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Abstract:  The triangular  clusters  [Zn;Cp*;]t  and
[Zn,CuCp*;] were obtained by addition of the in situ gener-
ated, electrophilic, and isolobal species [ZnCp*]" and
[CuCp*] to Carmona’s compound, [Cp*Zn—ZnCp*], without
splitting the Zn—Zn bond. The choice of non-coordinating
fluoroaromatic solvents was crucial. The bonding situations of
the all-hydrocarbon-ligand-protected clusters were investigated
by quantum chemical calculations revealing a high degree of o-
aromaticity similar to the triatomic hydrogen ion [H;]*. The
new species serve as molecular building units of Cu,Zn,,
nanobrass clusters as indicated by LIFDI mass spectrometry.

The triatomic hydrogen (trihydrogen) ion [Hs]* is one of the
most abundantly generated ions in the universe. It is highly
reactive and is believed to play an important role in the
interstellar formation of more complex molecules.!! The
regular triangular structure is held together by only two
electrons providing the most simple and fundamental exam-
ple for a delocalized three-center-two-electron (3c2e) bond
(Figure 1).”! Calculations of ring-current density maps sug-
gest the [H;]™ ion is prototypical for o-aromatic molecules.
The situation becomes more complicated in the heavier
homologue [Lis]*.”) The global minimum structure of this
metallacycle is also a regular triangle with considerable
resonance stabilization energy, however, ring-current density
calculations do not support o-aromaticity.! Recently, the
ligand-protected triangular gold cluster [(LAu);]* (L=1,3-
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Figure 1. Reference examples for 0- and m-aromatic triangular mole-
cules. Top left: [Zn;Cp*;]" (this work); top right: [{(STol) (PAr;)Pd};]*
(Ar=CeH,F)"! bottom left: [(LAu);] ;" bottom right:
[{MesCeH;)Ga}s* (Mes =2,4,6-Me;CsH,).P! Middle: the corresponding
fundamental structure.

bis(2,6-diisopropylphenyl)imidazol-2-ylidene) was isolated."
This [Aus]* system is isolobal to [H;]* LAu"—H". Only 6s
orbitals contribute to the delocalized 3c2e Au; bonding of the
core. Another close analogue is the homoleptic [Hg;]" cluster
cation of [Hgs(u-dmpm),][O;SCF;],.[! The mixed-ligand Pd,
cluster [Pd;(u-SPh);(PPh;)]* was the first d-block analogue of
the m- aromatic cyclopropenyl cation [C;H;]* (Figure 1).”
Isolable, ligand-protected M; main-group metal clusters
have been in the focus of research since the 1980s and one
particular highlight was the Ga; cluster Na,[(Mes,CsH;3)Gals
(Mes =2.4,6-Me;C4H,) reported by Robinson et al in 1995.1)
From a synthetic point of view it is quite suggestive to regard
the trigonal, ligand-stabilized (metallo-aromatic) clusters
[M;]L, as the embryonic state of metal (nano) clusters. All
larger clusters and bulk metals feature triangular close packed
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and tightly bonded M; units. Thus, it may be anticipated that
[M;]L,, species may be useful as building blocks for larger
clusters in a bottom-up approach. However, very bulky and
strongly binding (non-fluxional) ligands L, such as Mes,CsHs,
are not likely to favor cluster growth. In our contribution we
report on the new Mj species [ZnyCp*;]*, abbreviated as
[Zn;]" (Cp* =n-CsMe;) and as well we present its neutral Cu/
Zn substituted analogue [Zn,CuCp*;] =[Zn,Cu]. These two
o-(metallo)aromatic systems serve as embryonic models for
both, zinc and brass, respectively, [Zn,Cu] being the classic
text-book example of a Hume—Rothery intermetallic phase.”
Previously, we have demonstrated the conceptual relationship
between one-electron ZnR ligands and the hydrogen radical
with respect to coordination to transition-metal centers. For
instance, Carmona’s Zn' dimer [Zn,Cp*,], which is isolobal to
H.,, that is, Cp*Zn«H, indeed adds to unsaturated transition-
metal fragments [L,M] across the Zn—Zn bond to yield
[L,M(ZnCp*),], similar to the oxidative addition of H, to
metal complexes forming dihydrides [L,M(H),].'" In this
context it is quite instructive to recognize the icosahedral,
quasi-homoleptic [Mo(ZnMe)y(ZnCp*);] as being stable and
readily accessible metallo-analogue of the low-temperature,
matrix-isolated polyhydride complex [WH,,].""*?! Interest-
ingly, the formula [WH,,] should better be written as
[WH4(H,),]. Six hydride ligands and for side-on “Kubas-
type”!¥! dihydrogen ligands are coordinated to the W center.
In contrast, the core structure [WZn,,] features twelve
identical W-Zn interactions and no indication for “side-on”
bonded Zn, units. For the reasons outlined above, we became
interested in identifying synthetic pathways to yield the
homometallic and homoleptic all-hydrocarbon-ligand-pro-
tected triangular cluster [Zn;Cp*;]" and investigate the
bonding situation in relation to the [H;]" ion. In addition
we aimed to find an example for a side-on bonded o(Zn—Zn)
moiety, resulting in a dihydrogen analogous metal complex
[LM{n’*-(Cp*Zn-ZnCp*)}].

