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Abstract

Late dinuclear transition-metal (especially group 10 and 11) homoleptic carbonyl complexes
are elusive species and have so far not been isolated. A typical example is the 30-electron
species [Niy(CO)s], the structure and bonding of which being still debated. We show that, by
using the AICp* ligand (isolobal to CO) it is possible to isolate and fully characterize
[Ni2(AICp*)s] (1), which inspired us to revisit by DFT calculations the bonding situation
within [NioLs] (L =CO, AICp*) and other isoelectronic species. The short Ni-Ni X-ray
distance in 1 (2.270 A) should not be attributed to the existence of a typical localized triple-
bond between the metals, but rather to a strong through-bond interaction involving the three
bridging ligands via their donating lone pairs and accepting ©* orbitals. In contrast in the
isostructural 32-electron [Au,(AlCp*)s] (2) cluster an orbital with M-M antibonding and
Al...Al bonding character is occupied, which is in accordance with the particularly long Au-
Au distance (3.856 A) and rather short Al...Al contacts between the bridging ligands (2.843
A). This work shows that, unlike late transition-metal [M(CO),] species, stable [M,(AICp*)y]
complexes can be isolated, owing to the subtle differences between CO and AICp*. We
propose a similar approach for rationalizing the bonding in the emblematic 34 electron species
[Fe2(CO)q].

Keywords: Nickel, Gold, AICp* Ligand, Metal-Metal Bonding, DFT calculations, Carbonyl
Cluster.
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Introduction

Investigating the metal-metal interaction in dinuclear transition metal (TM) complexes has a
rich history and is a matter of debate until today."” A prominent example is Fe,(CO),, in
which each Fe atom has 17 valence electrons (VE) thus suggesting a (still disputed) single Fe-
Fe bond in order to fulfill the 18 VE rule for the Fe centers.>?! It should be noted that the
generally assumed non-existence of a direct Fe-Fe bond in this complex has been explained
by using a representation that describes one of the three bridging CO ligands as being
involved in 3-center/2-electron bonds, thus allowing the metal centers to reach the 18 VE
configuration (see Figure $8). While Fe,(CO), is synthetically easily accessible?®, therefore
giving access to experimental data that can be confronted to computed compounds, such data
are more difficult to access for, e.g., dinuclear Ni-carbonyl compounds Ni»(CO),%?* On this
point, it is of note that the isolable 17 VE [Ni(CO)s]" radical does not dimerizes.?
Spectroscopic data are however available for selected charged clusters, which were studied in
Kr matrices®® or in the gas phase®’. Accessing the neutral Niy(CO)x (x = 5, 6, 7) on a
macroscopic scale still remains elusive. Following the 18 VE rule the compounds are
predicted to comprise a Ni-Ni single (for x = 7), double (for x = 6) and a triple (for = 5) bond.
Recently Liu and coworkers re-investigated the Ni-Ni bonding in [Ni>(CO)s] and found major
contributions of the three bridging CO ligands that was interpreted in terms of triple 3-
center/2-electron Ni-C-Ni bonding.?® This delocalized representation allows the Ni centers to
attain the 18-electron configuration without assuming any direct metal-metal bond (Scheme
1).2 TM containing compounds and especially multiple TM-TM bonds are of fundamental
interest and may be viewed as building blocks for larger clusters or even surfaces.?® ¥
Textbook examples are the quadruple bond containing compounds Re,Clg> (unbridged)*! and
Mo,(acetate), (bridged)®?, which are hold together by one o-, two z- and one §-interactions.**
% Tailor-made terphenyl ligands even allow for a quintuple Cr-Cr bond (unbridged)®, so do
bulky amidinate ligands support a quintuple Mo-Mo bond (bridged)®*. The choice of
ligands plays a crucial role: ligand-to-metal bonds compete with metal-metal bonding for
available TM valence orbitals.*® At the same time, ligands are necessary to protect TM-TM
multiple bonds and avoid the involved electrons to participate in reactions like cluster growth.
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Scheme 1. The Lewis representation of [Ni»(CO)s] proposed by Liu et al.”® and using the
half-arrow representation of Green et al.,?® in which each p-CO lone pair is represented by a
pair of half-arrows. In this representation, each bridging carbonyl may be regarded as

effectively contributing two electrons to the electron count of both nickel atoms.

