderate
yields from [Zn,Cp*,] and CpCu(CN’Bu) among other side
products.” Reaction steps are the reduction of Cu(r) by Zn(i)
under formation of [Cp,Zn], [Cp*CpZn] and [Cp*,Zn] by
involving Zn-Zn bond cleavage as well as Cp transfer from Cu to
Zn as a side reaction. The [M',M?;] cores of such bimetallic
clusters often mimic structural cut-outs from of the respective
M'/M? intermetallic solid-state phases.® Thus, the Mg-core of
[CusZn,](CN'Bu),Cp*, is linked to an embryonic state of
y-brass, the classic Hume-Rothery intermetallic compound.

A rational design of the synthesis procedure to yield
a specific Cu/Zn-cluster also requires knowledge of potentially
preferred stability islands of “magic” compositions including
the role of the capping ligands. While the electronic structures
of classic transition metal carbonyl-clusters are often consistent
with the Wade-Mingos rules originally developed for borane
clusters, the electronic situation in metal clusters in general is
more complicated and needs to be addressed by computational
methods in every single case.” For example, the electron defi-
ciency of {[Zn;,](Cp*)s(CH3)}" results mainly from the fact that
Zn can behave flexible in participating to cluster skeletal

This journal is © The Royal Society of Chemistry 2018
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bonding, sometimes providing one frontier orbital (like Group
11 metals) and sometimes providing three frontier orbitals (like
Group 13 elements).** Following this research guidelines
towards a library of oligonuclear Cu/Zn-clusters as embryonic
brass species we report here on two astonishing cases. At a first
glance they completely disobey the Wade-Mingos rules for
deltahedral clusters. The two isoelectronic, trigonal bipyra-
midal M; clusters, namely the neutral [Cu;Zn,|Cp*;s (1) and the
cation {[Cu,Zn;]Cp*s}" (2) are teaching us an interesting lesson.

Results and discussion
Synthesis and characterization of [Cu;Zn,](Cp*)s (1)

Reaction of Cu(CH3;CO,) with equimolar amounts of
[Zn,Cp*,] ™™ in benzene at room temperature for three days
leads to the formation of a dark red suspension of a mixture of
unsoluble Zn(CH;3CO,),, the known cluster [CuZn,](Cp*); and
the novel cluster [CuzZn,](Cp*)s (1) as soluble components
(Scheme 1).

From the filtered and concentrated reaction solution,
[CuZn,](Cp*); deposits as the main product in the form of
yellow crystals at 8 °C in 57% isolated yield (based on Cp*).
Further workup of the remaining solution gives [CuzZn,](Cp*)s
(1) co-crystallizing together with [CuZn,](Cp*); at —30 °C in THF
in form of dark red crystals. The single crystals of 1 could be
isolated by manual separation from [CuZn,](Cp*); with the aid
of an optical microscope in a glove box under argon atmo-
sphere. It should be noted, that we were not successful in
increasing the yield of 1 by the change of reaction parameters
such as time, temperature or stoichiometric ratio of the reac-
tants. A more rational approach by using Cp*Zn,-transfer
reagents similar to the synthesis of 2 (vide infra), is not possible
in this case due to the inexistence of the required base unit
[Cus](Cp*); (no skeleton bonding electrons). The formation
mechanism of 1 is yet not clear. However, redox-reactions
between Zn(1) and Cu(1) must play a role. While in the forma-
tion of the main product [Zn,Cu](Cp*); from Cu(CH;CO,) and
[Zn,Cp*,] no redox-chemistry but only Cp* transfer reactions
are involved, formation of 1 requires the reduction of M(I) to
M(0). The accompanying oxidation process is obviously the
formation of Zn(CH3CO,), from the Zn(1) source.

. ; Cu(0Ac) ﬁ/ Z
Zn Benzene Z /|
‘ B — |n\Cu + Cu/\(/:u\
Zn rt,3d w’ \ [ cu

-[ZnCp*y] zn
-Zn(OAc), /
: Zn
By-product
few crystals

Scheme 1 Synthesis of [CuZn,]Cp*s and [CuzZn]Cp*s (1).
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In situ "H NMR spectroscopy of the reaction mixture indi-
cates rather clean formation of [CuZn,](Cp*); under complete
consumption of [Zn,Cp*,] (Fig. S41) with [Cp*,Zn] and 1 as
minor by-products. An unidentified Cp*-containing interme-
diate can be detected, which almost completely disappears in
the course of the reaction. The mechanism involves Cp*
transfer from Zn to Cu as well as disproportionation of Zn(i) to
Zn(0) and Zn(u). The identity of [CuZn,](Cp*); has been
confirmed by single crystal XRD measurement as well as NMR
spectroscopic analysis. The data are in good agreement with the
data reported in literature.'* The separated single crystals of
[CusZn,](Cp*)s (1) are stable under inert gas atmosphere for
several months at —30 °C and are fairly soluble in non-polar
solvents like n-hexane and benzene, but 1 dissolves very well
in toluene, THF or fluorobenzene. However, it readily decom-
poses in solution at room temperature within a few hours under
precipitation of metallic particles. This property limits further
characterization of its reactivity.

