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/Abstract: The homoleptic group 5 carbonylates [M(CO)g]™
(M=Nb, Ta) serve as ligands in carbonyl-terminated hetero-
bimetallic Ag,,M, clusters containing 3 to 11 metal atoms.
Based on our serendipitous [Ags{Nb(CO)¢}I*" (4a’") prece-
dent, we established access to such Ag,M, clusters of the
composition [Ag,,{M(CO)¢}, I M=Nb, Ta; m=1,2,6;n=2, 3,
4, 5; x=1—, 14, 2+4). Salts of those molecular cluster ions
were synthesized by the reaction of [NEt,][M(CO)¢] and Ag[A-
I(OR"),] (R"=C(CF,);) in the correct stoichiometry in 1,2,3,4-
tetrafluorobenzene at —35°C. The solid-state structures were
determined by single-crystal X-ray diffraction methods and,

owing to the thermal instability of the clusters, a limited
scope of spectroscopic methods. In addition, DFT-based AIM
calculations were performed to provide an understanding of
the bonding within these clusters. Apparently, the clusters
3" (m=6, n=5) and 4*" (m=6, n=4) are superatom com-
plexes with trigonal-prismatic or octahedral Ags superatom
cores. The [M(CO)]™ ions then bind through three CO units
as tridentate chelate ligands to the superatom core, giving
overall structures related to tetrahedral AX, (4**) or trigonal
bipyramidal AXs molecules (37).

/

Introduction

With the discovery of Ni(CO)," the first homoleptic transition-
metal carbonyl complex, a whole family of diversified com-
plexes was born. This still growing family does not only include
mononuclear,” but also bi-®' and polynuclear®® complexes
with terminal, bridging, and even capping CO ligands. Owing
to the synergistic bonding between the CO ligand and the
metal atom, the carbonylates®® and the neutral complexes”
are the most stable and the most studied compounds of this
group, whereas cationic®® homoleptic carbonyl complexes are
much more reactive. One reason for the continuing intensive
interest in these complexes is certainly their wide range of ap-
plications in catalysis,® biochemical processes,"” and medi-
cine."

In coordination chemistry, carbonyl complexes can also act
as ligands for main-group or transition metals, thus forming
heterometallic clusters. Carbonylates are used frequently to
donate electrons to a main-group”*'® or transition-metal”” ac-
ceptor, whereas the capacity of neutral carbonyl complexes to
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serve as electron donors is less pronounced. However, there
are a few examples that contain neutral carbonyl complexes as
donor ligands to main-group'® or transition metals,"*2"
such as [(OC)sFe—GaCl;]?? as well as [Ag{Fe(CO)s},]".1**
Overall, the heterometallic transition-metal carbonyl complexes
are dominated by anionic clusters, with just a few neutral ex-
amples such as [Ag,{Co(CO),},].”" To the best of our knowl-
edge, [Ag{Fe(CO)sh,]1T"*# is the only, albeit rather small, cat-
ionic and structurally characterized heterobimetallic homolep-
tic transition-metal carbonyl cluster so far.

In many of the larger transition-metal carbonyl cluster
anions, a My octahedral core is the central structural motif.
Figure 1 shows a selection of small carbonyl cluster anions
containing an octahedral core, in which every second triangu-
lar surface is capped, thus creating a super-tetrahedron. The
highly symmetric monometallic [Os,,(CO),0l*> > (Figure 1a)
even shows one more layer forming a “super-super-tetrahe-
dron”. The structural motif shown in Figure 1b mainly appears
in heterobimetallic cluster salts. Note that the ratio and posi-
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Figure 1. Metallic core of transition-metal clusters containing an octahedron,
which is capped on every second triangular surface. The shown examples
are the simplified crystal structures of (a) [05,0(CO),*","

(b) [CuglFe(CO)31* " (c) [AuglNi;(CO)glal>~*"* The counterions and CO li-
gands were omitted for clarity.

