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Introduction

In the course of the investigations on the coordination
chemistry of monovalent organo Group 13 compounds ER
(E=Al, G, In; R =bulky substituents, in particular using
Cp*= C5Me5) at transition-metal centers M,[1] we recently
discovered an unprecedented family of metal-rich com-
pounds of the general formula [M ACHTUNGTRENNUNG(ZnR)n] (n�8; M= Mo,
Ru, Rh; Ni, Pd, Pt; R= CH3, Cp*).[2] The unique access to
these novel compounds is based on combined Ga/Zn and
Cp*/Me exchange reactions when homoleptic starting com-
pounds of the type [M ACHTUNGTRENNUNG(GaCp*)n/2] , are treated with a solu-
tion of ZnMe2 (or ZnEt2) in toluene. The monovalent or-
ganometallic zinc fragments ZnR (R= CH3, Et, Cp*) turned
out to be surprisingly versatile in strongly binding to various
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transition metals across Group 6 to Group 10 of the periodic
table and act as purely one-electron ligands that allow for
unusually high coordination numbers (CN)�8 at the transi-
tion-metal center (Figure 1).

The structural properties determined by single-crystal X-
ray diffraction and the theoretical bonding analysis of a se-
lection of prototypes of the series—for example, the icosa-
hedral molecule [Mo ACHTUNGTRENNUNG(ZnCp*)3 ACHTUNGTRENNUNG(ZnMe)9] or the slightly dis-
torted trigonal dodecahedral molecule [Pd ACHTUNGTRENNUNG(ZnCp*)4-ACHTUNGTRENNUNG(ZnMe)4]—suggested these compounds for consideration as
new links between M/Zn coordination compounds and
mixed-metal molecular clusters on the one hand and the re-
spective solid-state intermetallic phases, that is, Hume-Roth-
ery-type alloys, on the other (Figure 1).[2] Interestingly, the
bonding analysis of the above examples revealed that the
tangential Zn–Zn interactions are far less important to the
overall stability of these molecules than the radial M–Zn
bonds. Thus, these apparently cagelike molecules are in fact
particularly different from known interstitial intermetalloid
Zintl-type clusters.[3] The high thermal stability together
with the strict validity of the eighteen-electron rule as a heu-
ristic guideline for the synthesis of these new compounds
supports the idea of extending the concept to a general
series of monovalent organometallic species M’R (M’= Mg;
Cd, Hg; Al, Ga, In; Sn, Pb, and so on). These fragments are
likely to act as one-, two-, or three-electron ligands, and in
some cases, with their actual steric and bonding properties
being comparable to ZnR, the mixed-metal compounds [M-ACHTUNGTRENNUNG(M’R1)a ACHTUNGTRENNUNG(M’’R2)b] (M= d metal) may be stable. Clearly, this
is true for M’=Ga; R1 =CH3, because Ga/Zn mixed-metal
compounds such as [Mo ACHTUNGTRENNUNG(ZnCp*)4 ACHTUNGTRENNUNG(GaMe)4] are already
known.[2] Following this line of reasoning, we explored the
possibility of obtaining the cadmium analogues or the mixed
Zn/Cd analogues of the above-mentioned prototypes,
namely, [Mo ACHTUNGTRENNUNG(ZnR1)12�nACHTUNGTRENNUNG(CdR2)n] (n�12) and [M ACHTUNGTRENNUNG(ZnR)8�n-ACHTUNGTRENNUNG(CdR’)n] (n�8; M= Pd, Pt), with R1 and R2 being CH3 or
Cp*, respectively. Because of the highly toxic nature of mer-
cury compounds, that is, HgMe2, which are unavoidable for
a successful synthesis of the mercury-containing derivatives,
we restricted ourselves to the Cd chemistry but included re-
lated Hg model compounds in the quantum-chemical calcu-
lations and the comparative theoretical characterization of
the homologous series [M ACHTUNGTRENNUNG(M’R1)aACHTUNGTRENNUNG(M’’R2)b] (M=Mo, Pd, Pt;
a+b=12, 8; M’= Zn, Cd, Hg) as mentioned in the title.

Results and Discussion

Synthesis, properties, and structural characterization : In
analogy to the preparation of [Mo ACHTUNGTRENNUNG(ZnCp*)3ACHTUNGTRENNUNG(ZnMe)9] from

[Mo ACHTUNGTRENNUNG(GaCp*)6] and ZnMe2 or
[M ACHTUNGTRENNUNG(ZnCp*)4 ACHTUNGTRENNUNG(ZnMe)4] (M= Ni,
Pd, Pt) from [M ACHTUNGTRENNUNG(GaCp*)4] and
ZnMe2, the reaction of the ho-
moleptic compound [Pt-ACHTUNGTRENNUNG(GaCp*)4] with an excess
amount of CdMe2 in toluene at
reflux leads to the formation of
the new homoleptic PtCd8 com-
pound [Pt ACHTUNGTRENNUNG(CdCp*)4 ACHTUNGTRENNUNG(CdMe)4]
(1) in isolated yields around
50 % (Scheme 1). Experiments

with less than stoichiometric amounts of CdMe2 to afford
mixed Cd/Ga species have not yet been performed but are
likely to be successful due to the existence of [MoACHTUNGTRENNUNG(ZnCp*)4-ACHTUNGTRENNUNG(GaMe)4]. Compound 1 dissolves well in nonpolar solvents
such as benzene or hexane and is quite stable when stored
under an inert gas atmosphere as a solid, whereas slow de-
composition occurs in solution, even at �30 8C. The com-
pound crystallizes in the triclinic space group P1̄ with four
molecules in the unit cell. The molecular structure
(Figure 2) as determined by single-crystal X-ray diffraction
exhibits the platinum atom in a distorted square-antipris-
matic coordination geometry comparable to the isovalent
electronic cation [Pt ACHTUNGTRENNUNG(AuPPh3)8]

2+ rather than a trigonal do-
decahedral.[4] The Cp* groups are symmetrically coordinated

Figure 1. Molecular structures of the prototypes of the novel series of metal-rich molecules of the general for-
mula [M ACHTUNGTRENNUNG(Zn’R)n] (n�8; M= Mo, Ru, Rh; Ni, Pd, Pt; R =CH3, Cp*).[2]

Scheme 1. Preparation of the new compounds 1, 2, and 3.

Figure 2. Molecular structures of [Pt ACHTUNGTRENNUNG(CdCp*)4ACHTUNGTRENNUNG(CdMe)4] (1), [Pd ACHTUNGTRENNUNG(ZnCp*)4-ACHTUNGTRENNUNG(CdMe)4] (2), and [Mo ACHTUNGTRENNUNG(ZnCp*)3 ACHTUNGTRENNUNG(CdMe)9] (3) as determined by single-
crystal X-ray crystallography (thermal ellipsoids are shown at the 50 %
probability level, hydrogen atoms have been omitted for clarity). Impor-
tant interatomic distances [�] are summarized in Table S1 in the Sup-
porting Information.

Chem. Eur. J. 2010, 16, 13372 – 13384 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 13373

FULL PAPER

www.chemeurj.org


in a h5-fashion to the Cd atoms, with an average value of
2.206 �, and the Cd�CH3 bond lengths lie between
2.116(10) and 2.162(8) �, which is clearly longer than the
Cd�CH3 bond length in [{h3-HB(3-tBu-5-Mepz)3}CdCH3]
(2.074(19) �; 3-tBu-5-Mepz =3-tert-butyl-5-methyl-1-pyra-
zolyl), the shortest Cd�CH3 bond length in the literature
but otherwise between the average distances for Cd�CH3

found in the literature.[5] For the Cd�Cp* unit, suitable liter-
ature date for comparison are lacking. The eight Pt�Cd dis-
tances are almost equal within the narrow range of
2.6202(8)–2.6267(7) � for Pt�CdMe and 2.6055(7)–
2.6178(7) � for Pt�CdCp*. In addition to solid-state Pt/Cd
intermetallic phases such as Pt3Cd1 and Pt1Cd5 (typical dis-
tances are between 2.5852 and 2.8909 � for Pt�Cd and
2.8143 and 3.0052 � for Cd�Cd),[6] there are only a few
known molecular compounds with direct covalent Pt�Cd in-
teractions. The documented Pt�Cd bonds in these molecular
compounds range between 2.6101(8) � for [{PtACHTUNGTRENNUNG(CH3)2-ACHTUNGTRENNUNG(bpy)}{CdACHTUNGTRENNUNG(cyclen)}] ACHTUNGTRENNUNG(ClO4)2 (bpy =2,2’-bipyridyl; cyclen=