The low-temperature reactions of equimolar amounts of
[Zn,Cp*,] with the in situ generated coordinatively unsatu-
rated (however solvated) species CuCp* and [ZnCp*]" (see
Experimental Section) leads to the formation of the salt
[Zn;Cp*;][BAT",] (1) and the neutral compound [Zn,CuCp#*;]
(2) (Figure 2, top). Both compounds are obtained as crystal-
line solids after standard workup and very careful low-
temperature crystallization procedures. Elemental analyses of
1 and 2 (C, H, Zn, and Cu) are in reasonable agreement with
the proposed molecular formulas. The calculated data and
measured analytical values deviate from each other somewhat
more than usual for (reactive) organometallic compounds.
This discrepancy is explained by the high thermal instability
as well as high sensitivity to air and moisture of 1 and 2. Both
compounds are very labile and rapidly decompose at room
temperature, in solution as well as in the solid state. Notably,
crystalline 1 cannot be re-dissolved without decomposition.
For example, a yellow solution of 1 in CD,Cl, becomes
colorless within a few seconds. However, a singlet at § =
2.14 ppm is detected in by '"H NMR spectroscopy which can
be assigned to 1, in addition to signals for [Zn,Cp*,],
[ZnCp*,], and BAr";. This observation points to a decom-
position mechanism with aryl group (Ar") migration from the
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Figure 2. Top: Crystal structures of [Zn,]" (left) and [Zn,Cu] (right)
from 1 and 2. Thermal ellipsoids of the metal atoms are set at 50%
probability. Hydrogen atoms are omitted for clarity. For bond lengths
and angles see Experimental Section. Middle: Deformation densities
Op which are associated with the pair-wise orbital interactions in
[Zn;Cp*;]" and in [Zn,Cp*,CuCp*]. a) [Zn,Cp*,]—[ZnCp*]* ¢ donation.
b) [Zn,Cp*,]—[CuCp*] 0 donation. c) [Zn,Cp*,]«—[CuCp*] &t back-dona-
tion. The direction of the charge flow is from red to blue. Bottom:
Tetrahedral star core structure [Cu,Zn,] in the ligand-protected cluster
[(CuCNtBu),(ZnCp*),]. The [Cu,Zn,] structure features the triangles
ZnCu, and Cu,.