Chem. Eur. J. 2020, 26, 12373 - 12381 Wiley Online Library 12373 © 2020 The Authors. Published by Wiley-VCH GmbH


http://orcid.org/0000-0002-4386-6694
http://orcid.org/0000-0002-4386-6694
http://orcid.org/0000-0002-7182-4387
http://orcid.org/0000-0002-7182-4387
https://doi.org/10.1002/chem.202002339

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202002339

tions of the transition metals vary in the published com-
plexes.['7:20

The highly symmetric [Aug{Nis(CO)¢l,]* @ also belongs to
this group (Figure 1c). Three Ni atoms cap every other triangu-
lar face of the octahedral Aug core, building a super-tetrahe-
dron with Ty symmetry. Thus, the [Ni;(CO)] unit can be seen as
a tridentate pseudo-ligand towards an Aug superatom. Yet, it is
challenging to fully understand the structural and bonding
properties of such clusters. The superatom model® is one
concept used to address these questions for molecular clus-
ters. Thus, the calculated molecular orbitals of the cluster
[AugiNi5(CO)J*~ are isolobal with those of the simple mole-
cule CH,. Therefore, the concept of hybridization was extended
and the Aug cluster orbitals were classified as sp® hybrid orbi-
tals.”® By removing one, two, or three (pseudo-)ligands, analo-
gies to NH;, H,O, and HCl are obtained. However, the question
remains as to what extent the concept can be transferred from
metal-based pseudo-ligands to other systems. Sticking to this
bonding concept, in principle, hitherto unknown coordination
numbers of the My core exceeding four could be achieved,
that is, five corresponding to a trigonal bipyramidal AX; mole-
cule.

Turning to known heterobimetallic carbonyl clusters with a
silver core, the subject of this contribution, the large majority
of structurally characterized examples contain the water-stable
[Fe(CO),J*" ligand as a building block. The metallic core of all
the known (anionic) structures with 3 to 13 silver atoms and
with exterior [Fe(CO),] units are collected in Figure 2.

Further examples of silver clusters with transition-metal car-
bonylates other than [Fe(CO),> are [Agy0s;5(CO)el >
[Ag;6Ni»,(CO),l* B and [Ag,{Co(CO)},].2" In addition to the
discussed heterobimetallic homoleptic carbonyl clusters, sever-
al related heteroleptic carbonyl complexes are known. For ex-
ample, the first heterobimetallic carbonyl complexes, published
by Nyholm and co-workers,*™ contained phosphine or cyclo-
pentadienyl ligands. Yet, here, we focus on homoleptic clusters
only including CO ligands.

In this publication, we present crystal structures and spectro-
scopic as well as bonding analyses of several heterobimetallic
Ag,M, clusters (M=Nb, Ta) containing 3 to 11 metal atoms.
They obey the general formula [Ag,{M(CO)¢,I* (M=Nb, Ta,
m=1, 2, 6; n=2, 3, 4, 5, x=1—, 1+, 2+4). Of those, only
the structure of the super-tetrahedral cluster cation
[AgsINb(CO)sl,I*" was communicated recently.®¥ In these com-
plexes, niobium or tantalum hexacarbonylates serve as ligands

for the silver atoms. For group 5 elements, structurally charac-
terized heterometallic clusters are yet limited to only a few
heteroleptic complexes. The neutral trimer [AgM(CO),(dmpe)];
(dmpe = 1,2-bis(dimethylphosphino)ethane, M=Nb, Ta)®” ap-
pears to be the closest literature reference to the compounds
in this work.

Results and Discussion

During our continuing efforts to prepare novel transition-metal
carbonyl cations"®3® as salts of suitable and very weakly coor-
dinating anions (WCAs),*” we determined the crystal structure
of [AgeIM(CO)gh]* T (IAI(ORY),17), (4a; R =C(CF,);) by serendipity.
The structure of the cluster cation adheres to Figure 1b. It is
an isolable intermediate towards the preparation of the hepta-
carbonyl salt [Nb(CO),]*[AI(OR"),] B The efforts towards the
synthesis of further and related cluster salts are presented
here.

Syntheses and molecular structures of 1-4

With the intention to prepare homoleptic carbonyl cations,
cluster salt 4a was initially obtained from a reaction of [NEt,]
[Nb(CO)¢] with Ag[AI(OR"),] under 3 bar CO pressure.”? Using
this work as a starting point, we found that all syntheses to
the heterobimetallic cluster ions described herein could be car-
ried out in the absence of CO gas. This prevents the further re-
action to homoleptic carbonyl cations as far as possible. With
this route and using the polar, but non-coordinating solvent
4FB (1,2,3,4-F,CH,), a series of heterobimetallic cluster ions
[Ag,{M(CO)¢L, I (M=Nb, Ta, m=1, 2, 6; n=2, 3, 4, 5; x=1—,
14, 24) was synthesized. Their composition only represents
the stoichiometric ratio used [Eq. (1)-(4); Scheme 1].