1,4,7,10-tetraazacyclododecane) to 3.2509(15) � for [Pt4Cd6-ACHTUNGTRENNUNG(C�CPh)4ACHTUNGTRENNUNG(m-C�CPh)12 ACHTUNGTRENNUNG(m3-OH)4]).[7,8] Notably, the structural
motif of an all-Cd octacoordinated Pt center, PtCd8, is un-
known in molecules to date, whereas structural motifs with
higher coordination numbers are observed in solid-state
compounds.[6] The tangential Cd�Cd distances in 1 vary be-
tween 3.0422(10) and 3.4099(10) �, and these values indi-
cate quite weak Cd–Cd interactions. The comparably stable
Cd2

2+ ion exhibits a much stronger covalent Cd�Cd s bond
and consequently shows a quite close Cd�Cd contact (e.g.,
2.576 � in [Cd2 ACHTUNGTRENNUNG(AlCl4)2]).[9] The 1H NMR spectrum of 1 at
room temperature in C6D6 is very simple and gives rise to
only two singlets at d=0.03 ppm (12H; CdCH3) and d=

2.19 ppm (60 H; CdC5Me5), respectively. The 13C NMR spec-
trum displays the expected resonances for the methyl
groups at d= 19.72 ppm as well as the signals for the Cp*
unit at d= 11.03 ppm (CdC5Me5) and d= 112.21 ppm
(CdC5Me5). 195Pt and 113Cd NMR spectroscopic studies
turned out to be difficult because of the instability of 1 in
solution and will be presented elsewhere.

As we already discussed for the synthesis of the parent
molecule [Mo ACHTUNGTRENNUNG(ZnCp*)3ACHTUNGTRENNUNG(ZnMe)9],[2] the role of the GaCp* li-
gands in the starting compounds of Scheme 1, at least con-
ceptually, includes the formal reduction of the CdMe2 from
CdII to CdI over the course of the reaction. Certainly, the as-
signment of formal oxidation states M0 and M’I is ambiguous
for these kind of molecules. We discussed this issue previ-
ously in some detail.[2] Nevertheless, we found GaMe3 as the
major gallium-containing byproduct, which hints toward the
involvement of electron-transfer (redox) and/or radical reac-
tions. The coordination number (CN) of the central plati-
num atom increases from 4 to 8, since each GaR moiety is
substituted by two CdR fragments. Right away the question
arises whether or not a Zn/Cd exchange reaction similar to
the above-described Ga/Zn and the homologous Ga/Cd ex-
change is possible. Indeed, treatment of [Pd ACHTUNGTRENNUNG(ZnCp*)4-ACHTUNGTRENNUNG(ZnMe)4] with an excess amount of CdMe2 selectively leads
to the formation of the new Zn/Cd mixed complex [Pd-

ACHTUNGTRENNUNG(ZnCp*)4ACHTUNGTRENNUNG(CdMe)4] (2) in preparative yields around 45 %
(Scheme 1). However, we have so far failed in isolating any
other defined product with a different Zn/Cd ratio. Also,
the homoleptic PdCd8 analogue of 1 was not derived by var-
iation of the conditions and the amount of CdMe2. As dis-
cussed below, the Zn atoms of 2 selectively coordinate the
Cp* moieties. We suggest that this feature points to a ther-
modynamic reason for the preferred stability of 2 over other
possible isomers and analogous Zn/Cd mixed derivatives.
Since there are no known solid-state structures of Cd�Cp*
compounds as well as no thermodynamic data (bond ener-
gies), this assumption can not be confirmed by experimental
data; however, the preferable binding of Cp* to Zn is ob-
served for both 2 and 3. Nevertheless, the existence of the
homoleptic PtCd8 compound 1 suggests that the related
PdCd8 compound may be stable as well and is likely to ac-
cessible by combining [Pd ACHTUNGTRENNUNG(GaCp*)4] or [Pd3 ACHTUNGTRENNUNG(InCp*)8]

[10] with
CdMe2 under suitable conditions.

Compound 2 dissolves well in nonpolar solvents like tolu-
ene or hexane and is distinctly more stable than 1 when
stored under an inert gas atmosphere at �30 8C. The assign-
ment of the 1H and 13C NMR spectroscopic data (see the
Experimental Section) to the organic substituents at Zn and
Cd is possible by comparison with reference compounds
that exhibit ZnCp* and CdCp* moieties,[2] and matches with
the solid-state structure. Compound 2 crystallizes in the or-
thorhombic space group P212121 with four molecules in the
unit cell. The molecular structure of this compound as deter-
mined by single-crystal X-ray diffraction (Figure 2) shows
quite a similar coordination structure to compound 1, that
is, a trigonal dodecahedral PdZn4Cd4 metal core with the
Cp* units coordinating the Zn atoms and the methyl groups
located at the cadmium atoms, thus resulting in superimposi-
tion of Zn4 and Cd4 tetrahedra. The Cp* groups are symmet-
rically coordinated in a h5 fashion to the Zn atoms, with an
average value of 1.940 � that matches typical literature data
for the Zn�Cp* ACHTUNGTRENNUNG(centroid) distance.[2] Quite similar to 1, the
Cd�CH3 bond lengths of 2.127(8)–2.161(5) � are as expect-
ed.[5] The Pd�Cd distances are in the range of 2.6005(7)–
2.6046(5) �, which are much shorter than in the acetate-
bridged CdII�PdII complex [CdPd ACHTUNGTRENNUNG(CH3COO)4]·x CH3COOH
(2.806(1) �), a typical example of the few existing molecular
Pd/Cd compounds, yet without a covalent Pd�Cd bond char-
acter.[11] The Pd�Zn distances are all very similar
(2.4532(7)–2.4574(7) �) and highly comparable to those in
the starting compound [Pd ACHTUNGTRENNUNG(ZnCp*)4 ACHTUNGTRENNUNG(ZnMe)4] (2.415(1)–
2.458(1) �); they are, however, slightly longer than in the
low-coordinate PdZn2 complex (FPNP)Pd-Zn-Pd ACHTUNGTRENNUNG(FPNP)
with direct two-electron two-center covalent Pd�Zn bonds
of 2.372(1)–2.379(1) �).[12] The distances between the Zn
and Cd atoms vary between 2.9335(8) and 3.0415(10) �, and
the average values of the Zn�Zn and Cd�Cd distances are
3.995 and 4.218 �, respectively. These distances are signifi-
cantly longer than in the s-bonded molecule
Cp*ZnZnCp*.[13] For compounds RCdCdR, no experimental
data are available. However this suggests only weak M�M
bonding interactions in the metal cage of 2 (vide infra).
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The reaction of CdMe2 with [Mo ACHTUNGTRENNUNG(GaCp*)6] leads to a mix-
ture of several products that unfortunately could not be sep-
arated from each other and isolated in pure crystalline form.
Nevertheless, the treatment of the mixed GaI/ZnI complex
[Mo ACHTUNGTRENNUNG(ZnCp*)4ACHTUNGTRENNUNG(GaMe)4] with an excess amount of CdMe2

leads to the formation of the Zn/Cd mixed MoZn3Cd9 com-
plex [MoACHTUNGTRENNUNG(ZnCp*)3ACHTUNGTRENNUNG(CdMe)9] (3) (Scheme 1). The new
MoZn3Cd9 compound 3 dissolves well in nonpolar solvents
like toluene or hexane and is quite stable when stored under
an inert gas atmosphere at �30 8C but some decomposition
takes place in solution at room temperature. It crystallizes
in the triclinic space group P1̄ with two molecules in the
unit cell. The single-crystal X-ray structure determination of
3 (Figure 1) reveals an icosahedral environment of the cen-
tral molybdenum atom by three ZnCp* and nine CdMe li-
gands, which is very similar to the structure of [Mo-ACHTUNGTRENNUNG(ZnCp*)3ACHTUNGTRENNUNG(ZnMe)9]. It should be noted that the differences
in electron densities and X-ray scattering power of Zn/Ga
versus Cd/Ga and Zn/Cd vary and therefore the Cd atoms
can be easily located in solid-state structures. In both icosa-
hedral compounds, the sterically demanding Cp* groups are
located as far as possible from each other, thereby resulting
in an overall C3 symmetry of the molecule. The 1H and
13C NMR spectra of 3 in C6D6 at room temperature agree
very well with the single-crystal X-ray structure and display
only one signal for the chemically equivalent ZnCp* units as
well as the expected three sets of methyl groups of CdCH3

ligand. The Mo�Zn/Cd distances are all nearly equal, with
2.7041(14)–2.7256(15) � for Mo�ZnCp* and 2.8576(12)–
2.8864(13) � for Mo�CdMe. Interestingly, the Mo�Zn dis-
tances are slightly elongated with respect to [MoACHTUNGTRENNUNG(ZnCp*)3-ACHTUNGTRENNUNG(ZnMe)9] (2.636(9)–2.677(13) �), which is likely to be
caused by adopting the increased steric demand of the Cd
atoms. To the best of our knowledge, there is no known X-
ray single-crystal structure for molecular compounds with
covalent Mo�Cd bonds, although the structures of [Cp2Mo-ACHTUNGTRENNUNG(SnPPh3)]2Cd and mer-
[{(OMe)3Si}(OC)3Fe{m-ACHTUNGTRENNUNG(Ph2P)C5H4N}Cd{Mo ACHTUNGTRENNUNG(C5H5)-(CO)3}]
have been deduced from FTIR and NMR spectroscopic
data as well as elemental analysis.[14] The Cd�Cd distances
of 3 (3.0018(13)–3.0570(11) �) are again distinctly longer
than in Cd2

2+ (2.576 � in [Cd2ACHTUNGTRENNUNG(AlCl4)2]), which points to
only weak Cd�Cd interaction in
the cage of 3. The Zn�Cd dis-
tances vary between
2.9026(14)–2.9629(14) �, which
is slightly shorter in comparison
to compound 2 (2.9487(10) and
3.0415(11) �).

The data presented and dis-
cussed above clearly show that
Cd-substituted analogues of the
previously known Zn com-
pounds (Figure 1) are experi-
mentally accessible, with the
homoleptic compound [Pt-ACHTUNGTRENNUNG(CdCp*)4ACHTUNGTRENNUNG(CdMe)4] (1) being

the key example. Interestingly, it turned out to be difficult
to isolate Cd/Ga mixed compounds in a pure form, but their
existence in solution is likely. In particular, novel Zn/Cd
mixed compounds 2 and 3 were synthesized and nicely show
the possibility of substituting Zn with Cd in the coordination
sphere at the Mo or Pd center. The icosahedral, fully Cd-
substituted [Mo ACHTUNGTRENNUNG(CdCp*)3 ACHTUNGTRENNUNG(CdCH3)9] could not be isolated in
a pure form or confirmed spectroscopically. From this prep-
arative work, we conclude that the thermodynamic stability
of the Cd-substituted compounds is rapidly decreasing with
an increasing amount of Cd in the product molecule. In the
following section, quantum-chemical calculations on a selec-
tion of representative model compounds are presented and
discussed to characterize the trends in structure, bonding sit-
uation, and stability within the homologous series of [M-ACHTUNGTRENNUNG(M’R)n]. This includes the Hg analogues, which we did not
attempt to synthesize because of the extremely toxic nature
of HgMe2 and related reagents.

Quantum-chemical calculations : To better understand the
nature of the bonding between the central atoms Pd, Pt, and
Mo, and the Zn and Cd ligands, we carried out quantum-
chemical calculations using density functional theory (DFT)
at the BP86/TZ2P+ level (see the Experimental Section for
details). In a first step we optimized gas-phase model struc-
tures of the synthesized molecules 1–3 in which we replaced
the Cp* moieties with Cp (C5H5). The calculated geometries
of the model compounds are in good agreement with the re-
sults of the crystal-structure analysis (see Table S1 in the
Supporting Information). Next we optimized geometries of
parent systems of 1–3 in which we replaced the organic moi-
eties CH3 and Cp* by hydrogen in [Pt ACHTUNGTRENNUNG(CdH)8] (1 H), [Pd-ACHTUNGTRENNUNG(CdH)4ACHTUNGTRENNUNG(ZnH)4] (2 H), and [Mo ACHTUNGTRENNUNG(CdH)9ACHTUNGTRENNUNG(ZnH)3] (3 H). As the
calculated M�M’ distances of the latter species are in good
agreement with those in the synthesized systems (see
Table 1), we used these parent systems 1 H–3 H for the
bonding analyses. To extend the studies, we also calculated
several homoleptic model systems with coordination
number of eight, that is, [Pd ACHTUNGTRENNUNG(ZnH)8] (4 H), [Pd ACHTUNGTRENNUNG(CdH)8]
(5 H), [Pd ACHTUNGTRENNUNG(HgH)8] (6 H), [Pt ACHTUNGTRENNUNG(ZnH)8] (7 H), and [Pt ACHTUNGTRENNUNG(HgH)8]
(8 H), and with coordination number twelve (i.e. , [Mo-ACHTUNGTRENNUNG(ZnH)12] (9 H), [MoACHTUNGTRENNUNG(CdH)12] (10 H), and [Mo ACHTUNGTRENNUNG(HgH)12]

Table 1. Calculated bond lengths [�] at the BP86/TZ2P+ level of the investigated model compounds 1 H–
11H.

E E’ d ACHTUNGTRENNUNG(M�E) d ACHTUNGTRENNUNG(M�E’) d ACHTUNGTRENNUNG(E�E) d ACHTUNGTRENNUNG(E�E’) d ACHTUNGTRENNUNG(E’�E’)

[Pd ACHTUNGTRENNUNG(CdH)4 ACHTUNGTRENNUNG(ZnH)4] (2 H) Cd Zn 2.664–2.665 2.473 3.948 2.920 3.025; 3.145
[Pd ACHTUNGTRENNUNG(ZnH)8] (4 H) Zn 2.475 2.929
[Pd ACHTUNGTRENNUNG(CdH)8] (5 H) Cd 2.669 3.159
[Pd ACHTUNGTRENNUNG(HgH)8] (6 H) Hg 2.693 3.174
[Pt ACHTUNGTRENNUNG(ZnH)8] (7 H) Zn 2.489 2.941
[Pt ACHTUNGTRENNUNG(CdH)8] (1 H) Cd 2.682 3.171
[Pt ACHTUNGTRENNUNG(HgH)8] (8H) Hg 2.705 3.191
[Mo ACHTUNGTRENNUNG(CdH)9 ACHTUNGTRENNUNG(ZnH)3] (3 H) Cd Zn 2.917–2.913 2.658 3.054–3.100 2.922–2.944 4.520
[Mo ACHTUNGTRENNUNG(ZnH)12] (9H) Zn 2.689 2.827
[Mo ACHTUNGTRENNUNG(CdH)12] (10H) Cd 2.919 3.069
[Mo ACHTUNGTRENNUNG(HgH)12] (11H) Hg 2.941 3.092
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(11 H)) (Table 1). In previous studies, we have already
shown that the M�Zn internuclear distances in the homo-
leptic parent systems 4 H, 7 H, and 9 H are very similar to
those of the synthesized and structurally characterized com-
pounds [Pd ACHTUNGTRENNUNG(ZnCp*)4ACHTUNGTRENNUNG(ZnMe)4], [Pt ACHTUNGTRENNUNG(ZnCp*)4ACHTUNGTRENNUNG(ZnMe)4], and
[Mo ACHTUNGTRENNUNG(ZnCp*)3ACHTUNGTRENNUNG(ZnMe)9]. These comparisons show that hy-
drogen-substituted compounds are reasonable model sys-
tems to analyze the M�Zn interactions in the real mole-
cules.[2]

To understand the nature of the M–M’ interactions, we
performed molecular-orbital analyses, topological analyses
of the electron densities according to the atoms-in-molecules
theory (AIM),[15] energy-decomposition analyses (EDA)
based on canonical molecular orbitals,[16] and the recently
developed EDA-NOCV variation of the EDA, which is
based on natural orbitals for chemical valence (NOCV).[17]

The latter method makes it possible to estimate the strength
of individual orbital interactions. This is particularly impor-
tant for analyzing molecules that have only low symmetry.

Bonding analysis of the octacoordinated [M ACHTUNGTRENNUNG(M’H)8]: The ho-
moleptic parent compounds 1 H and 4 H–8 H have energy-
minimum structures that have D4d symmetry, whereas 2 H
possesses C2v symmetry (see Figure 3).

The Laplacian distributions 521(r) of 1 H, 2 H, 5 H, and
6 H are shown in Figure 4 as illustrative examples for the oc-
tacoordinated compounds. It becomes clear that there are
M�M’ bond paths between the central atom M and the
ligand atoms M’ but there are no M’�M’ bond paths be-
tween the ligand atoms M’. The same result was previously
found for the analogous compounds with zinc as ligand
atoms.[2] The AIM results of the other octacoordinated spe-
cies 4 H, 7 H, and 8 H also do not reveal M’�M’ bond paths.

Although the investigated molecules in this work belong
to different point groups and thus different irreducible rep-
resentations of the molecular orbitals appear, the shapes of
the molecular orbitals (MOs) exhibit very similar features.
Figure 5a shows the nine highest-occupied Kohn–Sham MOs
of the homoleptic compound 1 H as illustrative examples for

the parent compounds that possess D4d symmetry. The most
important features are shortly discussed. A more extensive
discussion is found in our previous study of the zinc com-
plexes.[2] The three highest-lying occupied orbitals represent
interactions of the ligand atoms with each other as well as
interactions with p atomic orbitals of the central atom.

Since mixing of the s and the dz2 atomic orbitals is allowed
in the D4d point group, four of the lower-lying six MOs show
mixing of atomic d orbitals with the ligand atoms (11e2 and
11e3). Two other orbitals (10a1 and 9a1) have both s and dz2

contributions from the metal. The Kohn–Sham MOs of the
heteroleptic complex 2 H are presented in Figure 5b. The sit-
uation is similar to the homoleptic case 1 H ; the three high-
est-lying MOs have small p atomic orbital (AO) contribu-
tions of the central Pd atom, next is an MO with larger s
AO contributions, followed by five MOs that represent the
mixing of the ligand orbitals with the d AOs of the central
atom. Energy-decomposition analyses of 1 H and 4 H–8 H in
D4d symmetry were performed using the EDA method for
the interactions of the central atoms in the electronic d10 sin-
glet state with the (M’H)8 fragment in the corresponding
singlet state. The results are presented in Table 2. The orbi-
tal term DEorb contributes between 22–28 % of the total at-
tractive interactions. The most important contributions to
the DEorb term come from orbitals that have a1, e2, and e3

symmetry, which comes from metal–ligand bonding of the s
and d AOs of the central atom. This holds for all homoleptic
compounds 1 H and 4 H–8 H. For systems that have the
same central atom, the magnitude of the interaction energy
(DEint), Pauli repulsion (DEPauli), electrostatic energy

Figure 3. Graphical representations of the energy-minimum structures of
the parent compounds [Pt ACHTUNGTRENNUNG(CdH)8] (1H, D4d) and [PdACHTUNGTRENNUNG(CdH)4 ACHTUNGTRENNUNG(ZnH)4]
(2H, C2v).

Figure 4. Molecular graphs and contour maps of the Laplacian 521(r) of
a) Pd ACHTUNGTRENNUNG(CdH)4 ACHTUNGTRENNUNG(ZnH)4] (2 H), b) [PdACHTUNGTRENNUNG(CdH)8] (5H), c) [PdACHTUNGTRENNUNG(HgH)8] (6 H), and
d) [Pt ACHTUNGTRENNUNG(CdH)8] (1H).
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(DEelstat), and DEorb is largest for the zinc and smallest for
the cadmium compounds. Energy contributions of the mer-
cury molecules are slightly larger than those of the cadmium
compounds. Note that the strength of the overall interaction
energy DEint follows the trend Zn>Hg>Cd for the ligand
atoms. The platinum complexes have significantly stronger
metal–ligand bonds than the palladium species.

It is not possible to distinguish between the contributions
of electron donation of the cage to the empty s orbital of
the central atom and the backdonation of the dz2 AO to the
cage because they belong to the same irreducible represen-
tation. Therefore we performed EDA-NOCV analyses for

the molecules 1 H, 4 H, and 5 H,
which have D4d symmetry, and
for 2 H, which has C2v symme-
try, to distinguish between indi-
vidual orbital interactions that
have the same symmetry. The
numerical results are given in
Table 3. A graphical display of
the NOCV deformation densi-
ties in [Pd ACHTUNGTRENNUNG(CdH)8] (5 H), which
is helpful for the understanding
of the numerical results, is
given in Figure 6. These defor-
mation densities represent the
individual orbital interactions.

The NOCV deformation den-
sities show the electron-density
change in one NOCV pair upon
creating the final molecule
during orbital relaxation of the
promolecule. Each of these
NOCV pairs contains one
NOCV with negative eigenval-
ue u�, which is an antibonding
combination of the fragment or-
bitals, and one NOCV with pos-
itive eigenvalue u+ , which is
the corresponding bonding
combination. The shape of the
deformation densities makes it
possible to correlate each
NOCV pair with a particular in-
teraction of ligand orbitals with
the central AOs of the Pd
atom. In the case of the homo-
leptic complex 5 H (Figure 6),
the shapes of the AOs of the
central atoms are easy to identi-
fy. Thus, the NOCV pairs 1, 2,
4, 5, and 9 represent interac-
tions of the five d AOs of the
Pd atom with the Cd ligands;
the NOCV pair 3 represents
the interaction with the s AO;
and the pairs 6, 7, and 8 repre-

sent interactions with the p AOs.
The deformation densities show the electron flow of do-ACHTUNGTRENNUNGnation and backdonation as it was expected from the choice

of the fragments. The ligands donate electron density to the
empty p and s AOs of the Pd atom, whereas the occupied d
orbitals carry out backdonation to the ligands. The orbital
contributions according to the EDA-NOCV analyses are in
good agreement with those of the EDA in the framework of
canonical MOs as given in Table 2 but give further insight
into the bonding situation. The NOCV pairs 3 (s AO of Pd)
and 9 (dz2 AO of Pd) correspond to the a1 irreducible repre-
sentation of the D4d point group. According to the EDA-

Figure 5. Plot of the nine highest-occupied Kohn–Sham molecular orbitals of a) [Pt ACHTUNGTRENNUNG(CdH)8] (1 H) and b) [Pd-ACHTUNGTRENNUNG(CdH)4 ACHTUNGTRENNUNG(ZnH)4] (2 H).

Table 2. EDA results of [M ACHTUNGTRENNUNG(M’H)8] (M=Pd, Pt; M’=Zn, Cd, Hg) at the BP86/TZ2P+ level. Fragments are M
in the ns0 ACHTUNGTRENNUNG(n�1)d10 state and (M’H)8 in the corresponding 1A1 singlet state. Energies in kcal mol�1.

[Pd ACHTUNGTRENNUNG(ZnH)8] (4H) [Pd ACHTUNGTRENNUNG(CdH)8] (5H) [Pd ACHTUNGTRENNUNG(HgH)8] (6 H)

DEint �201.2 �179.7 �185.3
DEPauli 402.4 344.1 368.3
DEelstat �467.7 ACHTUNGTRENNUNG(77.5 %) �404.7 ACHTUNGTRENNUNG(77.3 %) �408.8 ACHTUNGTRENNUNG(73.9 %)
DEorb �135.8 ACHTUNGTRENNUNG(22.5 %) �119.2 ACHTUNGTRENNUNG(22.8 %) �144.7 ACHTUNGTRENNUNG(26.1 %)
DE(a1) (s, dz2) �21.7 ACHTUNGTRENNUNG(16.0 %) �20.5 ACHTUNGTRENNUNG(17.2 %) �19.9 ACHTUNGTRENNUNG(13.8 %)
DE(b2) (pz) �5.4 ACHTUNGTRENNUNG(4.0 %) �5.6 ACHTUNGTRENNUNG(4.7 %) �6.2 ACHTUNGTRENNUNG(4.3 %)
DE(e1) (px, py) �11.0 ACHTUNGTRENNUNG(8.1 %) �11.2 ACHTUNGTRENNUNG(9.4 %) �12.3 ACHTUNGTRENNUNG(8.5 %)
DE(e2) (dxy, dx2�y2) �43.6 ACHTUNGTRENNUNG(32.1 %) �35.8 ACHTUNGTRENNUNG(30.1 %) �43.2 ACHTUNGTRENNUNG(29.9 %)
DE(e3) (dxz, dyz) �54.1 ACHTUNGTRENNUNG(39.8 %) �46.0 ACHTUNGTRENNUNG(38.6 %) �63.1 ACHTUNGTRENNUNG(43.6 %)

[Pt ACHTUNGTRENNUNG(ZnH)8] (7 H) [Pt ACHTUNGTRENNUNG(CdH)8] (1 H) [Pt ACHTUNGTRENNUNG(HgH)8] (8H)

DEint �279.0 �249.1 �254.1
DEPauli 486.0 413.1 438.9
DEelstat �583.4 ACHTUNGTRENNUNG(76.3 %) �498.5 ACHTUNGTRENNUNG(75.3 %) �500.0 ACHTUNGTRENNUNG(72.2 %)
DEorb �181.6 ACHTUNGTRENNUNG(23.7 %) �163.8 ACHTUNGTRENNUNG(24.7 %) �193.0 ACHTUNGTRENNUNG(27.9 %)
DE(a1) (s, dz2) �43.8 ACHTUNGTRENNUNG(24.1 %) �42.9 ACHTUNGTRENNUNG(26.2 %) �42.1 ACHTUNGTRENNUNG(21.8 %)
DE(b2) (pz) �8.2 ACHTUNGTRENNUNG(4.5 %) �8.2 ACHTUNGTRENNUNG(5.0 %) �8.8 ACHTUNGTRENNUNG(4.5 %)
DE(e1) (px, py) �16.7 ACHTUNGTRENNUNG(9.2 %) �16.5 ACHTUNGTRENNUNG(10.1 %) �18.0 ACHTUNGTRENNUNG(9.3 %)
DE(e2) (dxy, dx2�y2) �51.2 ACHTUNGTRENNUNG(28.2 %) �42.7 ACHTUNGTRENNUNG(26.1 %) �51.9 ACHTUNGTRENNUNG(26.9 %)
DE(e3) (dxz, dyz) �61.7 ACHTUNGTRENNUNG(34.0 %) �53.5 ACHTUNGTRENNUNG(32.7 %) �72.2 ACHTUNGTRENNUNG(37.4 %)
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NOCV results, the pairs 3 and 9 together contribute
�20.4 kcal mol�1 to the orbital interactions (3: �12.7 kcal
mol�1, 9: �7.7 kcal mol�1), whereas the EDA for the equiva-
lent canonical MOs gives �20.5 kcal mol�1 for the irreduci-
ble representation a1. With the EDA-NOCV results, it is
possible to distinguish between the donation, which is given
by the NOCV pair 3, and backdonation, which is represent-
ed by NOCV pair 9.