We are typically interested in intermetalloid clusters of the general formula [TM,Ep](R). (E =
group 13 metal; R = organic rest), their reactivity and bonding.*>*® ECp* units have been
proven to be good ligands in these class of compounds, ranging from small complexes like
[Ni(AICp*)4]* to true superatoms with emerging conductive band such as [Cuss(AICp*):2]*.

The ER ligands have been shown to be isoelectronic/isolobal*® >

44, 51, 52

to CO and phosphines, by

extensive substitution chemistry studies 5395,

, as well as by theoretical investigations
ER ligands have been electronically compared to CO by Frenking, e.g. in homoleptic
[Ni(ER).] as well as heteroleptic [(CO)sNi(ER)].>* > These studies conclude that the main
covalent bonding contribution of ER ligands is o-donation (Ni«<—ER), whereas the n-back-
donation (Ni—ER) remains small (for E = Al, Ga, In, T1) and stands in sharp contrast to the
textbook m-acceptor CO. Notably, electrostatic interactions were identified as major bonding
contributions, especially in homoleptic [Ni(ER)4] complexes, making the Ni-E bond a
strongly polarized bond.* Irrespective of the details in differences, in general CO and ER

share the same bonding principles towards TMs.

A vivid example of this relationship is the dinuclear [(Cp*Ga),Pt,(H?-GaCp*)s], which can be
viewed as an analogue of the thermally unstable [Pt,(CO)s].>® Especially the structural motive
TM,(u2-ER);3 in which two TMs are bridged by three ER ligands frequently occurs in such
compounds.** *®® \We were therefore interested in gaining a deeper understanding of the TM-
TM interactions in clusters exhibiting such a structural motif. In this report we present two
such compounds representing extreme situations of TM-TM bonding: [(Cp*Al),Ni(p*-
AICp*)3] (1) with a short Ni-Ni distance and [(Cp*Al).Au,(u-AlCp*)s] (2) with a very long



Au...Au separation. The bonding situation in both complexes is discussed and compared to

the parent [Ni»(CO)s], which is synthetically not accessible.

1. Results and discussion

1.1 Synthesis, characterization and X-ray structure of [M2(AlICp*)s] (M = Ni, Au).

1.1.1  [Niy(AICp*)s]
Treatment of a toluene solution of [Niy(dvds)s] (dvds = 1,1,3,3-Tetramethyl-1,3-
divinyldisiloxane) ~ with  six  equivalents of  AICp* (Cp* = 1,2,3,4,5-
Pentamethylcyclopentadienyl) at 70°C results in color change from orange to deep red after
several minutes. After 2h, LIFDI-MS measurements indicate complete consumption of the
starting material [Niy(dvds)s] and the formation of [Ni(AICp*)s]*’ as the main product
together with a small amount of the title compound [Niz(AICp*)s] (1). Recrystallisation from
n-hexane affords [Ni,(AICp*)s] in pure form. From the concentrated reaction solution,
[Ni2(AICp*)s] deposits as a red crystalline solid after storing for several days at 8 °C. LIFDI-
MS measurement of the isolated compound confirms the crystallization of [Niy(AICp*)s],
showing the [M]" ion peak at m/z [a.u.] = 926 with the expected isotopic pattern (Figure S4-
5). The *H-NMR of the isolated product 1 in C¢Dg (Figure S1-2) exhibits two signals in the