Cu2 Cu1

Cu2 Cu1 Cu2 Cu2

Fig. 1 Molecular structure of [CuzZnl(Cp*)s (1) (left) and {[CuyZns](-
Cp*)s}* (2) (right). The trigonal bipyramids are highlighted. Orthogonal
view on the Cul, Cu2, Cu3 plane showing the Cul, Cu2, Cu3, Zn3/2
tetrahedrons of 1 (bottom, left). Orthogonal view on the Cul, Cu2, Zn3
plane showing the Cul, Cu2, Zn3, Zn2/4 tetrahedrons of 2 (bottom,
right). Displacement ellipsoids are shown at the 50% probability level,
the hydrogen atoms and disorders are omitted for clarity. Selected
interatomic distances [A] and angles [°] for 1: Zn1-Zn2 = 2.318(2),
Zn3-7Zn4 = 2.317(2), Cul-Cu2 = 2.446(2), Cu2-Cu3 = 2.431(2), Cul-
Cu3 = 2.442(2), Zn1-Cp*centr. = 1.901, Zn4—Cp*cenyr. = 1.922; Cul-
Cp*centr. = 1.828; Cu2-Cp*centr. = 1.827; Cu3-Cp*ceny. = 1.827; Cu3—
Cul-Cu2 =59.65(5), Cu3—-Cu2-Cul = 60.10(6), Zn2-Zn1-Cp*centr. =
175.74, Zn3-Zn4—-Cp*centr. = 176.00. Selected interatomic distances
[A] and angles [°] for 2: Zn1-Zn2 = 2.299(6), Zn4-Zn5 = 2.323(6), Cul—
Cu2 =2.415(3), Cul-Zn3 =2.400(4), Zn3-Zn4 = 2.688(7), Cul-Zn4 =
2.527(6), Cu2-Zn4 = 2.446(6); Cul-Zn3-Cu2 = 60.47(9), Cu2-Cul-
Zn3 = 59.68(9), Zn3-Cu2-Cul = 59.85(10), Zn2-Zn1-Cp*centr. =
174.62, Zn4—-Zn5-Cp*centr. = 172.05.
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Compound 1 crystallizes in the monoclinic space group Pn
with four distinct molecules in the asymmetric unit. Fig. 1 (left)
shows only one of the four crystallographically distinct units for
clarity. Note that Cu and Zn are not easily distinguishable by
standard X-ray techniques, thus the assignment of Cu and Zn in
the structure refinement has been supported by spectroscopic
data (vide infra). The metal atoms are arranged in a trigonal
bipyramidal fashion, with the apical positions occupied by
ZnZnCp* units and the remaining equatorial triangle by CuCp*
groups. Trigonal Cu; units are rather common in molecular
clusters. However, in all species known the Cu-Cu contacts are
supported by p,/j;-bridging and chelating ligands and are not
bridged by other metal atoms as it is the case for 1."*** The Cu-
Cp*centr. distances of 1 range from 1.827-1.828 A and are shorter
than the respective distances in the terminal Zn1-Cp*.ener.
(1.901 A) and Zn4-Cp*eener. (1.922 A) units.

However, all values are in good agreement to literature
known Zn-Cp*cener. (1.83-2.19 A) and Cu-Cp*cener. (1.82-1.96 A)
distances. The Zn1-Zn2 and Zn4-Zn5 bond lengths are almost
identical with 2.318(2) and 2.317(2) A, respectively. These values
are well comparable to the Zn-Zn distance in [Cp*Zn,(THF);]"
(2.317(7) A) (Fig. S121). All other M—-M distances are distinctively
longer with a narrow range of 2.431(2) (Cul-Zn3)-2.458(2) A
(Cu2-Zn3). These data are similar to the Cu-Cu distance in
[Cu,Zn,](CN'Bu),(Cp*), (2.471(4) AY and the average Zn-Zn
distance in {[Zn,](Cp*);}* (2.430 A), but elongated compared to
the Zn-Cu distances (2.381(1) A) of [CuZn,](Cp*);.%" As
a consequence, the trigonal bipyramid consists of two almost
perfect [CuzZn] tetrahedrons sharing one trigonal Cuj face.
Accordingly, the angles within the Cu1-Cu2-Cua3 triangle are all
very close to 60° (59.65(5) for Cu3-Cu1l-Cu2 and 60.25(6)° for
Cu2-Cu3-Cul). The Zn2-Zn1-Cp* ener. and Zn3-Znd-Cp*centr.
moieties are slightly deviated from linearity with angles of
175,74 and 176.00°, respectively.