Neutral clusters like the hypothetical [Ag;{M(CO)4};]—related
to the trimer [AgM(CO),(dmpe)];®*”—were inaccessible. Rather
decomposition was observed when using an equimolar ratio
of the starting materials. All syntheses were carried out at
—35°C, close to the melting point of the solvent 4FB (m.p.
—42°C). The intensely red salts were crystallized by storage at
—30°C after careful layering the reaction mixture with cold
pentane at —30°C. Powders were obtained at the same tem-
perature by precipitation upon addition of cold pentane. Start-
ing at about —15°C, the compounds decomposed quickly with
evolution of CO, leaving a brown solid, shown exemplary in
Figure 3 for crystals of 4b.

Figure 2. Metallic core arrangement of typical structurally characterized anionic homoleptic silver-ironcarbonylate clusters. (a) [Ags{u,-Fe(CO) 3> 2";
(b) [Ag.{p,-Fe(CO) 11" 2"3%; (0) [Agsip,-Fe(CO) b ips-Fe(CO)3, % (d) [Ag:s{Fe(CO)Yel" B, [Ag:,(1hy-Ag)s-Fe(CO) Ll .2
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[NEts]JAgm{M(CO)s}n] +  [NEtJAOR), (1)

[NEt4][Agm{M(CO)s}n]

n > m: Anionic Cluster Salts

+ 2 [NEtJIAIOR")4] (2)
n [NEts] [M(CO)e]” i

+ i o i i Y A
m Ag[AI(ORF)] -35°C n < m: Cationic Cluster Salts
RF = C(CFa)s —{n =5, m =6} [Agn{M(CO)shlIAIIOR )]  + 5 [NEL,JJAIORF),] (3)
4FB = 1,2,3,4-tetra-
fluorobenzene

—{n =4, m =6} [Agm{M(CO)}IAIOR )4l + 4 [NE,JJAIORF),] (4)

Scheme 1. Synthesis routes to [NEt,] " [Ag{Nb(CO)¢},]” (1a M=Nb, 1b M=Ta), [NEt,] "[Ag,{M(CO)s:;]~ (2a M=Nb; 2b M=Ta), [Ag¢{Nb(CO)4}s] "[AI(OR"),]" (3a),
and [Ag{{M(CO)¢l > ([AI(ORY),17), (4a M=Nb; 4b M=Ta).

rated and clearly non-coordinating, exhibiting their typical
structural parameters. For brevity, they are not discussed.
Single-crystal X-ray structure determinations (scXRD) of
mono-clinic 1a, space group P2,/c, revealed the formation of a
C,-symmetric anion 1a . In the anion 1a~, two [Nb(CO),] moi-
eties coordinate one Ag atom almost linearly (“w,”; Nb-Ag-Nb
174.03(1)°). Two almost equidistant Ag—Nb bonds at 2.8359(5)
and 2.8467(5) A are the key structural features (Figure 5). The
closely related crystal structure of 1b includes eight different
pairs of ions in the asymmetric unit (Figure S16, Figure S17 in
the Supporting Information), probably owing to the low Ag-Ta
rotation barrier as previously described for the related cationic
[Ag{Fe(CO)s},] "' Because of disorder and the large unit cell
size, only X-ray data of inferior quality was acquired. Therefore,

Figure 3. Photographs of crystals of 4b at —30°C (left) and their quick de-
composition at —15 °C with concomitant CO evolution (right).

Molecular structures

Crystals suitable for single-crystal structure determinations of
all compounds were obtained (Figure 5). For a better under-
standing, first the metallic cores of the cluster ions 17, 27, 37,
and 4*7 including the schematic structural formulae of 1 to 4
are shown in Figure 4. Figure 5 then contains full ellipsoid
plots of the carbonyl-terminated cluster ions. In all structures,
both the [NEt,]* or the [AI(OR"),]” counterions are well sepa-

no structural parameters of this structure are discussed in the
following. Nevertheless, the data clearly showed that the de-
sired compound [NEt,][Ag{Ta(CO)s},] was obtained.
Isomorphous 2a and 2b crystallized in the monoclinic space
group G,/c with the isostructural anions having almost C, sym-
metry. Both structures contain two Ag atoms, each of which is
linearly coordinated by two Nb or Ta atoms from [M(CO)]

a) 1- 22VE 2~ 38VE 3+ ® 90 VE 42+ 84 VE
2 DAe ;
PR om
y = L alebl o 0
1 ®

b)

(oc)slvl+|v|(com_ A"

M = Nb (1a) ()M | i
Ta (1b) : | M=Nb(4a)
®=-Ag (00M-g< Ta (ab)
A = NEt,; X = A(ORF), M=Nb(3a) W(co), M(CO),