expected range for Ni-AlCp* protons™ #4471 59, €0

at 2.01 and 1.97 ppm with a signal ratio
of 2:3 indicating the existence of two distinct AICp* groups (terminal and bridging). *H-NMR
measurements at elevated temperatures (90°C in toluene-dg) does not lead to a coalescence of
these signals. The **C-NMR signals (Figure S3) are in accordance to the *H-NMR showing
two sets of signals for the distinct AICp* groups. Single crystal X-Ray measurement
unambiguously verifies the isolation of [Ni,(AlCp*)s]. Indeed, 1 is isostructural to the already
known [TM2(ECp*)s]** (TM = Pd, Pt; E = Al, Ga) compounds and the predicted structure of
the hypothetical [Ni»(CO)s]* %, having three bridging and two terminal ligands at the central
Ni-dimer (Figure 1). The Ni-Ni distance of 2.2702 A is considerably shorter (about 8%) than
twice the covalent radius of Ni (2.48 A)®* and only slightly longer than the predicted Ni-Ni
distance in [Ni»(CO)s] (2.18 A),?® hinting to the presence of significant Ni-Ni interactions.
The Ni-AICp* emina distances of 2.2309(16) A are in the range of other Ni-AlCp* distances*"
44, 47, 51,99, 80 \yhereas the Ni-AlCP*yigging distance is with 2.31 A (average) slightly longer.
The AI-Cp*centroig distances are independent of the bonding mode of the AICp* ligands and

with about 1.94 A comparable to literature known values.



Table 1. Selected averaged interatomic distances (A) and bond angles (°) in [Ni2(AICp*)]s
and [Auy(AICp*)]s*2. The experimental X-ray values are on top of their DFT-optimized

M-M M-AIZ | M-(u-Al)? | AL.. AR | M-(u-AD)-M® | Al-M-(-Al? | (H-Al)-M-(p-Al)?
[Ni,(AICP™)]s | 2.270 2.231 2317 3.497 58.7 119.3 98.0

(2.286) | (2.203) | (2.292) (3.437) | (59.8) (119.9) (97.2)
[AU,(AICp™)]s | 3.856 2.392 2532 2.843 99.2 1395 68.3

(3.884) | (2.408) | (2.545) (2.848) | (99.5) (139.6) (68.1)

counterparts in parentheses.

Figure 1. X-ray molecular structures of 1 (top) and 2 (bottom)®2. Thermal ellipsoids are given
at the 50% probability level, Cp* ligands are given in wireframe depiction and H atoms are

omitted for clarity. Selected averaged bond lengths [A] and angles [°] are provided in Table 1.

1.1.2 [AUz(A|Cp*)5]
The synthesis of [Au,(AICp*)s] (2) can be realized from treatment of 'DippAuH (‘Dipp =
2,3-dihydro-1,3-bis(2,6-diisopropylphenyl)-1H-imidazol-2-ylidene) with excess of AICp*

(2.5 eq.) in toluene after prolonged reaction times (18 h). Exact procedure (see Sl) as well



as spectroscopic details have recently been described elsewhere.®? The crystal structure
(Figure 1) of [Auz(AICp*)s] (2) is related to that of 1: A central Au-Au unit is bridged by
three AICp* units and flanked by one terminal AlCp* per Au atom. Striking differences
are noted in the bond lengths: The TM-TM distance (3.856 A) is severely elongated
compared to 1 and far from twice the Au covalent radius (2.72 A)®*. On the other hand,
the Al-Al distances of the bridging AICp* units are significantly shortened by about 0.6 A
compared to 1. Important bond distances and angles can be found in Table 1, the synthesis

protocol and further spectroscopic data of 2 were recently published.®

2.2 Computational and bonding analysis
Before entering into the details of our orbital analyses below, we would like to mention
that our optimized geometries of [Nix(AICp*)s] and [Auz(AICp*)s] are in good agreement

with their X-ray structures. Their major metrical data are compared in Table 1 above.

2.2.1 The nickel carbonyl reference [Niy(CO)s]

Assuming a localized 2-center/2-electron bonding scheme for [Niy(CO)s], with 2x10 +
5x2 = 30 valence electrons, the 18-electron rule predicts for this complex a formal Ni-Ni bond
order of (2x18 - 30)/2 = 3, to which the Lewis formula I (Scheme 2) can be associated. This
compound has been investigated at the DFT level by King and coworkers.®> They found the
expected [(CO)Ni(u-CO)3Ni(CO)] Da, ground state structure, with a Ni-Ni distance of 2.19 A
that does not completely exclude the existence of a (weak) triple bond. They also predicted
that [Ni>(CO)s] would be surprisingly stable with respect to dissociation. More recently, a

comprehensive theoretical analysis by Liu et al.”®

of the [Ni,(CO)s] electronic structure, also
based on DFT calculations, ended up with the convincing conclusion that there is no formal
metal-metal triple bond in this molecule. Rather, they describe the Ni-Ni bonding interaction
as resulting from a delocalization of three 2-electron/3-center Ni-C-Ni bonds, originating
from the donation of the three u-CO lone pairs (Scheme 1). In the following, we would like to
throw a related but somewhat different light on the problem, by using in a first step a

qualitative model based on symmetry arguments and frontier orbital interactions.
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Scheme 2. Putative Lewis structures for [Ni»(CO)s]. Top: With a metal-metal triple bond;
middle: With no metal-metal bond; bottom: With a metal-metal single bond.
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complex of D3z, symmetry. Only the 2-electron/2-orbital bonding interactions are considered.
The energy ordering of the occupied/vacant levels is arbitrary.



Following the early approach of Summerville and Hoffmann,® a qualitative bonding
description of [Ni,(CO)s] can be developed starting from the crude MO diagram sketched in
Figure 2, which illustrates the interaction between the [L-M...M-L] and [(u-L)]s fragments in
a 30-electron [M,Ls] complex, assuming ideal D3, symmetry. It represents only the stabilizing
2-orbital/2-electron interactions, i.e., those involving one occupied (donor) and one vacant
(accepting) orbital, which are those principally associated with the bonding between the two
fragments. For the sake of simplicity, second-order intermixing between several orbitals of
the same symmetry are neglected in this first step. Assuming M = Ni and L = CO in Figure 2,
the [(CO)-Ni...Ni-(CO)] frontier orbitals are the in-phase and out-of-phase combinations of
the five 3d(Ni) AOs, the two 4p.(Ni) AO’s and the 4s/4p(Ni) hybrids of a single (CO)-Ni
linear fragment (left side of Figure 2).®® The frontier orbitals of the (u-CO); fragment are the
combinations of the three o-lone pairs (a’s + ¢’) and the three n*(CO) orbitals which are
parallel to the Ni-Ni vector. The three other n*(CO) orbitals, perpendicular to the Ni-Ni
vector, are principally involved in C=0 bonding and thus not considered at this stage of the
analysis. They combine in e’ + a’,. The carbonyl a’; + e’ lone pair combinations interact in a
bonding way with the vacant sp(Ni) and 4p,(Ni) combinations of the same symmetry. The
vacant a”, + ¢” n*(CO) combinations interact in a bonding way with the occupied 3d(Ni)
combinations of ©* and o* nature. As a result, six occupied metal-ligand bonding MOs are
built (lay + le’ + 1la”, + le”), to which are corresponding six antibonding vacant
counterparts. These six bonding electron pairs are associated with the six Ni-(u-CO) bonds.
The other occupied MOs of [Niy(CO)s] are non-bonding with respect to metal-ligand
interactions, but with respect to Ni-Ni interactions they are of ¢ (2a;) , © (2¢), 6 (3¢’) and &*
(2e”) character. Whereas the occupation of both & and &* cancels & bonding if any (four 6-
type lone pairs), one may wonder about o and = bonding. Within a localized 2-center/2-
electron scheme, the existence of one ¢ and two = bonds would require that of vacant c* and
n* MOs, associated, together with their occupied bonding counterparts, to the corresponding
three metal-metal bonding electron pairs. It turns out that this is not the case since the o* and
n* counterparts are formally occupied and participate in metal-ligand bonding. Thus, the
electrons occupying the 3d-type levels of ¢ (2a’1) and © (2¢’) character should be rather
considered as metal lone pairs. It follows that, from the strict point of view of a localized 2-
center/2-electron bonding description, the MO diagram of Figure 2 should correspond to
Lewis structure(s) in which no Ni-Ni bond exists. The resonant formulae Ila and 11b (Scheme

2), with 15-electron metal centers in average, can thus be proposed.



One may however argue that the high-lying vacant 3e” and 2a ", MOs of Figure 2, not
involved in the bonding with the pu-CO ligands, are in fact the “missing” o* and n* vacant
counterparts of the occupied o (2a’1) and = (2¢°) levels, thus completing the MO panel for a
localized Ni-Ni triple bond. It turns out that our calculations do not support this view, as
discussed a little later. Substantial through-bond Ni-Ni interactions are however expected,
originating from the mixing of the occupied o* (a ;) and n* (e”,) orbitals of [(CO)-Ni...Ni-
(CO)] with their ligand counterparts (Figure 2). This mixing leads to partial depopulation of
these metal-metal antibonding levels, thus creating some Ni-Ni bonding. A similar effect is
expected from the mixing of the vacant o («¢’1) and & (e’) levels of [(CO)-Ni...Ni-(CO)] with
the CO lone pair combinations, leading to partial population of these Ni-Ni bonding orbitals.
Introducing now in a following step intermixing between several orbitals of same symmetry
(in particular the non-negligible 7/3 and 7*/3* mixings), supplementary Ni-Ni bonding is
predicted. Moreover, the e’; combinations of the three n*(CO) orbitals which are associated
to C=0 bonding (perpendicular to the Ni-Ni vector, not represented in Figure 2), are also
expected to somewhat participate to bonding interactions with occupied 3d levels,
contributing also to Ni-Ni bonding. Their a’,; congener, not involved in any interaction with

the metals remains unperturbed, lying at high energy (not shown in Figure 2).



Table 2. Occupation of the frontier orbitals of the [L-M...M-L] and [(u-L)]z fragments in
selected [M;Ls] (M = Ni, Pt, Au) complexes of Dz, symmetry (L = CO) or approximate Dy,
symmetry (L = AICp). From Mulliken population analysis (see Computational Details).

[Ni2(CO)s] | [Pt2(CO)s] | [Nio(AICP)s] | [Auz(AlCP)s]
(Dan) (Dsn) (pseudo- | (pseudo-Dgsp)
Dan)
[L'Ni...Ni'L] IR*in Dah IR =
fragment symmetry
orbitals irreduc
o* (sp) a’, 0.02 0.02 0.03 1.36 ible
* (4p) e” 0.20 0.14 0.05 0.07
7 (4p) e’ 1.14 1.08 1.04 0.63 represe
c (sp) a’ 0.66 0.93 1.16 0.90 ntation
o* (3d) a’ 1.58 1.55 1.69 1.83
&* (3d) e” 3.67 3.69 3.75 3.84 (see
n* (3d) e’ 3.83 3.82 3.90 3.92 Figure
3 (3d) e’ 3.42 3.45 3.53 3.88
n (3d) e’ 3.76 3.84 3.75 3.91 1).
o (3d) a’ 1.94 1.65 1.62 1.80
[u-L]; fragment | IR*in Dy,
orbitals symmetry ore
m (accepting) e” 0.32 0.38 0.14 0.12
, (accepting) e’ 0.48 0.41 0.34 0.61 quantit
(m, (accepting) a’; 0.48 0.49 0.45 1.22 atively
e’ (lone pairs) e’ 3.18 3.25 2.86 3.22
a’y (lone pairs) a’y 1.46 1.40 1.50 1.23 ,we

have evaluated the above-discussed interactions by computing the populations of the fragment
orbitals through a fragment interaction analysis based on DFT calculations at the BP86-
ZORA/TZ2P/D3(BJ) level (see computational details). The occupation of the fragment
orbitals discussed above are summarized in Table 2. It appears from these values that in
[Ni2(CO)s] the occupation of the o and = Ni-Ni bonding orbitals of the metallic fragment
overpasses those of the antibonding ones by 1.0 and 0.9 electron respectively. In particular,
substantial bonding is induced by the occupation of the diffuse o(sp) (¢’1) and n(4p) (e)
levels. