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Abstract: Heterometal-doped gold clusters are poorly acces-
sible through wet-chemical approaches and main-group-metal-
or early-transition-metal-doped gold clusters are rare. Com-
pounds [M(AuPMe;),,(AuCl)]’* (M=Pt, Pd, Ni) (1-3),
[Ni(AuPPh;) s 5,(AuCl);(AlCp*),] (n=1, 2) (4, 5), and
[Mo(AuPMe;)s (GaCl);(GaCl)]* (6) were selectively
obtained by the transmetalation of [M(M'Cp*),] (M= Mo,
E=Ga, n=6; M=Pt, Pd, Ni, M'=Ga, Al, n=4) with
[CIAuPR;] (R= Me, Ph) and characterized by single-crystal
X-ray diffraction and ESI mass spectrometry. DFT calcula-
tions were used to analyze the bonding situation. The trans-
metalation proved to be a powerful tool for the synthesis of
heterometal-doped gold clusters with a design rule based on the
18 valence electron count for the central metal atom M and in
agreement with the unified superatom concept based on the
jellium model.

Every atom counts in metal clusters. The composition of the
core and ligand shell is crucial for the physical and chemical
properties of clusters.'! Gold is among the most thoroughly
studied cluster metals and the famous “magic number”
clusters [Aug;(PMe,Ph),,CL](PFs); and [Auss(PPhs);,Clg],”
discovered in 1981, are today’s textbook examples. Au
clusters are important for the study of metal-metal bonding
and the understanding of the transition from the molecular
size regime to the extended bulk phase, but they have also
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gained importance in catalysis, fuel cells, bio-sensing and
labeling, and molecular electronics.®! The incorporation of
heteroatoms, that is, noble metals other than gold, is attractive
because this doping leads to specific changes of the electronic
structure and offers control of the properties.*>) However,
cluster synthesis by wet chemistry is difficult, especially if
heterometal atoms are included. A widely employed method
to prepare doped Au clusters is the co-reduction of [AuCl,]~
with other metal salts in the presence of capping ligands. This
concept works well for Pd and Pt as interstitial dopants and
thiols as surface-capping groups, for example [Pt@Au,-
(SC,H,Ph),5].”! However, this strategy becomes increasingly
problematic for less-noble metals and other choices of
protecting ligands. The reactions exhibit poor selectivity and
special separation techniques are required.’! Alternative,
chemoselective access to doped clusters [M@Au,|L,, is very
rare.”) In 2002, Li et al. described ligand-free M@Au,, (M =
Mo, W), experimentally proving Pyykko’s theoretical pre-
diction of their unique stability.®) A variety of M@Au, clusters
were obtained by laser vaporization of a mixed Au/Mo (or
Au/W) target into a stream of He carrier gas, monitored by
time-of-flight mass spectrometry. The anions [M@Au,,]|” were
mass selected and characterized by photoelectron spectros-
copy. Most of the current work on doped Au clusters is similar
or purely theoretical and thus, possibly, quite far from
applications. Our discovery of [Mo(ZnCp*);(ZnMe),]
(Cp* =CsMes), in which the Mo@Zn,, core displays striking
similarities to the bonding situation of M@Au,,,’** inspired us
to design a novel wet-chemical access to [M@Au,]L,,. The
concept is based on our library of related molecules
[M@M',]R, (a=8-12; M =Mo, Ru, Rh, Ni, Pd, Pt; M’ =Zn,
Ga, Cd; R=Me, Et, Cp*)!” and features the multiple
transmetalation reaction depicted in Scheme 1. Note the
isolobal relationship ZnR«—AuPR’; (both are one-electron

+Au

Scheme 1. Transmetalation concept for interstitial gold clusters of
formula [M@Au,]L,,. The interstitial M atom (blue) is transfered from
the cage M’, of the precursor compound [M(M'R),] into the golden
cage Au, of the M-doped Au cluster (ligand surface capping not
shown).
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ligands). The validity of the 18 valence electrons (18 ve) rule!”
for (blue) M embedded in the ligand shell of (gray) M’ or
(yellow) Au suggests the substitution rule of one Zn atom by
one Au or two Au atoms for one Al or Ga atom during
transmetalation. Herein we present our results showing that
this concept is working indeed.

The new compounds listed in Table 1 were synthesized by
reaction of [CIAuPR;] (PR; = PMes, PPh;) with [M(GaCp*),]
(M =Ni, Pd, Pt) leading to 1-3, with [Ni(AlCp*),] leading to 4
and 5, and with [Mo(GaCp*)4] leading to 6 in CH,Cl, solution

Table 1: The new compounds 1-6: numbering scheme, formulas, core
composition, and idealized point group symmetry (S).

Composition Core S
1 [Pt(AuPMe;),; (AuCl)][GaCl,], Pt@Au;, G,
2 [Pd(AuPMe;);; (AuCl)][GaCl,]; Pd@Au,, G,
3 [Ni(AuPMe;);; (AuCl)][GaCl,]s Ni@Au,, G,
4 [Ni(AuPPh;)¢(AuCl);(AICp*)] Ni@AugAl G,
5 [Ni(AuPPh,),(AuCl); (AICp¥),] Ni@Au,Al, G
6 [Mo(AuPMe;)4(GaCl,);(GaCl)][GaCl,] Mo@Au;Ga, G

(up to 30 % yield of isolated product; for experimental details
see the Supporting Information). The air-stable compounds
1-3 were purified by column chromatography while the high
reactivity of 4-6 required manual separation of the crystals
from the by-products under inert atmosphere. Notably, the
neutral [Mo(AuPPh;)s(AuCl),(GaMe),] (7, similar to the
cluster cation of 6), results from the reaction of [Mo(GaMe),-
(ZnCp¥*),] with [ClAuPPh;] (Figure S16). We did, however,
not include cluster 7 in the discussion, due to the ambiguity in
assigning Zn/Ga by single-crystal X-ray diffraction (similar
scattering contrast) and difficulties in obtaining pure samples
of satisfactory analysis (impurity: [Au(PPh;),][Zn,Cl]). Nev-
ertheless, the Mo@Au,,Ga, core of 7 with interstitial Mo and
additional shell-doping Ga may be regarded as the closest
approximation to the neutral (ligand-free) M@Au,, species
(M =Mo, W) that we could isolate so far.[!

Figure 1 highlights representative structures obtained by
single-crystal X-ray diffraction (XRD). The cluster cation of
1M (Figure 1a) reveals an almost perfect, icosahedral
Pt@Au,, unit (Cs,), which is surface-capped by eleven PMe,
ligands and one CI ligand (cluster cations of 2 and 3 are
isostructural; Figures S4 and S7). The d,,p and d,. bond
lengths are within the expected range."*Y The dp,,, separa-
tions are very similar (Pt(1)-Au(1) 2.741(1) A for AuCl;
2.705(1)-2.763(1) A for the Au(PMe;) groups) and agree with
value of 2.75 A reported for [Pt@Au,,(SC,H,Ph)]™ and
with dp.,, separations in intermetallic phases (2.744—
2.778 A)." All known clusters [Pt@Au,]L,, have fewer Au
atoms (n<10) and shorter dp.,, separations (2.640(1)-
2.725(1) A)."¥l High-resolution mass spectra (HRMS) of
1-3 were obtained by using a FI-ICR instrument and the
electrospray ionization technique (ESI; Figures S2, S5, and
$8).131 Molecular ion (MI) peaks MP* were found at m/z =
1143.66 for 1,1114.11 for 2, and 1098.20 for 3 and the isotopic
patterns are in perfect agreement with the compositions
derived from XRD (Table 1). The adducts [MI]*"[GaCl,]",
(n=1,2) were detected in the case of 1. Other fragments were
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Figure 1. Molecular structures of representative cluster cores in the
solid state (Table 1): a) Pt@Au,, (1), b) Ni@AugAl (4), c) Ni@Au,Al,
(5), and d) Mo@AuzGa, (6) (Povray plot; thermal ellipsoids are shown
at the 50% probability level, hydrogen atoms and phosphine ligands
are omitted for clarity. Au yellow, Mo red, Ni blue, Ga light blue, Al
purple, Pt brown, Cl green, C white. For further details see the
Supporting Information).

monitored as well, and the by-product [Au(PMe;),]* was the
only assignable species. In the negative mode the anion
[GaCl,]” was the only observable species for 1-3. The
3P NMR spectra of 1-3 in solution (Figure S19a) reveal one
signal (fluctional PMe; or exchange) while the solid-state *'P
MAS-NMR spectra show three distinct signals in keeping
with the Cs, symmetry. The 6(*'P) [ppm] shifts exhibit a clear
trend: 25.71 (Pt), 20.74 (Pd), 13.90 (Ni). In the UV/Vis spectra
(Figure S19b) a strong dependence of the absorption on the
nature of M is observed: M =Pt: 407 nm; Pd: 447 nm; Ni:
471 nm. This is due to gradual modulation of the electronic
structure in the series. The IR spectra indicate only little
influence of the core doping on the vibrational modes
(Figure S194).

The new synthesis concept of multiple transmetalation not
only gives access to “homoleptic” M@Au,, with one inter-
stitial heterometal atom M but also allows doping of the
cluster Au shell around M with another M'. Thus, Ni@Au,Al
(4) and Ni@Au,Al (5) are shell-doped with Al atoms, while
Mo@AugGa, (6) is shell-doped with Ga. The heterometallic
cluster shell and the heteroleptic ligand sphere, with bulky
Cp* ligands exclusively binding to the Al and Ga centers, lead
to distortions of the clusters 4-6 from ideal polyhedra.
However, each structure can be quantitatively related to an
ideal body by means of the Continuous Shape Measures
method (CShM, So(P))."" Thus, Ni@Au,Al, (5) comes close
to a regular tricapped trigonal prism (So(P)=0.47), while
Mo@AugGa, (6) is best described as a distorted icosahedron
(So(P)=0.84). The distortions are larger for Ni@Au,Al (4),
which is a usual feature for polyhedra with ten vertices
(centaur polyhedron (So(P)=1.48) or bicapped square anti-
prism (So(P)=1.52)). All clusters adapt the arrangement of
the capping ligands with the highest symmetry.
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In 4, the Ni atom is surrounded by one AICp*, three
AuCl, and six AuPPh; groups in overall C;, symmetry
(Figure 1b). The Au-Cl units are vicinal to the bulky AICp*
moiety, leading to significant bending of Ni-Au-Cl angles
(164.18(2)°-170.18(2)°). Also, the Ni-Au-P angles deviate
from linearity (163.82(2)°-175.72(2)°). The da.c and da,p
distances are comparable to those in other interstitial (M) and
PR;-protected Au clusters.”! The Ni(1)-Al(1) distance of
2.352(6) A is significantly longer than that in [Ni(AICp*),]
(2.173(1) A).'"S) The d, 5 distances range between 2.596(6)
and 2.633(6) A and the dy; A, distances are between 2.537(2)
and 2.700(2) A. Ni and Au are immiscible in the bulk phase.
Ternary phases Ni/Au/Al are known; however, they exhibit an
Al,Au-type lattice with Ni partially substituting for Au and
the observed typical dy;, distances of 2.57 A match bond
lengths in 4 and 5 very well.l'"!

The tricapped trigonal-prismatic cluster of 5" (Fig-
ure 1c) is constructed of two AlAu, triangles, which are
face-capped by three AuCl vertices. The cluster lacks
a symmetry element and the structure is chiral. The enantio-
meric mixture of 5 crystallizes in the achiral space group P2,/c
with one molecule per asymmetric unit (Figures S11-S13).
The Ni atom is surrounded by four AuPPh;, three AuCl, and
two AlCp* ligands. Again, the d,,p and d,,q separations
have typical values."” The Ni-Al-Cp* units are almost linear
(Ni(1)-Al(1)-Cp*cenroia(1) 178.74°, Ni(1)-Al(2)-Cp* cenroia(2)
178.99°) while the Ni-Au-Cl units deviate slightly (172.70(5)°-
177.35(5)°) and the Ni-Au-P units (166.99(5)°-176.75(5)°)
even more from linearity. The distances Ni(1)-Al(1/2)
(2.283(2) A and 2.265(2) A) are shorter than those in 4.
Interestingly, two distinct sets of dj.,, distances are found:
the contacts Al-AuCl (2.650(2)-2.694(2) A) are shorter than
the contacts Al-Au(PPh;) (2.957(2)-3.152(2) A). The dy;au
separations are in the range 2.492(1)-2.537(1) A and similar
to those in 4.

The cluster cation of 6" represents a distorted icosahe-
dron, whose Mo center is surrounded by eight Au(PMe;),
three GaCl,, and one GaCl moiety in overall C; symmetry.
The dy, , Separations are between 2.735(1)-2.811(1) A and
hence agree well with the value calculated for the I;-
symmetric gas-phase species Mo@Au,, (2.757 A).F¥l Notably,
no Au/Mo alloy phases are known due to immiscibility of the
bulk metals."”! The tangential distances da, o, (@ =2.939 A)
of 6 are also very similar to those in Mo@Au,, (2.898 A). The
d .o distances of 2.575(2)-3.084(2) A compare with those in
[Aus(u-Gal,);(GaCp*)s] (2.377(2)-2.620(1) A) and are also
similar to the that in the intermetallic phase AuGa,
(2.63 A)." The dy, ., separations are longer for the GaCl,
vertices (Mo(1)-Ga(2) 2.671(2), Mo(1)-Ga(3) 2.647(2),
Mo(1)-Ga(4) 2.666(2) A) than for the GaCl vertex (Mo(1)-
Ga(1) 2.504(2) A). All four Mo—Ga bonds are elongated with
respect to the homoleptic [Mo(GaCp*),] (2.384(1)-
2.493(1) A).") The Mo-Au-P angles deviate only slightly
from linearity (@ =173.90°) with typical d,,p values (@ =
2310 A).7md

Most likely steric crowding of the capping groups (PR,
Cp*) and the presence of much less bulky and noninnocent,
nucleophilic counterions such as Cl~, which is introduced by
the choice of the gold component [CIAuPR;], are the reasons

Angew. Chem. Int. Ed. 2014, 53, 4327 —4331

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

for the inaccessibility of the clusters {{M@Au,,](PR;),}""
(M =Mo, g =0; M =Ni, Pt, Pt; g =4) exhibiting a homoleptic
ligand shell. The electronic situation (see below) may require
a charge ¢ of the clusters. Thus, the cage metal atoms Au, Al,
or Ga are to some extent electrophilic, which favors Lewis
acid/base interactions. Therefore it is clear that in case of the
Au/Ga mixed shell of 6, the more electrophilic (hard) sites are
the Ga centers, which bind Cl™ and the soft PR; ligands bind
to Au centers. The fact that the binding of the Cp* ligand to
Al in AICp* is stronger (more ionic) than the analogous
binding in GaCp* together with the effects of steric crowding
are reflected by the preferred incorporation of Cp* in 4 and §
at the Al site, while in the Au/Ga mixed cluster 6 the Cl
coordination to Ga is preferred over surface-capping with
Cp*.

Pyykko pointed out that the 18 electron rule applied in
coordination chemistry is also valid for gold clusters Au,, and
M@Au,, that is, W@Au,, (Au is a one-electron ligand/donates
one electron to the cluster).”” In order to quantitatively
analyze the bonding situations in the new M- and M'-doped
Au-clusters 1-6 and aiming at a comparison with the related
18 ve compounds [M(M'R),],”'¥ we carried out DFT calcu-
lations at the BP86/TZVPP level on the model compounds
1IM-6M (PMe; and PPh; are replaced by PHj;). Their
optimized structures are in good agreement with the data
for the real systems (Tables S13-S16). The electronic struc-
tures were analyzed by Energy Decomposition Analysis with
Natural Orbitals of Chemical Valency (EDA-NOCV).2!
Theses calculations provide detailed information about the
bonding situation in the molecules (Table 2, Figure 2). The
interaction energies AE;, between the central M and the cage
{Au,(PH,),,C1P* (Auy,) of IM—-6M exhibit the familiar V-
shaped trend Pd < Ni < Pt.l The bonding comes mainly from
electrostatic attractions AE,, while the orbital (covalent)
interactions AE,; provide 28-35% of the total attraction.
Inspection of the deformation densities Ap of the pairwise
metal-cage interactions makes it possible to assign each term
to a particular orbital interaction with the associated charge
flow and stabilization energy. Figure 2 displays as represen-
tative examples the charge flow of 1M from the occupied cage
orbitals to the vacant valence s atomic orbital of Pt (left) and
from one occupied valence d atomic orbital of Pt to a vacant
cage orbital (right). Table 2 shows that the largest overall
contribution to the orbital term comes from the donation of
the valence d electrons of M to the vacant d-like orbitals of
the Auy, cage. Note that the backdonation Au;,—s from the
occupied cluster orbital into the vacant s atomic orbitals of the
central metal atom in 1M and 3M is as strong as a single d—
Au,, donation ,which shows that the strength of the donation
and backdonation is not primarily related to the charge of the
fragments but to the orbital occupation. The individual
Au,—p backdonation is much weaker than the orbital
interactions that involve the s and d valence atomic orbitals.
This result has been found before.”?**! The overall bonding
situation of the interstitial Ni clusters 4M and SM turned out
to be very similar to that found in 3M with the donation
cage —s(Ni) being only slightly weaker. This kind of computa-
tional analysis (EDA-NOCV) agrees with the empirical
design rule of the compounds based on the 18 ve count of
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Table 2: EDA-NOCYV results for IM-3M (BP86/TZ2P +). Energies in kcalmol™". The
interacting fragments are the cage {Au;,(PH;);,CI}** in the singlet state and the
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central M atom with the electron configuration s%p°d™.

In summary, we have demonstrated a novel
concept (Scheme 1) for the synthesis of multiply
metal-doped ligand-stabilized small Au clusters, also

4330

™ 2M 3M with the introduction of unusual doping metals such
AE,, 2454 ~178.0 2244 a§ Mo, .N1, Al, and Ga. Ij[ foll_ows from our dat?l and
AE,, 457.0 379.4 279.6 discussion that the capping ligands X and L, intro-
AEa —493.1 (70.2%)  —403.8 (72.2%)  —328.4 (65.2%) duced through the component [XAuL], may allow
AE,, —209.2 (29.8%)  —155.6 (27.8%)  —175.6 (34.8%) control of the transmetalation reaction to also yield
AEyp@  —305(146%)  —251(161%)  —30.7(17.5%)  d—Aui, other clusters beyond those listed in Table 1. For
Aoy o —304 (14.5%) ~25.0(16.1%) —307.(17.5%) d—Aur, example: replacing Cl by more weakly coordinating
AEs —29.7 (14.2%) —24.6 (15.8%) —30.5 (17.4%) d—Au;, . X ( CF.SO ,) d difvi PR
A — —27.6 (132%)  —222(143%)  —252 (144%)  d—Au, o1O0S A& 168 LESUs ) and modilying Tis of
Aoy ~27.6 (13.2%) ~22.2 (14.2%) ~25.2 (14.4%) d—Auy, choosing different neutral capping ligands L such as
AE, —29.4 (14.1%) ~11.8 (7.6%) —25.3 (14.4%) Au,,—s  isonitriles CNR or nitrogen heterocyclic carbenes for
A,y g —7.3 (3.5%) —5.1 (3.3%) —5.7 (3.2%) Au,,—p the Au component [XAuL]. On the other side,
AEpp  —7.2(3.4%) —5.0 (3.2%) —5.6 (3.2%) Au,—p  a growing library of M- and M'-transfer reagents are
Ao —7.2 (3.4%) —5.0 (3.2%) —5.6 (3.2%) Au, =P at hand, including compounds such as [M(M'R),]
Ay —12.3 (5.9%) —9.6 (6.2%) —8.9 (5.1%)

Figure 2. Examples for the deformation densities Ap of TM (BP86/
TZ2P+), red: electron depletion; blue: electron accumulation; left:
AE . =—29.4 eV for Au;,—s; right: AE,,=—27.6eV ford—
Auy, 24

the interstitial metal atom M in {{M@Au,M’,,JL}*" (k>n+
m >9). This means that 1-6 should be treated more like
coordination compounds similar to [M(M'R),] rather than
rigorously as clusters.!1%]

Alternatively, 1-6 can be regarded as derivatives of
clusters like [Aug;(PPhMe,),,CL]*" and thus should fulfill
the cluster valence electron (cve) counting rule of the unifying
superatom concept based on the jellium model for
{[Au,X,JL,}*" (X=halide, thiolate; L =phosphine, etc.):
cve=nv,—p—q; with v,=1 for Au (effective electronic
valence).”>?! Accordingly, a spherical Au,; cluster requires
cve =8 for 1S% and 1P° jellium shell closing and compounds
[M@Au,,(PMe,),;(AuCl)]** (1-3) follow this rule with v,-
(d"°m) =0. The same is derived for 4-6 with v,(Al/Ga) =3
and accounting for d®*Mo (withdrawal of four electrons for
Mo d-shell closing; Table S11). Interestingly, 1-6 feature
some perturbation of the idealized Au,; bonding situation as
indicated by the slight widening of d,, A, separations within
the cages (Table S12). Full details of the bonding analysis and
comparisons with [M(M'R),] and the relation to other gold
clusters described by the jellium model will be given else-
where.?¥
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and [M(M"R),(M'R),], oligonuclear [M,(M'Cp*),],
and heteroleptic [(R;P),M(M'Cp*),].1% This broad
spectrum of available reagents opens plenty of
opportunities to further explore our synthesis con-
cept for multiply metal-doped Au clusters.

Experimental Section

1-3: Samples of freshly prepared [M(GaCp*),] (M=Pt, Pd, Ni)
(0.065 mmol) and [CIAuPMe;] (0.240 g, 0.777 mmol) were suspended
in 10 mL of CH,Cl,. The reaction mixture was stirred for 24 h at room
temperature, whereupon a yellowish metallic residue precipitated.
The reaction solution was filtered off and concentrated. Samples were
purified by column chromatography on AlLO; (eluent: CH,Cl,/
CH;OH 12.5:1). Hexane was used to precipitate an orange-red solid.
After drying in vacuo pure orange-red crystals were obtained by
recrystallization from CH,Cl, (diffusion of overlaying n-hexane).
Yields: 20-30%. For the related synthesis of 4-7 and additional
characterization data see the Supporting Information.
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