Figure 4. (a) Sum of the formally available valence electrons (VE) of the metal cores (Ag™: 10 VE and M™: 6 VE). Structures of the metallic cores of the anionic
clusters Ta~ (M=Nb) and 1b~ (M=Ta), 2a~ (M=Nb) and 2b~ (M =Ta), as well as structures of the cationic cluster cores of 3a* (M=Nb), 4a’* (M=Nb), and
4b?" (M=Ta). The counterions [NEt,]* or [AI(OR"),] and the CO ligands are omitted for clarity in all structures. Ellipsoids were drawn at the 50% probability
level. (b) Schematic structural formulae for 1, 2, 3, and 4.
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scXRD 1~

scXRD 3a*

Figure 5. Molecular structures of the cluster ions within the single-crystal
structures of 1-4 (anionic: Ta~ (M=Nb), Tb~ (M=Ta), 2a~ (M=Nb), and
2b~ (M=Ta); cationic 3a* (M=NDb); dicationic 4a** (M=Nb) and 4b**
(M=Ta). As the structures are almost identical for M=Nb and Ta, only one
representation with M=Nb is shown. The counterions [NEt,]™ or [AI(OR"),]~
were omitted for clarity. All thermal ellipsoids are drawn at the 50% proba-
bility level.

units. One apical [M(CO),] unit is bound to two silver atoms
("1,"), whereas the others interact only with one silver atom
(“1,"). The overall Ag,M; core is reminiscent of an “A-frame”
structure (Figure 4).*” The central Ag-Ag distance is equal to
the metal-metal distances in metallic silver (dyg,=2.889(1) A
(2a), 2.882(1) A (2b"), dagme=2.88 A)4" In addition, the
Ag-M distances (2.8081(8) to 2.8710(7) A) are in a similar range
to the Ag—Ag separations. This suggests that 2a™ and 2b™~ are
delocalized formally 38 VE metal cluster anions.

Compound 3a crystallized in the triclinic space group PI1.
The structural core of 3a* includes six Ag atoms arranged as a
trigonal prism, which is capped by five [Nb(CO),] fragments.
Two are located on the triangular faces (“u;") whereas the
other three are coordinating to the edges (“w,”, Figure 4;
Figure 5). Unfortunately, we could not get crystallographic data
of sufficiently high quality for in depth discussion of light atom
bond lengths and angles (R1=9.45%). Apparently, the CO li-
gands and also the heavy atoms are in motion, as visible from
the size of the ellipsoids in the crystal structure (Figure 5). Yet,
the metallic Nb;Age heavy atom core structure with formally
90 VE is well determined, exhibits almost D;, symmetry and in-
cludes similar Ag-Ag (av. 2.85 A) and Ag-Nb (av. 2.96 A) distan-
ces. Both are close to the values in silver or niobium metal
(dnpometa = 2.94 R). All attempts to obtain a similar structure
with tantalum were futile.

Cluster salts 4a and 4b (Scheme 1) crystallized isomor-
phously in the orthorhombic space group Pbca. In the cluster
dications 4a>* and 4b*", four [M(CO),] fragments cap a regu-
lar Age octahedron on every other triangular face (“Ww,";
Figure 4; Figure 5). The structure cores of the dications are
highly symmetric, adopt almost Ty symmetry, and form a
hetero-bimetallic Ag¢M, super-tetrahedron. Like in the other
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compounds, the very similar Ag-Ag (av. 2.90 A) and Ag-Nb (av.
2.99 A) or Ag-Ta (av. 2.98 A) distances are close to the values
found in the pure metals (Ag: 2.88 A; Nb and Ta: 2.94 A). This
observation suggests 4a’" and 4b?" to be delocalized formal
84 VE metal cluster dications. All bond lengths and angles
given are summarized in Table S13 (in the Supporting Informa-
tion).

Compared with the isolated octahedral anions [M(CO)]™,
the averaged M—C bond lengths of compounds 1 to 4 are
elongated, and in accordance the respective C—O bond
lengths are shortened with a higher Ag/M ratio leading to
shorter CO bonds culminating in the dicationic structures 4>*
(Table 1, Table S14 in the Supporting Information). IR spectro-
scopic analysis in the next section supports this observation.

Characterization by IR spectroscopy

Owing to the temperature sensitivity of the products, the IR
spectroscopic analyses of the products 1, 2, 3, and 4 were per-
formed on the precipitated powders. Thus, the starting materi-
als were dissolved in the correct ratio in cold 4FB in the glove-
box and stirred at —35°C for 30 min. Then, the products were
precipitated with cold pentane and were allowed to settle for
another 30 min at —35°C. Afterwards, the solutions were deca-
nted from the solid products and the remaining solvent was
evaporated prior to the measurements on the precooled atte-
nuated total reflection (ATR) unit of a FTIR spectrometer situat-
ed inside the glovebox. Figure 6a shows the v(CO) range from
experimental and calculated (BP86-D3(BJ)/def2-TZVPP) IR spec-
tra of the starting material [NEt,][Nb(CO)¢] and the cluster ions
1a-,2a,3a", 4a’". In the adjacent graphic on the right (Fig-
ure 6b), the corresponding data with tantalum is shown. It
must be noted that the calculated structures of 1~ include
imaginary frequencies (1a™: —3.12cm™', 1b™: —15.07cm™)
which despite several attempts could not be relaxed. It ap-
pears that the potential energy surface is very flat and, despite
tight conversion criteria, the converged structures are still
slightly off the true minimum. However, this will not affect the
vibrational and bonding analysis as indicated by the good
agreement between optimized and experimental structures (cf.
Table S3 to Table S6 in the Supporting Information). Further-
more, 1b~ converged only in the experimentally unrelated
symmetry D,, This observation indicates a flat hypersurface
and is consistent with the flexibility in the experimental crystal
data of 1b™ discussed above (eight ion pairs in the asymmetric
unit).

A precise assignment of the experimental bands was not
possible, as the bands of the different clusters are quite broad
and too similar to differentiate clearly. It is very likely that un-
reacted starting material was present in the samples of 1 and
2, where the niobium/tantalum to silver ratio was quite high,
resulting in very broad bands ranging between 1920-
1530 cm™". In addition, it may be possible that different clus-
ters exist in parallel and some of the precipitated samples
could include mixtures. However, in agreement with single-
crystal analysis, the patterns of the measured IR spectra con-
firm that stoichiometry influences at least the ratio of the re-

© 2020 The Authors. Published by Wiley-VCH GmbH
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Table 1. Experimental range of relevant bond lengths [A] within the clustered ions of 1-4.”
Bond 1a” 2a” 2b~ 3a"® 4a’" 4p**
Argm I, 2.836-2.847 2.808 2.817 - - -

W - 2.867 2.871 2.891-2.952 - -

s - - - 2.941-3.067 2.966-3.015 2.966-3.016
dagc i 2.544-2.669 2.505-2.629 2.524-2.597 - - -

W - 2.551 2.568 2.57-2.70 - -

3 - - - 2.57-2.69 2.592-2.701 2.582-2.706
dyc W 2.111-2.150 2.107-2.149 2.091-2.128 - - -

1% - 2.124-2.164 2.110-2.141 2.07-2.21 - -

M3 - 2.07-2.23 2.110-2.219 2.102-2.173
deopg W 1.146-1.157 1.157-1.160 1.139-1.157 - - -

W - 1.152 1.152 1.15-1.20 - -

M3 - - - 1.13-1.21 1.096-1.150 1.119-1.161
deogree I 1.137-1.140 1.133-1.164 1.124-1.150 - - -

W - 1.126-1.149 1.131-1.151 1.10-1.24 - -

M3 - - - 1.10-1.17 1.098-1.166 1.113-1.153
[a] For comparison, the M—C bonds in [M(CO)]~ are found on average at 2.089 [Nb“?1/2.103 A [Ta"] and the C—O bonds at 1.163 [Nb“?]/1.149 A [Ta"**].
All structural parameters of the cluster ions are in very good agreement with the DFT calculated structures optimized at the BP86-D3(BJ)/def2-TZVPP level
of theory. See the Supporting Information and Table S15 to Table S18 for a comparison. [b] Owing to poor quality of the crystallographic data, the values
written in jtalics are only guidelines for reference purposes.

a)4 b) 4
. A -
oy ﬂ/’j\\\ [Nb(CO)4] o J;\\\ [Ta(CO)]
L,/\//\ 1b-
= [Ag{Nb(CO)ch,]- el J\JAL [Ag{Ta(CO)g},]~
’ 3d
E 2a- § 2b-
=] = AN =
E C,* /‘\\ // W\ [Agz{Nb(co)e}al_ g, C,* fk '\k [Agz{Ta(co)s}al
E 3a* E
Con* [Ags{Nb(CO)c}s]*
JL i [AesNb(COIH [ J\k PrSm ol
— 1 =T T T * 1 r-~r- - o]

2200 2100 2000 1900 1800 1700 1600
wavenumber [cm™]

2200 2100 2000 1900 1800 1700 1600
wavenumber [cm™]

Figure 6. Section of the v, range from experimental and calculated IR spectra (* BP86/D3(BJ)/def2-TZVPP). IR spectra of the starting materials [NEt,]IM(CO),]
(top traces) and the precipitated powders with stoichiometries targeting at 1a, 2a, 3a, and 4a (a) or 1b, 2b, and 4b (b).

sulting molecules. Moreover, from the rather good qualitative
agreement between experimental and calculated IR spectra, it
appears very likely that at least for the cluster cations 3a”,
4a’", and 4b’", the majority of the material corresponds to
the assigned clusters. Additionally, the experimental and calcu-
lated IR spectra demonstrate that the CO bands of the cationic
clusters 3a™, 4a’", and 4b*" are blueshifted compared with
the CO bands in the anionic compounds 1~ and 2~ (Figure 6,
Figure S1, Figure S2, Table S2 in the Supporting Information).
This observation is in agreement with a reduced M-CO m-back
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bonding character similar to the well examined bonding situa-
tion in homoleptic transition-metal carbonyl complexes.”

Atoms in molecules (AIM) analyses

A first formal rationalization of the cluster ions [Ag,,{M(CO)},I¥
yields their charges based on the interaction of the charged
constituents: mAg™" silver ions and n[M(CO)s]~ carbonylates
yield the x=(m—n) cluster charge. To investigate how the
charge is distributed within the [M(CO),] moieties and the

© 2020 The Authors. Published by Wiley-VCH GmbH
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silver cluster core and how the charges change upon complex-
ation to silver, an atoms in molecules (AIM) analysis of the clus-
ter ions 1~ to 4*" was applied (Figure 7). For comparison, iso-
lated [M(CO)¢]~ was also assessed.

In addition, we performed natural bond orbital (NBO) analy-
ses, but—as found previously™®—this type of analysis trying to
describe the bonding in the moiety in question as a set of
electron precise natural Lewis structures, is not suitable to ac-
count for the heavily delocalized nature of the bonding in the
clusters in question. Therefore, we concentrated here on the
analysis of the topology of the electron density with AIM.

The charges of the integrated AIM metal atom basins within
free [M(CO)4]~ (Nb +1.53; Ta +1.69) increase upon coordina-
tion to Ag" only very slightly by +0.02 to +0.06. This holds
regardless of the structure and total charge of the clusters
(Table S7 in the Supporting Information). On the other hand,
the positive charge residing on the silver atoms in each cluster

Hy-Interaction

1a~: Vo = 2032 - 1880 (av. 1935) © = bcp (bond critical point)

dpgno=278-2.83 | 60y =-0.39..-0.38
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dypc=2.12-2.14 O/
W o
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p= [«
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Figure 7. Schematic representations of the three -, ,-, and ps-bonding sit-
uations encountered within the cluster ions 1a-4a. For clarity, only the
niobium compounds were considered. AlIM-calculated bond critical points
(bcps), electron densities residing on beps p [eA~*], partial charges on the
metal atoms &, or CO moieties d¢, [e], DFT-calculated bond lengths d [A],
and CO stretching frequencies v, [cm~'] are displayed.
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is rather low and is found to be in the range +0.11 (3a™) to
+0.22 (1a~; Table S8 in the Supporting Information). This find-
ing indicates that the entire [M(CO),] fragment needs to be
considered to deduce the bonding entities and their
associated charge transfer relevant for the interaction with the
silver core (Table S9 in the Supporting Information). Upon coor-
dination, the charge residing on the [M(CO),] fragments is re-
duced from —1 in the free carbonylate down to at most
+0.28/+0.31 in 4**. This removal of electron density follows
the M/Ag ratio: the lower this ratio, the higher is the positive
charge on silver. Another trend is noticeable when the haptici-
ty of the [M(CO),] fragments is analyzed (Figure 7). The higher
the hapticity, the higher is the net amount of electron transfer
from the [M(CO)¢] fragments to the silver atoms. As almost no
change of the charges at Nb/Ta atoms was found upon com-
plexation, the CO ligands have to contribute considerably
(Table S10 in the Supporting Information). Within the free
[M(CO)s]~ complexes, the m-back bonding is dominant and
thereby delocalizes the anionic charge to a large extent to-
wards the CO ligands, that is, the negative charge on those
reaches —0.42 (Nb) or —0.45 (Ta). This transfer results in rather
redshifted CO stretching frequencies (ve,) well below
1900 cm™'. Upon coordination to silver, these negative charges
gradually decrease depending on the M/Ag ratio and go down
to —0.11 (Nb) or —0.12 (Ta) in 4*". Further, we note that the
charges residing on the CO units differ for terminal (COserminal)
or additionally silver-bound ligands (CO,,). The CO,, ligands
deliver less electron density than the terminal ones and remain
considerably more negatively charged at —0.33 to —0.39. This
observation suggests that the [M(CO)4] units coordinate via the
CO,, moieties as chelating tridentate ligands to the silver
atom(s). Apparently, cluster formation is strongly supported by
the ligands. According to the AIM analysis, the negative charge
transferred to the silver cores is delivered by the COmina li-
gands (Figure 7).