[BAT",]” ion to the electrophilic [Zn;Cp*;]" ion (see Support-
ing Information, Figure S6), possibly leading to formation of
ZnAr" species (not identified, so far). Calculated from the
signal integrals, approximately 60% of the sample sponta-
neously converts during the dissolution process (also at lower
temperatures <0°C). The rate of further decomposition of
[Zn;]* is rather slow once the compound is completely
dissolved. This effect is quite interesting and important,
however not fully understood. It can be speculated that the
solvation mechanism and peculiar solvent stabilization effects
of the anion and/or the cation may be involved (solvent/
crystal-surface interactions during dissolution). In contrast,
the less-electrophilic, neutral cluster [CuZn,] (2) can be
dissolved without decomposition in a variety of organic
solvents. The '"H NMR spectrum of 2 recorded in CgDg
solution at 25°C reveals two singlets with an integral ratio
of 1:2. The "C NMR spectrum features the expected four
signals. Liquid-injection field desorption ionization mass
spectrometry (LIFDI-MS) does not show the molecular ion
peak for [Zn,CuCp*;]*. Instead, the higher nuclear species
[Zn,Cu;Cp*s]" (m/z 1128), [Zn,Cu,Cp*s]* (m/z 927), as well
[Zn;CuCp*;]* (m/z 660) are clearly identified. This observa-
tion suggests a rich chemistry of Zn/Cu cluster growth can
take place in solution, if the right precursors and conditions
can be identified. Recently we reported the synthesis of the
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ligand protected My cluster [(CuCNBu),(ZnCp*),] which
features a Cu,Zn, tetrahedral star core showing nested Cu,
tetrahedra inside a capping Zn, shell (Figure 2, bottom).['*]
The structure of the metal core of this cluster is based on
interconnected triangles Cu; and ZnCu,. Thus, [Zn;]" as well
as [Zn,Cu] can well be regarded as building units of such
larger intermetallic clusters with more complex structures.
The structure of the observed fragment [Zn,Cu;Cp*s]* may
be related to this Cu,Zn, cluster (Figure 2, bottom).

We emphasize that [Zn,Cp*,] and [ZnCp*] itself can be
regarded as the primitive building blocks or synthetic
equivalents of “atomic Zn” for systematic zinc-cluster
growth. In fact, treatment of [Zn,Cp*,] with [Fc][BAr",]
(Fc=ferrocinium) in the presence of ZnMe, yields
[Zn,,Cp*s(CH,)][BAT",] (see Supporting Information). It is
the first example of ligand-protected higher nuclearity Zn
clusters [Zn,|L,, (n,m > 3). Details on the synthesis, structure,
and bonding situation of this Zn,-cluster will be given
elsewhere.

The solvated compound 1-0.5 CsHsF crystallizes in the
monoclinic space group P2,/c with two distinct formula units
in the asymmetric unit. Figure 2 (top) shows a plot of only one
crystallographic distinct cation of 1 for clarity (see Exper-
imental and Supporting Information). The solvate-free com-
pound 2 crystallizes in the triclinic space group P1. Both core
structures [Zn;]" and [Zn,Cu] reveal nearly perfect equi-
lateral triangle arrangements of the metal atoms M with bond
angles of 61.06(2)°, 59.22(1)° and 59.71(2)° for 1 and
60.34(3)°, 59.33(2)°, and 60.34(3)° for 2. The Zn—Zn bond
lengths of 1 are almost identical with an average of
2.430(1) A. In contrast 2 has two equal Zn—Cu bonds of
2381(1) A and a slightly shortened Znl—Zn2 bond
(2.357(1) A). All M—M (M = Cu, Zn) distances are elongated
by 5.5% (1) and 2.3-3.3% (2) as compared with [Zn,Cp*,]
(2.305(3) A)."®) The above mentioned Cu,Zn, cluster
[(CuCN7Bu),(ZnCp*),] has a Cu—Zn distance of 2.498(2) A
(stretched by 5% as compared to 2).'Y The average Zn—
CP*eentroia distance (1.85 A) of 1 is distinctly shorter than in
[Zn,Cp*,] and in [(CuCNBu),(ZnCp*),] (2.055A) and
matches well with other cationic dizinc species as a result of
the enhanced ionic interaction.'®l The M—Cp* . iq distances
of 2 (both 1.88 A) are shortened compared to that found in
[Zn,Cp*,] (2.04 A);") nevertheless they are in good agree-
ment with average values of Zn—Cp*..,yoa (1.83-2.19 A) and
Cu—Cp*enroa (1.82-1.96 A) distances found in reference
compounds. Thus, the much more reactive, electrophilic
nature of the [Zns]" unit with respect to [Zn,Cu] is nicely
indicated by the structural parameters.