Liquid injection field desorption mass spectrometry (LIFDI-
MS) confirms the molecular composition of 1 with a well
detectable [M]"" ion peak at m/z [a.u.] = 1128 (Fig. 2) as well as

,,,,,,, ||I||

1120 1122 1124 1126 1128 1130 1132 1134 1136 1138 1140
m/z

Fig. 2 Molecular ion peak of 1 (m/z = 1128) from LIFDI-MS
measurements (top) and calculated isotopic pattern for 1 (bottom).
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two fragment peaks [M-ZnCp*]"" and [M-ZnZnCp*]"™" at m/z
[a.u.] = 927 and 861, respectively (Fig. S31). Interestingly, no
loss of CuCp* is observed in the fragment ions, confirming the
assignment of elements in the X-ray single crystal structure with
equatorial CuCp* and apical ZnZnCp* units.

The 'H NMR spectrum of 1 in C¢D at room temperature
shows two Cp* resonances at 2.08 and 2.19 ppm in a 45 : 30
integral ratio, corresponding to the three chemically equivalent
CuCp* groups as well as two equivalent apical ZnZnCp* groups.
Accordingly, the *C NMR spectrum shows the expected set of
signals for two different Cp* moieties (6 = 10.90 (s, CuCsMes),
12.17 (s, ZnZnCsMes), 104.62 (s, CuCsMes), 110.18 (s, ZnZnCs-
Me;) ppm). Note, that the only assignment of metal atoms
which is in agreement with this observed D3}, symmetry of the
cluster in solution is the allocation of the four Zn atoms to the
apical positions and the three Cu atoms to the equatorial
triangle (Scheme S17).

Synthesis and characterization of {{Cu,Zn;](Cp*);}[BAr,"] (2
[BAr,"])

The reaction of [Zn,Cu](Cp*); with two equivalents of the
Cp*Zn, transfer-reagent [Zn,(Cp*)(Et,0);][BAr,"?° in fluo-
robenzene at room temperature for 1.5 h (Scheme 2) gives
a dark red solution with very little amount of metallic precipi-
tate. The product cluster {[Zn;Cu,](Cp*)s}[BAr,;"]-5C¢HsF (2
[BAr,"]-5C¢H;sF) crystallizes from the concentrated an filtered
reaction solution at —30 °C in the form of dark red needles.
Minor amounts of an unidentified side product are removed
by repeated recrystallization of the crude product in fluo-
robenzene at —30 °C giving 2[BAr,"] in 23% analytically pure
yield (based on Cu). As described for the formation of 1, the
reaction leading to 2 proceeds via a Cp* exchange mechanism.
This is in nice accordance with the reactivity studies of
[Cp*Zn,(THF);]" showing that this cation can act as both, a Cp*
donor as well as a Cp* acceptor forming {[Zn,](THF)e}*" or
[Zn,Cp*,] (Scheme S47).° Likewise, an in situ NMR experiment
of a mixture of [Cp*Zn,(Et,0);]" and [CuZn,](Cp*); at room
temperature in fluorobenzene points to a rapid Cp* exchange
between the metal atoms, indicated by the detection of only one
coalescence signal for all Cp* groups. This signal decoalesces
into two peaks at temperatures below —20 °C (see Fig. S7t). Due
to incomplete separation of the signals at —50 °C, no integral
ratio of the two peaks could be determined. As in the case of 1,

_| .
ﬁ/ 2 [Cp*Zny(Et,0)5][BAr,"]
Tn\ Fluorobenzene
/Cu ok
Zn rt,1.5h \

C

\N/

Scheme 2 Synthesis of [ZnsCu,]Cp*s[BAr,'] (2[BAr4F]).

This journal is © The Royal Society of Chemistry 2018
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changing reaction parameters such as temperature, time or
stoichiometric ratio of the reactants did not result in any
increase of the isolated yield. The complete pathway leading
from the reactants to cluster 2 appears rather complex, as
evident from the composition of the central trigonal M3 unit.
While the product exhibits a [Cu,Zn] central unit, the starting
cluster consists of a [CuZn,] triangle. However, despite the
obviously involved redox chemistry, no oxidized side products
as it is the case in the synthesis of 1 could be detected.