This picture, based on the integrated charges of the AIM
basins and included with Figure 7, is in full agreement with the
calculated electron densities residing on the bond-critical
points (bcps) of the clusters 17, 27, 3%, and 4" and the
parent ion [M(CO)4]~ (Table S12 in the Supporting Information).
The isolated hexacarbonylate complexes [M(CO),]- show an
electron density of 0.62/0.65 eA > (M=Nb/Ta) residing at the
M-C critical points and 3.09/3.08 eA~* (M=Nb/Ta) on the C—O
bond paths (Figure S3 in the Supporting Information). In com-
parison, the charge density residing on these C-O bcps in the
clusters increases with increasing positive charge and to a
greater extent within the COmina than within the CO,, li-
gands. This corresponds well to the experimental IR data,
which indicate stronger CO bonds with increasing positive
charge as seen by the blueshifted CO frequencies (vc,) de-
scribed earlier and included with Figure 7. The electron densi-
ties on the M—C bond paths remain almost constant in all
complexes. Turning to the cluster core, the electron density
between the silver atoms decreases slightly with increasing
number of clustered atoms. The electron density at the Ag—M
and Ag—C bcps are comparable but typically higher for the
Ag—C bond paths. The [M(CO),] fragments thus appear to bind
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more strongly to silver via the CO ligands than via the metal
atom M. Interestingly, the standard parameters of the AIM
analysis did not find Ag-M bcps for cluster 4" (Figure S7 in
the Supporting Information). In 2~ (Figure S5 in the Supporting
Information), only the M—Ag bond paths with the hapticity of
one showed a clear bcp (Table S12 in the Supporting Informa-
tion, marked with *). This missing Ag—M interaction is appa-
rently overcompensated by the coordination of the CO,q4 li-
gands, which seems to allow the formation of the cluster 4**
(Figure 8).

Figure 8. Schematic representation of the bonding situation in the cluster
ion 4°*. The arrows indicate the shift of the electron density from the
COqerminal ligands through bridging CO,,4 ligands to the Ags cluster core. Note
that in the AIM picture, a direct M—Ag interaction is absent as evidenced by
the missing Ag—M bcp. Thus, the description as a super-tetrahedron as in
Figure 1b is only topological, but without bonding contribution.

Overall, it may be stated that the clusters form owing to
electron transfer from the [M(CO)¢] moieties to the silver core.
The CO ligands play two major roles in the formation of these
ions: 1) they serve as chelating anchors tethering the [M(CO)¢]™
ligands to the silver core; 2) the COmina ligands provide the
electron density for the bonding within the larger trigonal pris-
matic or octahedral delocalized Ag, cores. Roughly, five elec-
trons are altogether transferred from the [M(CO)4] ligands to
the Agg cores according to the AIM picture (Table S11 in the
Supporting Information).

The interaction described in 2) apparently leads to the
rather strong blueshift of the experimental CO stretching fre-
quencies. In addition, the Ag—M interactions, if present at all,
are rather weak. This observation is supported by the fact
that—to our knowledge—binary silver-niobium and silver-tan-
talum alloys are unknown. Thus, the Ag—M interaction appears
to be rather weak. Given the calculated charges at M (=~ +1.7)
and Ag (=~ +0.2), such a bond would actually be expected to
be much shorter than the observed distances of 2.81 to 3.07 A
(Table 1). Adding up the radii for M" (0.72 A; radius for M" is
unknown) and Ag° (1.44 A) gives approximately 2.16 A as an
approximation for a binding interaction. Altogether, this leads
to the unexpected notion that the description of 4°" as a
super-tetrahedron as shown in Figure 1b is only topological,
but without Ag—M bonding contribution. Thus, the central
cluster unit in the large 3" and 4°" systems is the Agy core.
This may be understood in terms of the superatom model, as
presented in the next section.
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Structures 3™ and 4°" in the context of the superatom
model

Cluster ion 4** may be compared with literature clusters,
which were examined in more detail with regard to the su-
peratom model. The octahedral Ag, core of 4", which is
capped by Nb/Ta atoms on every second triangular face form-
ing the highly symmetric super-tetrahedron, has a structure re-
lated to the cluster [AugX,J*" (X=F, Cl, Br, ) previously investi-
gated with theoretical methods."*” This cluster was considered
as an analog of a tetrahedral molecule CX, and sp*-hybridiza-
tion of the Aug core was deduced. However, the earlier dis-
cussed AIM analysis of cluster 4a>" showed that in our case
the CO ligands have the decisive role in the bonding rather
than the Nb/Ta atoms. This reasoning allows for a comparison
of compound 4>" with the cluster [AugNi;(CO)glJ> "% in
Figure 9. The latter was also shown to be an analog of tetrahe-
dral molecule CH,.”®

Figure 9. Schematic representations of a part of the structures of
(@) [AQM(CO)eL)** (47") and (b) [Aug{Nis(CO)g},> ">

Every second face of the gold octahedron in Figure 9b is
capped by a [Nis(CO)s] unit. Using the published electron
count of an [Aug*" cluster core, this would include four
[Ni5(CO)]~ radical anions as chelating pseudo-ligands. In 4%,
the chelating pseudo-ligand [Nis(CO)]" is exchanged for the
tridentate M(CO)," radical—isoelectronic to the known 17 va-
lence electron metalloradical V(CO);—as a ligand to the sp’
[Agsl** superatom.

By contrast, in structure 3a*, the prismatic Ags core is
capped by five [Nb(CO),] fragments, overall giving a D, trigo-
nal bipyramid (Figure 10b). The comparison with other clusters
is quite difficult as only very few molecular clusters with this
structural motif are known.”¥ Nevertheless, according to the

a)

\\\\\\ X

|
1]
>|<
X—2>—X

5
° g: L

Figure 10. Schematic representations of the metal core of 4*" (a) and 3™ ra-
tionalized by the superatom model as simple molecules generalized as AX,
(a) or AX; (b).
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lines rationalizing the super-tetrahedron in 4** as sp? and
being related to CH, or generalized as AX,"”*® it is reasonable
to argue that 3a™ would correspond to trigonal bipyramidal
SiHys " NH,,P? PH,,”" or generalized to an AXs; molecule as
shown in Figure 10.

However, to enable a firm classification of the cluster cores
of compounds 3© and 4°" as superatoms, further intensive
theoretical investigations are necessary and we would be very
pleased if another research group with more experience in this
field would take up this topic.

Conclusion

Several heterobimetallic formal Ag,,M, clusters (M=Nb, Ta)
with the general formula [Ag,,{M(CO)4,I* (M=Nb, Ta; m=1, 2,
6;, n=2,3, 4,5 x=1—, 14, 2+4) were prepared, structurally
and spectroscopically analyzed, and their bonding was investi-
gated. As an addition to known anionic and neutral heterobi-
metallic Ag—M carbonyl clusters, we present the first examples
including the [M(CO)s] moiety as a component of anionic clus-
ters. Furthermore, the first larger cationic clusters of this kind
were obtained, stabilized by a weakly coordinating anion. They
include a Dj,-symmetric AgsNbs or T,-symmetric Ag¢M, core
(M=Nb, Ta). The discussion of the crystal structures, IR data,
and quantum calculations showed indications for a peculiar
bonding situation in these clusters: The [M(CO),] groups can
be seen as chelate ligands to the silver core. The CO ligands of
the M carbonylates play a significant role, as they provide the
electron density for the bonding and act as chelating anchors
to the silver core. Thus, apparently the [M(CO)y] units in 3% or
4%* serve as ligands to the Ag, superatom. In 4", this follows
the lines as described for [AugX,>" (X=F, Cl, Br, 1), which
was considered as an AX, analogue with sp*-hybridization of
the [Augl’" core. The structure of 3" possibly is the first exam-
ple of an extension to an AX; analogue. The hybridization of
the underlying trigonal prismatic Ags superatom would be in-
teresting to be analyzed by groups with a particular focus on
theoretical chemistry. Thus, we encourage other research
groups to further investigate the clusters quantum chemically
in terms of the superatom model or with other suitable ap-
proaches.

Experimental Section

Crystallographic data: Deposition numbers 1998854, 1998851,
1998852, 1998853, 1909279, and 1998922 (14, 2a, 2b, 3a, 4a, and
4b) contain(s) the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint Cam-
bridge Crystallographic Data Centre and Fachinformationszentrum
Karlsruhe Access Structures service..
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