To get a more detailed insight into the bonding situations
of the title clusters, we calculated the structures of the cation
[Zn;Cp*;]" and the isoelectronic neutral homologue
[Zn,CuCp*;] for isolated molecules using the meta-GGA
functional MO6L which intrinsically considers dispersion
interactions!” in conjunction with TZVPP basis sets!'®l and
we analyzed the nature of the bonding with an energy
decomposition analysis (EDA). Details of the theoretical
methods are given in the Supporting Information. The
calculated structural parameters of 1 are in good agreement
with the experimental data. The calculations give nearly
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identical Zn—Zn distances for the [Zn;]" core which are only
a bit longer than the experimental data from single-crystal X-
ray diffraction analysis. However the crystal structure shows
a slightly distorted zinc triangle which can be due to
intermolecular interactions between the various species
packed together in the unit cell of the crystal. Interestingly,
significantly larger deviations are found between the calcu-
lated and experimental bond lengths of 2. The calculations
suggest that the Zn—Zn bond in [Zn,Cu] is clearly longer
(2.531 A) than in [Zn,]" (2.464/2.465 A) and also much longer
than in [Zn,Cp*,] (as the reference for o,,,,) interactions:
2.305(3) A). Accordingly, the calculated Zn—Cu bonds of
2.355/2.359 A are shorter than the Zn—Zn bonds. However,
the analysis of the X-ray data leads to almost equal bond
lengths Zn—Zn 2.357 A and Zn—Cu 2.381 A. While the value
for Zn—Cu is in reasonable agreement with the calculated
data for the Zn—Cu bond, the Zn—Zn value is much shorter
than the theoretical value for the Zn—Z7n bond. Therefore, we
optimized the structure of 2 using the GGA functional
BP86!"”! in conjunction with the D3 method for dispersion
forces by Grimme et al.? at the BP86(D3)/TZVPP level. The
calculations gave similar values to the MO6L/TZVPP results
(Supporting Information). From Pyykkd’s and Atsumis table
for molecular single-bond covalent radii for the elements it
follows that that unperturbated o, ,, bonds should be a bit
longer (2.36 A) than the respective 6c,_z, bonds (2.30 A).?!
The absolute values in a three-membered ring can be
expected to deviate from average values, but the order
d(Zn—Zn) > d(Cu—Zn) should be the same. We optimized the
geometry of 2 with several other functionals and different
basis sets and with ab initio methods using MP2. While the
absolute values for the Zn—Z7n and Zn—Cu distances varied to
some degree, the trend was always d(Zn—Zn) > d(Zn—Cu).”*
Finally, we optimized the geometry of 2 at the BP86(D3)/
TZVPP level where we kept the bond length Zn—Zn frozen at
the experimental value of 2.357 A. The calculation gave Zn—
Cu distances of 2.327/2.323 A which are still shorter than the
Zn—Z7n bond. It is noteworthy that the structure with the
frozen bond is only 0.7 kcalmol ' higher in energy than the
fully optimized molecule. Based on the above computational
data and reasoning, it is valid to suggest that the significantly
elongated Zn1—Zn2 bond of 2.531 A found for the calculated
structure [Zn,Cu Cp*;] is nicely indicative for a “side-on”
bonded 0, ,, unit donating electron density to the electron-
deficient [CuCp*] fragment and cluster 2 may thus be also
written as a complex of formula: [Cp*Cu(n*-Cp*Zn-ZnCp*)].

We analyzed the nature of the metal-metal bonding in the
triangular clusters with the EDA-NOCV method (NOCV =
natural orbitals for chemical valence)!' Table 1 shows the
numerical results for the interactions between the fragments
[ZnCp*]* and [Zn,Cp*,] in the [Zn;Cp*;]* ion. The intrinsic
bonding interaction of AE,,=—83.2kcalmol™ is quite
strong. The major component of the total orbital interactions
AE,;=—59.1 kcalmol™' comes from the o donation
[Zn,Cp*,]—[ZnCp*]* into the formally empty 4 s valence
orbital of Zn at the [ZnCp*] fragment. This situation becomes
clear from the shape of the associated deformation density dp
which is shown in Figure 2 (Middle).
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Table 1: EDA-NOCYV results for the cation [Zn;Cp*;]™ and for [Zn,CuCp*;]
at BP86/TZ2P + //MO6L/TZVPP.F!

Energy [ZnyCpy] " [Zn,CuCp™;]
AE;, —83.2 549

AEp,i 81.6 99.6

AE e —74.0 (44.9%) —105.4 (68.3%)
AE,, —90.8 (55.1%) —49.0 (31.8%)
AEopo —59.1 (65.1%) ~21.8 (44.5%)
AEq bz ~7.9 (8.7%) ~16.5 (33.7%)
AEqib . —3.2 (3.5%) —2.7 (5.5%)
AEqp st —20.6 (22.7%) —15.4 (31.3%)

[a] The interacting fragments are [ZnCp*]* and [Zn,Cp*,] for [Zn;Cp*;]’
and [CuCp*] and [Zn,Cp%*,] for [Zn,CuCp*;]. The energy values are given
in kcalmol ™.