Adding the contributions of the donation to the p AOs in
the EDA-NOCV gives �16.1 kcal mol�1, whereas adding the
b2 and e1 contributions in EDA give �16.8 kcal mol�1, which
is also in good agreement. The same holds for the sum of
the NOCV pairs 1, 2, 4, and 5 (�80.4 kcal mol�1) in compari-
son with the contributions of the e2 and e3 irreducible repre-
sentations in the EDA (�81.8 kcal mol�1). Thus, the EDA-
NOCV analysis gives the same results as the EDA but it

allows further insight into the
bonding situation, even in mol-
ecules with high symmetry.

The assignments of NOCV
pair contributions to the total
orbital interactions for the
other investigated homoleptical
compounds 1 H and 4 H are
given in Table 3. Graphical rep-
resentations of the deformation
densities are given in Figures S1
and S2 in the Supporting Infor-
mation. The values for the
energy contributions DEint,
DEPauli, DEelstat, and DEorb pro-
vided by the EDA-NOCV anal-
yses agree with those given by
the EDA. As for 5 H, summing

the EDA-NOCV orbital energy contributions in the same
way as discussed above gives good agreement with the EDA
orbital energy contributions of the irreducible representa-
tions, but with the EDA-NOCV it is possible to distinguish
between donation into the vacant s AO of the central atom
and backdonation from the dz2 AO. With �32.4 kcal mol�1

the donation to the vacant s AO of Pt is larger than the
same interaction in the Pd compounds (�12.7 kcal mol�1 in
5 H), whereas backdonation from the d AOs to the cage has
a similar strength.

Figure 7 shows the graphical representations of the defor-
mation densities in the Zn/Cd heteroleptic compound [Pd-

Table 3. EDA-NOCV results of the compounds 1 H, 2H, 4 H, and 5H. Fragments are Pd and Pt in the ns0-ACHTUNGTRENNUNG(n�1)d10 state and (M’H)8 in the corresponding 1A1 singlet state. Energies in kcal mol�1. See Figures 7 and 8
for graphical representations of NOCV pairs and deformation densities.

[Pd ACHTUNGTRENNUNG(ZnH)8] (4H) [Pd ACHTUNGTRENNUNG(ZnH)4ACHTUNGTRENNUNG(CdH)4] (2H) [Pd ACHTUNGTRENNUNG(CdH)8] (5H) [Pt ACHTUNGTRENNUNG(CdH)8] (1H)

DEint �201.2 �190.4 �179.7 �249.1
DEPauli 402.4 379.4 344.1 413.1
DEelstat

[a] �467.7 ACHTUNGTRENNUNG(77.5 %) �441.1 ACHTUNGTRENNUNG(77.5 %) �404.7 ACHTUNGTRENNUNG(77.3 %) �498.5 ACHTUNGTRENNUNG(75.3 %)
DEorb

[a] �135.8 ACHTUNGTRENNUNG(22.5 %) �128.4 ACHTUNGTRENNUNG(22.5 %) �119.2 ACHTUNGTRENNUNG(22.8 %) �163.8 ACHTUNGTRENNUNG(24.7 %)
1 �27.2 (d) �24.8 (d) �22.7 (d) �32.4 (s)
2 �27.2 (d) �16.0 ACHTUNGTRENNUNG(s, d) �22.7 (d) �26.5 (d)
3 �11.5 (s) �22.6 (d) �12.7 (s) �26.5 (d)
4 �21.8 (d) �22.5 (d) �17.5 (d) �20.8 (d)
5 �21.8 (d) �16.5 ACHTUNGTRENNUNG(s, d) �17.5 (d) �20.8 (d)
6 �5.4 (p) �5.4 (p) �5.5 (p) �10.6 (d)
7 �5.4 (p) �5.5 (p) �5.3 (p) �7.7 (p)
8 �5.4 (p) �5.5 (p) �5.3 (p) �7.5 (p)
9 �10.5 (d) �8.2 (d) �7.7 (d) �7.5 (p)

[a] Values in parentheses give the percentage contributions to the total attractive interactions DEelstat +DEorb.

Figure 6. Plot of the NOCV deformation densities of [Pd ACHTUNGTRENNUNG(CdH)8] (5H).
Numbers give the corresponding NOCV eigenvalues u and orbital energy
contributions. Light gray isosurfaces indicate areas of charge accumula-
tion, whereas dark gray isosurfaces indicate areas of charge depletion.

Figure 7. Plot of the NOCV deformation densities of [Pd ACHTUNGTRENNUNG(CdH)4 ACHTUNGTRENNUNG(ZnH)4]
(2H). Numbers give the corresponding NOCV eigenvalues u and orbital
energy contributions. Light gray isosurfaces indicate areas of charge accu-
mulation, whereas dark gray isosurfaces indicate areas of charge deple-
tion.
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ACHTUNGTRENNUNG(CdH)4ACHTUNGTRENNUNG(ZnH)4] (2 H). The NOCV pairs 1, 3, 4, and 9 repre-
sent interactions of the ligands with d atomic orbitals of the
Pd atom; the pairs 6, 7, and 8 those with the p AOs of Pd.
Thus, with the EDA-NOCV results it is possible to distin-
guish between interactions with d and with p AOs, which
would not be the case with the EDA. Although it is still not
strictly possible to distinguish between interactions with the
s and the dz2 AOs of Pd with the ligands, the relative contri-
butions may be estimated from the shape of the NOCV
pairs 2 and 5. It becomes obvious that the strongest contri-
bution to the NOCV pair 2 comes from the s AO of Pd,
whereas the NOCV pair 5 has the largest contribution from
the dz2 AO of Pd.

The bonding situation of the homoleptic Cd and hetero-
leptic Zn/Cd octacoordinated compounds thus looks similar
to that of the zinc compounds [Pd ACHTUNGTRENNUNG(ZnCp*)4ACHTUNGTRENNUNG(ZnMe)4] and
[Pt ACHTUNGTRENNUNG(ZnCp*)4 ACHTUNGTRENNUNG(ZnMe)4]. The M’–M’ interactions are weak but
attractive, which explains the large coordination numbers.
The stability of the compounds is mainly caused by strong
Pd–M’ and Pt–M’ interactions. The AIM analysis does not
give bond paths for the Cd–Cd and Hg–Hg interactions.

The bonding situation in dodecacoordinated [Mo ACHTUNGTRENNUNG(M’H)12]:
The homoleptical dodecacoordinated compounds [Mo-ACHTUNGTRENNUNG(ZnH)12] (9 H), [MoACHTUNGTRENNUNG(CdH)12] (10 H), and [Mo ACHTUNGTRENNUNG(HgH)12]
(11 H) have perfect icosahedral energy-minimum structures.
The parent compound [Mo ACHTUNGTRENNUNG(CdH)9ACHTUNGTRENNUNG(ZnH)3] (3 H) possesses
C3v symmetry and has a coordination sphere of a slightly dis-
torted icosahedron (Figure 8).

The AIM analyses give Mo�M’ bond critical points but
no M’�M’ critical points for M’= Zn, Cd for 3 H, 9 H, and
10 H (Figure 9a–c). However, in contrast to the dodecacoor-
dinated zinc and cadmium species and to all octacoordinat-
ed compounds 1 H, 2 H, 4 H–8 H, we observe Hg�Hg bond
critical points in the mercury compound 11 H (Figure 9d).
This finding should not be interpreted, however, as a drastic
change in the bonding situation. The curved Hg�Hg bond
path suggests the onset of chemical bonding in the definition
of the AIM theory. The same observation is made when the

zinc and cadmium compounds are calculated with a slightly
distorted geometry in which the M’–M’ distance is a bit
shorter than in the equilibrium geometry. The nine highest-
lying MOs of the homoleptic complex 10 H are presented in
Figure 10. Like in the octacoordinated compounds, and also
in the homoleptic zinc compound 9 H that we discussed ear-
lier,[2] the three highest-lying MOs have small p AO contri-
butions of the Mo atom, followed by five atoms with large d
AO contributions, and one AO with s AO contributions of
the central atom. The frontier orbitals of the icosahedral
parent compounds are the triply degenerated t1u, quintuply
degenerated hg, and the total symmetric ag MOs. An analo-
gous assignment is possible for the highest-lying occupied
MOs of the heteroleptic compound 3 H, in which the mixing
of p, d, and s AOs of Mo atoms is allowed because the mol-
ecule has lower (C3v) symmetry. Thus, the three highest-
lying MOs in 3 H mainly represent interactions with the p
AOs of Mo, which are polarized by d AOs (see Figure 11)
The 35a1 MO, which is the energetically lowest-lying orbital
from the set of nine MOs, is comparable to the 6ag MO of
the perfectly icosahedral compound 10 H.

Energy-decomposition analyses were performed for the
three homoleptical icosahedral parent compounds 9 H–11 H.
The results are shown in Table 4. The relative contributions
of the orbital interactions DEorb to the total interaction
energy DEint in the dodecacoordinated compounds are
larger (39–43 %) than in the octacoordinated complexes.
The main contributions to DEorb come from the hg orbitals,
which represent interactions of the ligands with the singly
occupied d orbitals of Mo. The ag contributions are also

Figure 8. Graphical representations of the minimum structures of the
parent compounds [Mo ACHTUNGTRENNUNG(CdH)9 ACHTUNGTRENNUNG(ZnH)3] (3H) and [Mo ACHTUNGTRENNUNG(ZnH)12] (9 H).

Figure 9. Molecular graphs and contour maps of the Laplacian 521 of
a) [Mo ACHTUNGTRENNUNG(ZnH)12] (9H), b) [MoACHTUNGTRENNUNG(CdH)9ACHTUNGTRENNUNG(ZnH)3] (3 H), c) [Mo ACHTUNGTRENNUNG(CdH)12]
(10H), and d) [Mo ACHTUNGTRENNUNG(HgH)12] (11 H).
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quite large, whereas the t1u contributions are negligible as
only 40–60 % of the total orbital interactions. The strength
of the overall interaction energy DEint in the dodecahedral
complexes 9 H–11 H shows the same Zn>Hg>Cd trend for
the ligand atoms as in the octahedral complexes 4 H–6 H
and 7 H, 1 H, 8 H (Table 2).

Compound 3 H, which has
C3v symmetry, has been ana-
lyzed with the EDA-NOCV
method to distinguish between
interactions of s, p, and d AOs
of Mo. EDA-NOCV results for
9 H and 10 H, which have Ih

symmetry, are given for com-
parison. The numerical results
are shown in Table 5. The
values for DEint, DEPauli, DEelstat,
and DEorb of the EDA-NOCV
results agree with those of the
EDA for 9 H and 10 H, as only
the decomposition of the orbi-
tal term is different in these
two approaches. Important in-
sight into the change in the
electronic structure of the com-
pounds that derives from the
metal–ligand interactions comes
from the graphical representa-
tions of the deformation densi-
ties in the homoleptical com-
plex 10 H, which are given in
Figure 12. Because the interact-
ing fragments Mo + (M’H)12 in
10 H have open-shell electronic
states, it is necessary to distin-
guish between a and b contri-
butions.

The NOCV pairs 1–6 de-
scribe interactions of the
(M’H)12 fragment with s and d
AOs of Mo; pairs 7–9 represent
donation from the t1u MOs of
(M’H)12 to the p AOs of MO.
We calculated the Mo fragment
with unpaired a electrons and
the (M’H)12 fragment with un-
paired b electrons. Thus, a-
NOCV pairs 1–6 describe stabi-
lizations of the s and d elec-
trons of Mo, whereas the corre-
sponding b-NOCV pairs 1–6
describe stabilizations of the ag

and hg electrons of (M’H)12.
The corresponding a-NOCV ei-
genvalues of these NOCV pairs
describe the donation of s and
d electrons to (M’H)12, and the

b-NOCV eigenvalues describe donation to Mo.
This is indicated in Figure 12 by the different shading for

the deformation densities. For the NOCV pairs that describe
interactions with p orbitals of Mo, both a and b contribu-
tions describe donation to the p AOs because in this case
the interacting orbitals are doubly occupied (t1u of the

Figure 10. Plot of the nine highest-occupied Kohn–Sham molecular orbitals of [Mo ACHTUNGTRENNUNG(CdH)12] (10H).

Figure 11. Plot of the nine highest-occupied Kohn–Sham molecular orbitals of [Mo ACHTUNGTRENNUNG(CdH)9 ACHTUNGTRENNUNG(ZnH)3] (3 H).
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(M’H)12 fragment) or vacant (p AOs of the Mo atom). In
the case of 10 H, an assignment of the NOCV deformation
densities and the corresponding energies to the interactions
of (M’H)12 orbitals with s, p, or d AOs of Mo are straightfor-
ward. This is because there are—for both a and b densi-
ties—a set of quintuply degenerated NOCV pairs that repre-
sent interactions with d AOs of Mo, a set of triply degener-
ated NOCV pairs that represent interactions with p AOs of
Mo, and one remaining NOCV pair that represents interac-
tions with the s AO of Mo. The latter interaction is repre-
sented by the a-NOCV pair 1, which contributes �81.4 kcal
mol�1 of orbital interactions, and the b-NOCV pair 6, which
contributes �3.1 kcal mol�1. The a pair donates the s elec-
tron of the central atom to the singly occupied ag orbital of
the (M’H)12 fragment, whereas the b pair donates the ag

electron of the (M’H)12 fragment to the singly occupied s
AO of Mo. Thus, the orbital-stabilization energies of the
two electrons differ drastically; the s electron of Mo is much
more strongly stabilized upon bond formation than the ag

electron of the (M’H)12 fragment. The reason for this large
difference is that the s AO of Mo is very compact in com-

parison to the ag fragment orbi-
tal which is delocalized over the
whole (M’H)12 moiety.

The sum of the energy contri-
butions of a-pair 1 and b-pair 6,
both of which represent interac-
tions with the s AO of Mo, is
�84.5 kcal mol�1, which is in
good agreement with the ag

contribution of �85.1 kcal mol�1

calculated by the EDA method.
The sum of the EDA-NOCV
contributions of all the NOCV
pairs that describe interactions
with d AOs of Mo, which is
225.5 kcal mol�1, is also in good
agreement with the value of
227.2 kcal mol�1 as calculated
from the EDA.

The correlation of deforma-
tion densities with the interac-
tions of the ligands with the s,
p, and d orbitals of Mo in the
homoleptic [Mo ACHTUNGTRENNUNG(ZnH)12] (9 H)
are straightforward. The assign-
ments are given in Table 5, and
the graphical representations of
the deformation densities are
presented in Figure S3 of the
Supporting Information. The
trends are the same as dis-
cussed for 10 H. Again, the
overall agreement of EDA-
NOCV and EDA results is
good. The deformation densi-
ties that are associated with the

metal–ligand interactions of the (M’H)12 fragment orbitals
with s, p, and d AOs of Mo in the heteroleptical complex
3 H that come from the EDA-NOCV calculations are shown
in Figure S4. The interpretation of the orbital contributions
follows the assignments that are given in Table 5.

Summary of the bonding analysis of 1H–11H : The detailed
bonding analyses using various charge- and energy-decom-
position analyses of 1 H–11 H suggest that the complexes
that are described in this work exhibit different variations of
the bonding situation that are characteristic for a new class
of compounds. The metal–ligand bonding in the compounds
[M ACHTUNGTRENNUNG(M’R)n] in which n=8 comes mainly from classical
donor–acceptor bonding M�M’, which can be described by
the Dewar–Chatt–Duncanson model, whereas systems with
n= 12 have electron-sharing bonds augmented by weak ad-
ditional contributions that come from donor–acceptor inter-
actions. This explains why all examples that were found so
far to be stable obey the 18-electron rule. A weaker bonding
is found for the interactions between the metal–ligand
atoms M’, which arises from orbital interactions that yield

Table 4. Results of EDAs of [Mo ACHTUNGTRENNUNG(M’H)12] (M’=Zn, Cd, Hg) at the BP86/TZ2P+ level. Fragments are Mo in
the [Kr]5s14d5 state and (M’H)12 in the corresponding 7Ag septet state. Energies in kcal mol�1.

[Mo ACHTUNGTRENNUNG(ZnH)12] (9H) [MoACHTUNGTRENNUNG(CdH)12] (10H) [Mo ACHTUNGTRENNUNG(HgH)12] (11H)

DEint �348.8 �307.9 �328.7
DEPauli 594.5 514.1 567.5
DEelstat

[a] �540.1 ACHTUNGTRENNUNG(57.2 %) �492.5 ACHTUNGTRENNUNG(59.9 %) �539.3 ACHTUNGTRENNUNG(60.2 %)
DEorb

[a] �403.2 ACHTUNGTRENNUNG(42.8 %) �329.6 ACHTUNGTRENNUNG(40.1 %) �356.8 ACHTUNGTRENNUNG(39.8 %)
DE(ag) (s)[b] �96.4 ACHTUNGTRENNUNG(23.9 %) �85.1 ACHTUNGTRENNUNG(25.9 %) �89.7 ACHTUNGTRENNUNG(25.2 %)
DE(hg) (d)[b] �288.0 ACHTUNGTRENNUNG(71.5 %) �227.2 ACHTUNGTRENNUNG(69.0 %) �247.1 ACHTUNGTRENNUNG(69.4 %)
DE ACHTUNGTRENNUNG(t1u) (p)[b] �18.3 ACHTUNGTRENNUNG(4.5 %) �16.9 ACHTUNGTRENNUNG(5.1 %) �19.5 ACHTUNGTRENNUNG(5.5 %)

[a] Percentage values in parentheses give the percentage contributions to the total attractive energy DEelstat +

DEorb. [b] Percentage values in parentheses give the percentage contributions to the total orbital interactions
DEorb.

Table 5. Results of EDA-NOCV analyses of 3H, 9H, and 10H at the BP86/TZ2P+ level. Fragments are Mo in
the [Kr]5s1d5 and (M’H)12 (M’=Zn, Cd) in the corresponding total symmetric septet state. Energies in kcal
mol�1. See Figure 12 and Figure S3 in the Supporting Information for graphical representations of the NOCV
deformation densities. Mo was calculated with an excess amount of a, (M’H)12 with an excess amount of b.

[Mo ACHTUNGTRENNUNG(ZnH)12] (9H) [MoACHTUNGTRENNUNG(ZnH)3 ACHTUNGTRENNUNG(CdH)9] (3H) [Mo ACHTUNGTRENNUNG(CdH)12] (10H)

DEint �349.0 �320.8 �307.9
DEPauli 594.6 542.7 514.1
DEelstat

[a] �540.1 ACHTUNGTRENNUNG(57.2 %) �511.6 ACHTUNGTRENNUNG(59.2 %) �492.5 ACHTUNGTRENNUNG(59.9 %)
DEorb

[a] �403.5 ACHTUNGTRENNUNG(42.8 %) �351.9 ACHTUNGTRENNUNG(40.8 %) �329.6 ACHTUNGTRENNUNG(40.1 %)
a b a b a b

1 �94.2 (s) �17.8 (d) �84.5 (s) �17.3 (d) �81.4 (s) �16.7 (d)
2 �39.8 (d) �17.8 (d) �32.4 (d) �19.0 (d) �28.4 (d) �16.7 (d)
3 �39.8 (d) �17.8 (d) �32.4 (d) �19.0 (d) �28.4 (d) �16.7 (d)
4 �39.8 (d) �17.8 (d) �30.3 (d) �16.1 (d) �28.4 (d) �16.7 (d)
5 �39.8 (d) �17.8 (d) �31.3 (d) �16.1 (d) �28.4 (d) �16.7 (d)
6 �39.8 (d) �2.3 (s) �31.3 (d) �2.7 (s) �28.4 (d) �3.1 (s)
7 �3.1 (p) �1.5 (p) �3.0 (p) �1.4 (p) �3.0 (p) �1.4 (p)
8 �3.1 (p) �1.5 (p) �2.9 (p) �1.4 (p) �3.0 (p) �1.4 (p)
9 �3.1 (p) �1.5 (p) �2.9 (p) �1.4 (p) �3.0 (p) �1.4 (p)
sum (s) �96.5 ACHTUNGTRENNUNG(23.9 %) �87.2 ACHTUNGTRENNUNG(24.8 %) �84.5 ACHTUNGTRENNUNG(25.6 %)
sum (d) �288.0 ACHTUNGTRENNUNG(71.4 %) �245.2 ACHTUNGTRENNUNG(69.7 %) �225.5 ACHTUNGTRENNUNG(68.4 %)
sum (p) �13.8 ACHTUNGTRENNUNG(3.4 %) �13.0 ACHTUNGTRENNUNG(3.7 %) �13.2 ACHTUNGTRENNUNG(4.0 %)
remain �5.2 ACHTUNGTRENNUNG(1.2 %) �6.5 ACHTUNGTRENNUNG(1.8 %) �6.4 ACHTUNGTRENNUNG(1.9 %)

[a] Values in parentheses give the percentage contributions to the total attractive interactions DEelstat +DEorb.
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genuine chemical M’�M’ bonding. The latter attraction may
or may not yield bond paths in the AIM calculations but it
comes clearly to the fore by inspection of the molecular or-
bitals. The ligand “cage” fragment (M’R)n may consist of
different atom types M’ as long as the total number of elec-
trons that are donated plus the valence electrons of M gives
a total number of 18. The atoms M’ must also be able to
engage in weak M’�M’ bonding interactions, which contrib-
utes to some extent to the overall binding energy and coun-
terbalances steric repulsion among the ligands. The analysis
of the electronic structures thus reveals a unique bonding
situation in the [M ACHTUNGTRENNUNG(M’R)n] compounds that is clearly differ-
ent from an endohedral cluster M@ ACHTUNGTRENNUNG(M’R)n and supports our
previous discussions on this matter.[2] The bonding in [M-ACHTUNGTRENNUNG(M’R)n] compounds resembles the situation in WAu12, which
was first theoretically predicted by Pyykkç and Runeberg[18]

and then experimentally observed by Li et al.[19] in 2002. In

contrast, these latter compounds are characterized by strong
chemical bonding within the cage (tangential) and weaker
radial bonding between the central atom M and the atoms
of the cage. [Pt@Pb12]

2� is an icosahedral endohedral cluster
compound that was synthesized and discussed by Eichhorn
et al.[20] The [Pb12]

2� cage provides 26 valence electrons for
cluster bonding, thereby fulfilling the Wade–Mingos rules[21]

for icosahedral clusters, and thus indicating that the empty
cage is stable by itself and only further stabilized by the in-
sertion of the Pt atom, which is also in agreement with ex-
perimental observations.[20b] On the contrary, the hypotheti-
cal cages [M’R]12 (M =Zn, Cd, Hg) have only 12 valence
electrons for cluster bonding and thus do not fulfill the
Wade–Mingos rules. Geometry optimizations of the empty
cages result in decomposition of the cages, which suggests
that they are not stable by themselves and that the central
atom is essential for the stabilization of the compounds dis-
cussed here. As the addition of the molybdenum atom
yields 18 valence electrons, the [M ACHTUNGTRENNUNG(M’R)12] compounds also
do not fulfill the Wade–Mingos rules, thus indicating that
these compounds are not endohedral clusters. This is in
agreement with the results of our bonding analyses that indi-
cate only weak tangential interactions but strong radial M�
M’ bonds and thus indicating that the bonding situation in
[M ACHTUNGTRENNUNG(M’R)12] is entirely different from that in endohedral
cluster compounds.

Conclusion

Herein we investigated the extension of the concept of
highly coordinated transition-metal compounds [M ACHTUNGTRENNUNG(M’R)n]
that containing one electron ligand M’R (M’=Zn, Cd; R=

CH3, Cp*) by the synthesis and characterization of the three
novel compounds [Pt ACHTUNGTRENNUNG(CdMe)4ACHTUNGTRENNUNG(CdCp*)4] (1), [Pd ACHTUNGTRENNUNG(CdMe)4-ACHTUNGTRENNUNG(ZnCp*)4] (2), and [Mo ACHTUNGTRENNUNG(ZnCp*)3ACHTUNGTRENNUNG(CdMe)9] (3). The results
of the quantum-chemical bonding analysis reveal that the
hitherto unknown Hg analogues of 1–3 and even the icosa-
hedral parent compound [Mo ACHTUNGTRENNUNG(HgR)12] may be quite stable
as well. The strength of the overall interaction energy DEint

for [M ACHTUNGTRENNUNG(M’R)n] follows the trend Zn>Hg>Cd, and the plati-
num complexes have significantly stronger metal–ligand
bonds than the palladium species. The calculations clearly
show that the transition-metal–Group 12 metal contacts M–
M’ in dodecahedral compounds with eight ligands can be
best described as classical donor–acceptor bonds, with these
radial interactions being much stronger than the tangential
M’–M’ interactions. The icosahedral compounds have mainly
electron-sharing bonds between the transition-metal and the
ligand atoms, which are supported by weak donation from
ligand–ligand bonds thus fulfilling the 18-electron rule.
Therefore, it is not necessary that the ligand-metal atoms M’
are of the same type as long as they donate electrons to ach-
ieve the total electron count of 18 for the central metal M.
Last but not least, we would like to suggest that the novel
compounds of the general type [M ACHTUNGTRENNUNG(M’R)n] may be useful as
molecular precursors for soft chemical synthesis of the re-