The compound 2[BAr,"]-5C¢H;F crystallizes in the mono-
clinic space group Cc with two distinct ion pairs in the asym-
metric unit. Only one of these two independent units is shown
in Fig. 1 (above) for clarity. Similar to compound 1, the metal
atoms of cation 2 are arranged in a trigonal bipyramidal
fashion, however, with higher deviations from the ideal poly-
hedral structure. Again, assignment of metal atoms to the
atomic positions in the crystal structure has been done with the
support of spectroscopic data (vide infra). The equatorial
triangle consists of a Cu,Zn unit capped by ZnZnCp* units on
both sides. The apical Zn1-Zn2 (2.299(6) A) and Zn4-Zn5
(2.323(6) A) bond lengths are comparable to the respective
apical Zn1-Zn2 (2.318(2) A) and Zn3-Zn4 (2.317(2) A) distances
in 1. The Cu1l-Cu2 bond length in 2 (2.415(3) A) is shorter than
the Cu-Cu distances in [Cu,Zn,](CN‘Bu),Cp*, (2.471(4) A) and
in 1 (2.431(2)-2.446(2) A).” The equatorial Cu,Zn triangle is
almost perfectly equilateral (Cul-Cu2 = 2.415(3), Cul-Zn3 =
2.400(4), Cu2-Zn3 = 2.396(3) A). However, the intersection of
the apical Zn2-Zn4 axis does not coincide with the centre of
gravity of the equatorial Cus-plane, but is rather dislocated
towards the Cu, edge. Thus, the contacts of the apical Zn atoms
are not equidistant to the three equatorial metal atoms: the
Zn3-Zn2 (2.745(6) A) and Zn3-Zn4 (2.688(7) A) distances are
considerably longer than the Cu-Zn2 (avg. 2.463 A) and Cu-Zn4
(avg. 2.487 A) distances.

The molecular composition of 2[BAr,"] as determined by EA
(C, H) and AAS (Zn, Cu, B, F) is in good agreement with the sum
formula (calculated for Hg;BCg,F,,Cu,Zn; [%]: H 4.40, B 0.54, C
49.41, F 22.87, Cu 6.38, Zn 16.40; found: H 4.62, B 0.47, C 51.48, F
20.20, Cu 6.48, Zn 15.98). The deviations in the carbon and
fluorine values are attributed to the thermal instability of the
compound and the difficulty in handling the pure samples. The
"H NMR spectrum of 2[BAr,"] in CD,Cl, at room temperature
shows three resonances at 1.96 (s, 30, ZnZnCsMes), 2.04 (s, 15H,
ZnCsMes) and 2.12 (s, 30H, CuCsMes) ppm for the three chemi-
cally non-equivalent Cp* groups in a 2 : 1 : 2 ratio, which points
to a C,, symmetry of 2 in solution. In addition, the expected set of
signals for the [BAr,"]” anion 7.56 (s, 4H) and 7.72 ppm (s, 8H)
are detected. Due to the high lability of 2[BAr,"] in solution and
the moderate solubility of 2[BAr,"] at low temperatures mean-
ingful >C NMR spectra could not be obtained. The IR spectrum
reveals typical absorption bands for the Cp* moieties at 2905 and
2860 cm ' and the C-F vibration of the [BAr,"]” anion at
1272 em™".° The only reasonable assignment of elements to the
metal core of the molecular structure of 2, which is in agreement
with the symmetry of the cation in solution (C,,), is the allocation
of four Zn atoms in the axial MMCp* moieties, leaving a [ZnCu,]
triangle in the equatorial plane (Scheme S27).

This journal is © The Royal Society of Chemistry 2018
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Cluster bonding analysis of 1 and 2

The polyhedral structure types of clusters are strongly related to
their electronic structure, associating specific cluster shapes
with specific numbers of electrons.”** Stable closed-shell
organometallic clusters (e.g. protected by hydrocarbon ligands
via metal-carbon bonds) most often obey the Wade-Mingos
electron-counting rules.>** These rules state that the number
of skeletal electron pairs (SEPs) associated with cluster bonding
is equal to the number of vertices of the deltahedron in which
the cluster is inscribed, plus one. Accordingly, the trigonal
bipyramidal skeletons of 1 and 2, should be associated with 5 +
1 = 6 SEPs. Cluster 1 can be formally considered as constituted
of five fragments, three CuCp* and two Zn-ZnCp* units.
Assuming first that, as generally admitted, the Cu and Zn 3d
electrons are not significantly involved in the bonding, CuCp*
and Zn-ZnCp* are 0- and 1-electron donor moieties, respec-
tively. One thus ends up with only 1 SEP for 1, as for its
isoelectronic relative 2. This makes 1 and 2 highly electron-
deficient with respect to the Wade-Mingos rules. It should be
however kept in mind that these rules assume that the frag-
ments constituting the cluster participate to cluster bonding
with 3 frontier orbitals, one of o-type and two of 7-type.**>* This
is obviously the case for the Zn-ZnCp* moiety, the external Zn
atom having two available non-bonding 4p. frontier orbitals as
well as one 4s/4p hybrid of o-type (the other sp hybrid is
involved in the Zn-Zn single bond). On the other hand, the case
of the CuCp* (or [ZnCp*]") fragment is different since it is
generally considered as participating to the bonding with only
one frontier orbital of o-type (a 4s/4p hybrid), the occupied low-
lying 3d-block being, as said above, discarded. Thus, the Wade-
Mingos standard “reference” should be considered with caution
when dealing with 1 and 2. To clear out this situation, we have
performed density functional (DFT) calculations on these two
clusters as well as on several cluster models (BP86/STO-TZ2P
level with Grimme D3B]J dispersion corrections, see Computa-
tional details in the ESIT). For the sake of simplicity we have first
replaced the pentamethylcyclopentadienyl (Cp*) ligands in 1
and 2 by simple cyclopentadienyls (Cp). The optimized struc-
tures of the resulting models, namely 1’ and 2/, were found to be
energy minima for C; symmetry, with their symmetry plane
containing the Cu; and ZnCu, triangle, respectively. The opti-
mized metrical data of 1’ and 2’ (Table 1) are consistent with
their experimental counterparts in 1 and 2. The [CusZn,] metal
core of 1 is very close to D3, symmetry. Its Kohn-Sham orbital
diagram is shown in Fig. 3.

The large HOMO-LUMO gap is consistent with the stability
of 1. In order to get a better insight into its bonding, a Moro-
kuma-Ziegler energy decomposition analysis (EDA)**?* was
carried out, considering the interaction between two fragments:
A {[Cu;](Cp)s}*~ triangular unit and a bi-capping [CpZn,:--
Zn,Cp]** “dimeric” unit. The formal fragment charges were
chosen for closed-shell simplicity and also considering that
{[Cuz](Cp)s}>~ is isostructural and isoelectronic to the known
[CuZn,](Cp*); (see above)," which can be viewed as an iso-
lobal®®* analogue of [H;]" (c-aromatic 2-electron/3-center
bonding). A similar fragmentation has been suggested for the
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Table 1 Selected averaged experimental (X-ray) and optimized (DFT)
distances for 1, 1/, 2 and 2’ (in A). The corresponding averaged
computed Wiberg indices are given in parenthesis for 1’ and 2'. The Zn’
and Zn” labels designate the zinc atom bonded to Cp*/Cp and that
belonging to the Cu,Zn triangle in 2/2', respectively

(avg) 1 (X-ray) 1’ (DFT) 1 (DFT)
Cu-Cu 2.440 2.414 (0.270) 2.426
Cu-Zn 2.443 2.470 (0.091) 2.432
Zn-Zn' 2.318 2.345 (0.600) 2.314
(avg) 2 (X-ray) 2/ (DFT) 2 (DFT)
Cu—Cu 2.417 2.385 (0.339) 2.401
Cu-Zn 2.475 2.490 (0.074) 2.437
Cu-Zn" 2.399 2.399 (0.268) 2.401
Zn-Zn' 2.311 2.338 (0.606) 2.299
Zn-Zn” 2.717 2.872 (0.025) 2.682
a ”n .
e —
a " ( ,)
-2-
a ! e —
a' ( ') —
_3_ a" (a"2)—
S
)
>
3 B 1.89 eV
o A
c
lu i
a'(a’y) e
-5
a " . T
. (e”) m(Cp) ==
a
, a"(a@")=f=
a ( ——
.(e) m(Cp) I
64 a
[Zn4Cu;3Cps]

Fig.3 Kohn-Sham orbital diagram of [CuzZn4(Cp)s (1'). The levels are
labelled according to Cs symmetry (in black) and Ds, pseudo-
symmetry (in blue). The Cs symmetry plane contains the Cus triangle.
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cluster [{Pd(C¢H4F)}3(12-SCsH4Cl)3Ag(H,0),][BF,], implying
that an aromatic [Pd;]" triangle acts as a donor ligand to a Ag"
ion.** The same approach has also been used for treating
a related [Pd,]** system.’* The EDA results are given in Table 2.

Unsurprisingly, with such a formal fragment partitioning in
1', the electrostatic interaction component dominates the total
bonding energy. Representing 44% of the former, the orbital
interaction component is, however, not negligible. Its a’ and
a” components, respectively of o- and T-type with respect to the
Cu; plane, are of similar order, the a’ interaction being the
strongest. A detailed analysis of the 1’ Kohn-Sham orbital
compositions based on its fragment orbitals allowed us to
describe the covalent component of the bonding interaction
through the simplified qualitative interaction orbital diagram
sketched in Fig. 4, considering D3}, pseudo-symmetry.

The [CpZn,---Zn,Cp]*" “dimer” has six accepting frontier
orbitals, the in-phase and out-of-phase combinations of the
three accepting orbitals on the terminal Zn of each [CpZn,]
“monomer” (see above). In the D, pseudo-symmetry of 1', the
sp(Zn) hybrids give rise to a’; and a”, combinations, whereas
the 4p~(Zn) AO's lead to ¢’ and e” combinations (see left side of
Fig. 4). On the other hand, the {[Cu3](Cp);}* unit has no
accepting orbitals. Its highest occupied levels are the 7(Cp) and
3d(Cu) combinations, among which is buried the strongly
bonding a’; orbital, principally of 4s/4p composition, which
contains the 3-center bonding electron pair of this fragment.
This Cu; a’; orbital interacts strongly with the a’; LUMO of the
[CpZn,:--Zn,Cp]** “dimeric” fragment, giving rise to a fully in-
phase, strongly bonding, combination which contains the
unique SEP that one would consider for cluster bonding if no
3d(Cu) orbitals were involved (see above).

But in fact 3d(Cu) combinations of proper symmetry interact
with the other accepting orbitals of the [CpZn,:--Zn,Cp]**
fragment. This can be traced by the occupation of it's a”,, €’ and
e” frontier orbitals, which is 0.54, 2 x 0.10 and 2 x 0.11,
respectively. For comparison, the a’; occupation is 1.02. The
3d(Cu) counterparts are of 3d, (a”, and €”) and 3d,: (¢’) char-
acter. Counting the resulting bonding pairs, one ends up with 6
SEPs, all of the proper symmetry (a';,a",, €’ and e”) as in clusters
satisfying the classical Wade-Mingos rules. Thus, to some
extent, 1 satisfies the Wade-Mingos rules, despite not all, but
only specific, 3d, and 33d,: combinations are involved. More-
over, the €’ and e” interactions are not very strong, because of
the relatively poor energy match between 4p(Zn) and 3d(Cu). On
the other hand, some second-order participation to the bonding
(not represented in Fig. 4) and involving the a,’ and a’,
combinations associated with the Zn-Zn bonding pairs can also
be traced. This tends to weaken somewhat the strength of the
Zn-Zn bonds at the expenses of Zn-Cu bonding, as exemplified
by the computed Zn-Zn Wiberg index in 1’ (0.600), significantly
weaker than in CpZnZnCp (0.811).

To summarize the above MO analysis, the bonding within
the [CuzZn,] trigonal bipyramidal skeleton in 1 can be viewed as
intermediate between that of a hypothetical electron-deficient
1-SEP cluster and that of a regular Wade-Mingos 6-SEP
species. It should be pointed out that, although not prepon-
derant, the role of the 4p,(Zn) AOs in the framework stability is

This journal is © The Royal Society of Chemistry 2018
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Table 2 Morokuma-Ziegler energy decomposition analysis (EDA) of 1’ and 2’. All values in eV. Ep,y; = Pauli repulsion; Eqsiar = electrostatic
interaction; Eq, = orbital interaction. TBE = total bonding energy = Ep,yi + Eeistat + Eorb + Edisp

2 (G)

v (c)
Fragments [CusCps]*~ + [CpZny,:--Zn,Cp)**
EPau]i 14.92
Eeistat —24.53
Eorb,decomposition a’
a"
Eorb —10.85
Edisp —1.24
TBE —21.70

crucial. This can be shown by replacing in 1’ the [CpZnZn]"
capping units by [CpZn]" fragments which, assuming n>-Cp
coordination, do not possess 4p. accepting frontier orbitals.
Indeed, the optimized geometry of the resulting Ms cluster
[CusZn,](Cp)s (see ESIT) exhibits (n'-Cp)Zn units, rather than
(n>-Cp)Zn, thus leaving the 4p,(Zn) orbitals available for
bonding within the [Zn,Cu;] trigonal bipyramidal skeleton.
With such a low coordination mode associated with the rather
fragile electron-poor character of the [CuzZn,] skeleton, the
hypothetical [Cus3Zn,](Cp)s cluster appears unlikely to be
isolable.