A slightly different situation is found for the interaction
between [CuCp*] and [Zn,Cp*,] in [Zn,CuCp*;] (2). Table 1
shows that the intrinsic interactions AE;, = —54.9 kcalmol ™
in 2 are a bit weaker than in [Zn;Cp*;]" which may be
explained by the neutral fragment [CuCp*] being a weaker
acceptor than the isolobal, however cationic, [ZnCp*]*. This
situation also explains why there are two dominant orbital
interactions in 2. Table1 shows that the o-donation
[Zn,Cp*,]—[CuCp*] (—21.8 kcalmol™") is only slightly stron-
ger than the mback-donation [Zn,Cp*,]«[CuCp*]
(—16.5 kcalmol ). Figure 2b,c (Middle) show the associated
charge flow of these orbital interactions. Thus, the description
of 2 as “side-on” coordinated dizinc complex at the electron-
deficient fragment d'’-LCu' (L = Cp*) is justified. The metal-
metal bonding situation in the triangular cores [Zn;]" and
[Zn,Cu] which have just two cluster valence electrons (cve)
for in-plane bonding is interesting in view of the controversial
discussion about o aromaticity in cyclic [Li;]*.*** The
bonding in [Lis]* may be compared with metal-metal bonding
in 1 and 2 when the effect of the filled d-shell and the M-Cp*
bonding is neglected. We calculated the nucleus-independent
chemical shift (NICS) values of [Zn;Cp*;]* (1) and
[Zn,CuCp*;] (2) at the center of the rings at MO6L/TZVPP
and found strongly negative NICS(0) of —38.0 ppm for 1 and
—42.3 ppm for 2 which are even more negative than the
reported value for [Li;]* (—=11.2 ppm).**! A detailed analysis
of the metal-metal bonding in 1 and 2 will be the subject of
a subsequent theoretical study. At this point we would like to
note that hypothetical molecular cluster species, such as
[ZnCu,Cp*;] (cve=1) or [Cu;Cp*;] (cve=0), are very
unlikely to exist, because of a lack of cluster valence
electrons: However a mixed-ligand species [ZnCu,](X,L),
with X =Cp* or other electron-withdrawing “anionic” sub-
stituents, and L being a neutral donor ligand, would match the
required cve=2. This control of cve by a mixed-ligand
protecting shell is demonstrated for the Cu/Zn system by the
cluster [(CuCN#Bu),(ZnCp*),] which features cve = 8.1

In summary, we found that 1 and 2 can nicely be compared
to the dihydrogen complexes [L,M(1*-H,)], in which H, side-
on coordinates to transition-metal centers that are coordina-
tively unsaturated. The extensive studies of such kinds of
complexes showed that crucial factors for their stabilization
are positively charged metal centers, less-electron-rich metals,
especially first- and second-row metals, and a good balance of
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o donation and 7 back-donation."® Our results demonstrate
that these factors can be transferred to “side-on” coordinated
[Zn,Cp*,], as for compounds 1 and 2 at least two criteria are
fulfilled. Further investigations on the “side-on” binding
mode of [Zn,Cp*,] at transition-metal centers are part of our
research and will be reported elsewhere, soon. The appealing
analogy between [Hs]" and both, [Zns]* and [Zn,Cu] is of
heuristic value to guide our continuing efforts of developing
a tool box for bottom-up synthesis of Hume—Rothery inspired
molecular intermetallics.

Experimental Section

All manipulations were carried out using standard Schlenk and glove-
box techniques as well as dry argon. All used solvents were degassed,
dried, and saturated with Ar prior to use. [Zn,Cp*,], [ZnCp*,],
[LiCp*], and [H(Et,0),][BAr",] were prepared according to litera-
ture procedures (References are given in the Supporting Informa-
tion).

1: [Zn,Cp*)] (100mg, 0.249 mmol), [ZnCp*,] (84 mg,
0.249 mmol), and [H(Et,0),][BAr,] (252 mg, 0.249 mmol) were
dissolved in fluorobenzene (3 mL). The solution was stirred for 1 h
at 20°C. After evaporation of the solvent, the oily residue was washed
twice with n-hexane (2 mL) and the yellow powder (quantitative
yield) was dried in the vacuum. Needle-shaped yellow crystals of
1.0.5CHsF where formed by slow diffusion of n-hexane into
a saturated fluorobenzene solution at —30°C. Yield: 289 mg
(0.249 mmol). Elemental analysis (%) calcd for Zn;C¢sHso sBF,,5: C
51.72,H3.98,Zn 12.72; found: C49.47, H3.93,Zn 11.03. IR: % = 2900,
1596, 1443, 1401, 1375, 1342, 1264, 1108, 997, 925, 879, 831, 738, 706,
675, 663, 578, 500, 443 cm ™.

2: CuCl (50 mg, 0.498 mmol) in THF (2mL) was added to
a suspension of LiCp* (71 mg, 0.498 mmol) in THF (3 mL) at —78°C.
To this reaction mixture [Zn,Cp*,] (200 mg, 0.498 mmol) in THF
(3 mL) was added at —78°C. [Zn,Cp*,CuCp*] precipitated as a pale
yellow, microcrystalline solid. The supernatant THF solution was
removed by cannula and the solid re-dissolved in toluene (8 mL) at
—78°C. Yellow crystals, suitable for single-crystal X-ray diffraction
(yields about 35%) were obtained after storage of this solution at
—30°C. The crystals were isolated, washed three times with n-hexane
(3 mL) at —30°C, and blow-dried: "H NMR (C4Ds, 25°C): 6 =2.07 (s,
30H, ZnCsMes), 2.23ppm (s,15H, CuCsMe;); CNMR (CDs,
25°C): 0=1091 (s, ZnCsMes), 12.18 (s, CuCsMes),104.65 (s,
CuC;Mes), 110.35 ppm (ZnCs;Mes). Elemental analysis (%) caled
for CuZn,C5)H,s: C 60.05, H 7.55, Cu 10.59, Zn 21.79; found: C 58.68,
H 7.36, Cu 11.22, Zn 21.96. LIFDI-MS: m/z 1128 ([Zn,Cu;Cp*s]"),
927 ([Zn,Cp*,CuCuZn,Cp*,]"), 660 ([Zn;CuCp*;]*). IR: 7=2936,
2878, 2832, 1407, 1371, 1250, 1175, 1082, 1032, 906, 881, 855, 791,
744 cm™.

The asymmetric unit of 1 contains two independent cations A and
B; for clarity only one cation [Zn;Cp*;]" is shown in Figure 2.
Selected interatomic distances [A] and angles [°] are given for both
cations (A: Zn1,Zn2,7Zn3; B: Zn4,Zn5,Zn6): Zn1-Zn2 2.430(1), Zn1-
Zn3 2.418(1), Zn2-Zn3 2.463, Zn4-Zn5 2.432(1), Zn4-Zn6 2.432(1),
Zn5-7Zn6 2.407(1); Znl-Zn2-Zn3 59.22(1), Znl1-Zn3-Zn2 59.71(1),
Zn3-Znl-Zn2 61.06(1), Zn6-Zn4-Zn5 59.47(1), Zn6-Zn5-Zn4
60.02(2), Zn5-Zn6-Zn4, 60.50(2). Calculated values at the MO6L/
TZVPP level: Zn-Zn 2.465; Zn-Zn-Zn 60.0. Selected interatomic
distances [A] and angles [°] for 2: The calculated structural data at the
MO6L/TZVPP level are given in italics and Cp* denotes the centroid
position: Zn1-Zn2 2.357(1) [2.531], Zn1-Cul 2.381(1) [2.355], Zn2-
Cul 2.381(1) [2.355], Zn1-Cp* 1.883 [1.906], Zn2—Cp* 1.884 [1.908],
Cul-Cp* 1.893 [1.809]; Zn1-Zn2-Cul 60.34(3) [57.2], Zn1-Cul-Zn2
59.33(2) [65.0], Zn2-Znl-Cul 60.34(3) [57.2], M-M-Cp* 149.91
(average) (M =Zn, Cu) [154.8].
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