Figure 12. Plot of the a- and b-NOCV deformation densities of [Mo-ACHTUNGTRENNUNG(CdH)12] (10 H). Numbers give eigenvalues u of the corresponding
NOCV pairs and energy contributions (kcal mol�1) to the total orbital
energy according to EDA-NOCV. Light gray isosurfaces indicate areas of
charge accumulation, whereas dark gray isosurfaces indicate areas of
charge depletion.
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spective intermetallic alloys or nanoparticles including
metal/metal oxide composites, as was demonstrated for the
related organometallic precursor chemistry of some binary
M/M’ materials (e.g., M=Co, Ni, Cu; M’=Zn, Al, and
Ga).[22]

Experimental Section

General : All manipulations were carried out with rigorous exclusion of
air and moisture under an inert gas atmosphere of purified argon using
standard Schlenk and glovebox techniques. Hexane and toluene were
thoroughly dried using an MBraun Solvent Purification System. The final
H2O content in all solvents was checked by Karl Fischer titration and did
not exceed 5 ppm. GaCp*[23, 24] was prepared as previously described. Ele-
mental analyses were performed by the Microanalytical Laboratory of
the Ruhr-University Bochum. NMR spectra were recorded using a
Bruker Avance DPX-250 spectrometer in C6D6 at 298 K. Chemical shifts
(d in ppm) are given relative to TMS and were referenced to the solvent
resonances as internal standards, and are consecutively reported as posi-
tion (dH or dC), relative integral, multiplicity (s= singlet, d= doublet,
sept= septet, m=multiplet), coupling constant (J in Hz), and assignment.

X-ray crystallography : Crystals of 1, 2, and 3 were obtained from hexane
at �30 8C. The X-ray diffraction intensities were collected using an
Oxford Xcalibur2 diffractometer with a Sapphire2 CCD. The crystal
structures were solved by direct methods using SHELXS-97 and refined
with SHELXL-97.[25] The crystals were coated with a perfluoropolyether,
picked up with a glass fiber, and immediately mounted in the cooled ni-
trogen stream of the diffractometer. The crystallographic data and details
of the final R values are provided in Table S2 of the Supporting Informa-
tion. Molecules 1–3 were refined with distance restraints and restraints
for the anisotropic displacement parameters. Cocrystallized solvent mole-
cules were removed from the diffraction data using PLATON/
SQUEEZE.[26, 27]

CCDC-777129 (1), 777130 (2), and 777131 (3) contain the supplementary
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.

[Pt ACHTUNGTRENNUNG(CdMe)4 ACHTUNGTRENNUNG(CdCp*)4] (1): A sample of [Pt ACHTUNGTRENNUNG(GaCp*)4]
[28] (0.100 g,

0.099 mmol) in toluene (6 mL) was cooled to �30 8C and treated with
CdMe2 (0.119 g, 0.835 mmol). The reaction mixture was warmed to room
temperature and stirred for 30 min. The solvent was removed under
vacuum and the crude product was extracted with hexane. The product
crystallized by slow cooling to �30 8C. Yield: 0.079 g (47 %). 1H NMR
(C6D6, 25 8C): d= 2.19 (60 H; C5Me5), 0.03 ppm (12 H; CdMe); 13C NMR
(C6D6, 25 8C): d= 112.21 (C5Me5), 19.72 (CdMe), 11.03 ppm (C5Me5); el-
emental analysis calcd (%) for C44H72Cd8Pt: C 31.17, H 4.28; found: C
31.18, H 4.13.

[Pd ACHTUNGTRENNUNG(CdMe)4 ACHTUNGTRENNUNG(ZnCp*)4] (2): A sample of [Pd ACHTUNGTRENNUNG(ZnCp*)4 ACHTUNGTRENNUNG(ZnMe)4]
[2]

(100 mg; 0.081 mmol) in hexane (6 mL) was treated with CdMe2

(226 mg; 1.586 mol). The reaction mixture was warmed to 60 8C for
30 min. The solution was filtered and the solvent was removed under
vacuum. The crude product was redissolved in hexane. The product crys-
tallized by slow cooling to �30 8C. Yield: 0.056 g (48 %). 1H NMR (C6D6,
25 8C): d=2.08 (60 H; C5Me5), 0.14 ppm (12 H; CdMe); 13C NMR (C6D6,
25 8C): d =110.54 (C5Me5), 19.72 (CdMe), 10.93 ppm (C5Me5); elemental
analysis calcd (%) for C44H72Cd4Zn4Pd: C 37.25, H 5.11; found: C 37.36,
H 5.56.

[Mo ACHTUNGTRENNUNG(ZnCp*)3ACHTUNGTRENNUNG(CdMe)9] (3): A sample of [Mo ACHTUNGTRENNUNG(ZnCp*)4 ACHTUNGTRENNUNG(GaMe)4]
[2]

(70 mg; 0.057 mmol) in hexane (5 mL) was treated with a 14-fold molar
excess amount of CdMe2 (160 mg; 1.123 mol) at room temperature. The
reaction mixture was warmed to 60 8C for 30 min. The solution was fil-
tered and the solvent was removed under vacuum. The crude product
was redissolved in hexane. The product crystallized by slow cooling to
�30 8C. Yield: 0.035 g (33 %). 1H NMR (C6D6, 25 8C): d=2.17 (45 H;
C5Me5), 0.33 (9 H; CdMe); 0.21 (9 H; CdMe); 0.15 ppm (9 H; CdMe);

13C NMR (C6D6, 25 8C): d =114.16 (C5Me5), 31.13 (CdMe), 29.38
(CdMe), 27.19 (CdMe), 11.14 ppm (C5Me5); elemental analysis calcd (%)
for C39H72Cd9Zn3Mo: C 25.39, H 3.93, Zn 10.63; found: C 26.19, H 3.90,
Zn 10.91.

Computational details : The geometries of the molecules were optimized
at the gradient-corrected DFT level of theory using Becke�s exchange
functional[29] in conjunction with Perdew�s correlation functional[30]

(BP86) with the TURBOMOLE 5.80 program package.[31] Ahlrich�s
def2-TZVPP basis set[32] was used. The RI approximation[33] was applied
using auxiliary basis functions.[34] Stationary points were characterized by
the analytical calculation of the Hessian using the aoforce module in
TURBOMOLE.[35] This level of theory is denoted as RI-BP86/def2-
TZVPP. Energy-decomposition analyses (EDA) were carried out using
the ADF ACHTUNGTRENNUNG(2009.1) program package.[36] Uncontracted Slater-type orbitals
(STOs) were employed as basis functions in self-consistent field (SCF)
calculations.[37] Triple-zeta-quality basis sets were used, which were aug-
mented by two sets of polarization functions, that is, p and d functions
for the hydrogen atom and d and f functions for the other atoms. This
level of theory is denoted as BP86/TZ2P+. An auxiliary set of s, p, d, f,
and g STOs was used to fit the molecular densities and to represent the
Coulomb and exchange potentials accurately in each SCF cycle.[38] Scalar
relativistic effects were considered using the zero-order regular approxi-
mation (ZORA).[39] In the EDA, bond formation between the interacting
fragments is divided into three steps, which can be interpreted in a plau-
sible way. In the first step, the fragments, which are calculated with the
frozen geometry of the entire molecule, are superimposed without elec-
tronic relaxation to yield the quasiclassical electrostatic attraction DEelstat.
In the second step, the product wave function becomes antisymmetrized
and renormalized, which gives the repulsive term DEPauli, termed Pauli
repulsion. In the third step, the molecular orbitals relax to their final
form to yield the stabilizing orbital interaction DEorb. The latter term can
be divided into contributions of orbitals that have different symmetry (in
the EDA) or into contributions of NOCV orbital pairs (EDA-NOCV).
These latter steps are crucial for the present study. The sum of the three
terms DEelstat + DEPauli + DEorb gives the total interaction energy DEint.
Note that DEint is not the same as the bond-dissociation energy, because
the relaxation of the fragments is not considered in DEint. The interaction
energy, DEint, together with the term DEprep, which is the energy necessa-
ry to promote the fragments from their equilibrium geometry to the ge-
ometry in the compounds, can be used to calculate the bond-dissociation
energy as �De =DEprep +DEint. Because we are not concerned with the
bond-dissociation energies in this paper, we give only the values for DEint

and its contributing terms. Further details about the EDA and the EDA-
NOCV can be found in the literature.[16, 17, 40, 41]
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