The optimized structure of the model 2’ is also in good
agreement with the X-ray structure of 2 (see Table 1). In
particular it shows a rather long Zn(apical)-Zn”(equatorial)
bond of 2.872 A. It is noteworthy that when the dispersion

Qoo
f g s LUMO
0=/
Oce
s
0
a",
r HOMO HOMO
J % 1(Cp)
4 == e"(d,)
Y == e'(d,2)
a"z (dy)
[ZnsCpal**  [ZnsCusCps]  [CusCpsl

Fig. 4 Simplified orbital diagram describing the interaction of the
[CusCpsl>~ and [CpZn,---Zn2Cpl>* fragments in 1’ (D3, pseudo-
symmetry assumed). The occupied 3d(Zn) and (most of) the 3d(Cu)
combinations, not involved in the interaction, are not represented.
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[Cu,ZnCps]™ + [CpZn,:--Zn,Cp]**

10.37
—14.15
—6.30 a’ —4.30
—4.55 a” —3.48
—7.78
—1.16
—12.72

corrections are not included in the calculations, the Zn-Zn"
distance is elongated to 3.019 A, a no-bond value. Thus, despite
the small Eq;sp component in the fragment energy decomposi-
tion of Table 2, the dispersion forces appear to play a significant
role in the overall cluster structure. The weak covalent Zn-Zn"
bonding is also exemplified by its low Wiberg index (0.025). It
can be explained by the fact that the highest 3d-type combina-
tions of the {{Cu,Zn](Cp)s}~ fragment have little Zn participa-
tion (3d(Zn) levels are lower) and therefore interact with the
4p.(Zn) combinations of the [CpZn,---Zn,Cp]*" “dimer”
primarily through the copper atoms.

The structures of the real methylated compounds 1 and 2
were also optimized and were found to be of C; symmetry,
slightly distorted away from Cs due to the steric effect of the
methyl groups. Their selected metrical data reported in Table 1
are in good agreement with that of the X-ray structures. For
these compounds, it was not possible to perform a 2-fragment
EDA analysis similar to that carried out for the 1’ and 2’ models.
As a matter of fact, it was not possible to converge the [Cp*Zn,---
Zn,Cp*]** unit in the proper closed-shell configuration.
However, a 3-fragment analysis in which this “dimeric” unit is
split into two [Cp*Zn,]" fragments was possible. The corre-
sponding results, together with that obtained in a similar way
for 1’ and 2’ are provided in Table S2.7 It appears clearly that the
2- and 3-fragment EDA analyses of 1’ and 2’ are fully consistent
and indicate negligible interaction between the two capping
[Cp*Zn,]" units. Comparing in Table S2,} the results obtained
for 1 and 2 with that of 1’ and 2’ indicate that the bonding
analysis carried out for the non-methylated models applies to
the real methylated compounds. Among the changes upon
ligand methylation (i.e. Cp vs. Cp*), one can note an increase of
the absolute value of the E,, component by ~1.6/1.8 eV due
a destabilization of the [Cus] or [Cu,Zn] 3d(Cu) block. The Eg;sp,
component is also doubled upon methylation, due to methyl---
methyl van der Waals interactions. However, with an absolute
value increase of ~1.3/1.4 eV, its contribution to the total
bonding interaction remains relatively small (7-10% of the sum
of the stabilizing components).

Going back to the long Zn-Zn” bond in 2 (exp: 2.717 A, calc:
2.872 A; averaged values), it is interesting to note that, within
the series of pseudo-homoleptic [TM(ZnR),] compounds (TM =
d-block metal) the shortest intramolecular Zn-Zn contact was
found to be 2.676(1) A in [Ru(ZnCp*),(ZnMe)sJ** being only
slightly shorter than the corresponding contacts in 2.

Chem. Sci,, 2018, 9, 8906-8913 | 8911
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Fig. 5 (a) My cluster unit of 1 (left) and 2 (right) showing the Ms plane
that was used for QTAIM analysis. (b) Contour line map of the Laplacian
V2p(r) of Lin the plane containing Zn2, Culand Zn4 (left) and of 2 in the
plane containing Zn2, Zn3 and Zn4 (right). Solid lines indicate areas of
charge concentration while dashed lines show area of charge deple-
tion. The thick solid lines (brown) connecting the atomic nuclei are the
bonds paths. The thick solid lines (blue) separating the atomic basins
indicate the zero-flux surfaces crossing the molecular plane. Blue dots
are (3,—1) bond critical points, orange dots (3,1) ring critical points and
green dots (3,3) cage critical points.

Investigations of the bonding in these compounds revealed that
the Zn-Zn interactions should not be interpreted as strong Zn-
Zn covalent bonds but rather as weak Zn---Zn interactions.
Therefore, the rather small Wiberg bond index of 0.16 found for
the Zn3-Zn2/Zn3-Zn4 contacts in 2 can also be interpreted as
rather weak interactions. In this respect a complementary view
is obtained from Quantum Theory of Atoms in Molecules
(QTAIM, see Computational details in the ESIt) analysis of 1
and 2. Bond critical points and bond paths are found for all
M-M interactions, except for the long Zn-Zn” contacts in 2 (see
Fig. 5 where they are labelled Zn3-Zn2 and Zn3-Zn4 as in the X-
ray structures). In accordance to these observations, ring and
cage critical points can be found for all M; triangles and M,
pyramides in 1, whereas in 2 ring critical points are only found
for the Cu,Zn triangles. Alternatively, especially cluster 2 can be
viewed as a copper triple bonded moiety [Cp*CuCuCp*]>~ (with
occupied m-like orbitals),** which is “ligated” by three groups
[ZnR]" (R = Cp*, ZnCp*). This picture is in accordance with the
results of the QTAIM analysis, which suggests isolated [ZnR]"
fragments (see ESIt).

Summary and perspectives

In summary, the homoleptic all-hydrocarbon Cp*-protected M,
Cu/Zn-clusters [Cu;Zn,](Cp*)s (1) and {[Cu,Zn;s](Cp*)s}* (2) have
been synthesized and characterized. They expand the unique
series {[Cu,Zn,](Cp*).}"" with varying Cu/Zn ratios a : b and Cp*
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content. The series starts with the M; clusters {{Zn;](Cp*)s}* and
[CuZn,](Cp*)s, it includes the (heteroleptic) Mg cluster [Cuy-
Zn,](Cp*)4(CN'Bu),. The series so far ends with the My and Mo
allzine clusters [Zny](Cp*)e and {[Zn;0](Cp*)s(CH;)}" (see the
Introduction).”* The new M clusters 1 and 2 demonstrate the
feasibility to substitute Zn and Cu on a molecular level in small
nuclearity clusters while keeping the cluster's polyhedral
structural type. As to that the preparation of further isoelec-
tronic structural pairs of {{Cu,Zn](L)}"" (a + b = 4-6) and
expanded versions of such clusters (i.e. with higher nuclearity
a + b > 10), which only differ in the Zn: Cu ratio appears
feasible. The trigonal bipyramidal clusters 1 and 2 are at first
glance with 1 SEP highly electron deficient with regard to the
Wade-Mingos rules, owing to the fact that the basal MCp* units
lack 4p frontier orbitals. However, according to EDA analysis of
the model 1’ based on the fragments {[Cu;](Cp);}*>~ and
[CpZn,:--Zn,Cp]** not only 4s/p orbitals of the trigonal M; basal
unit are involved in skeletal bonding, but even if to a lower
extend, also 3d, and 3d,» combinations. The latter provide
frontier orbitals of proper symmetry and 5 additional SEPs to
satisfy the Wade-Mingos rules for trigonal bipyramidal clusters.
In spite of the fact that some of these additional SEPs have only
moderate bonding character, the metal skeletons of 1 and 2 do
not need the help of p,/u; ligands for maintaining their
unbridged bipyramidal trigonal structures. Dispersion interac-
tions between the Cp* protecting ligands provide additional
stabilization to the structures. This is a specific property of Cp*
as a ligand,** among others such as its flexible coordination
mode (n':--1%), its transferability between Cu and Zn centres, its
steric bulk and the stabilization of elimination products such as
[Cp*,Zn] (related to disproportionation reactions). It can be
expected that other oligonuclear Cu/Zn clusters on the border-
line between electron deficient and regular Wade-Mingos
species are likely to be highly reactive and thus should allow
further cluster expansion reactions, eventually reaching
stability islands of larger clusters predicted by the superatom
model. Our ultimate goal along these lines would be the
demonstration of high nuclearity atom-precise Hume-Rothery
intermetallics inspired superatom clusters solely protected by
all-hydrocarbon ligands, such as the recently discovered Ms;
magic number Al/Cu cluster [Cu,3Al4,](Cp*)12.%°
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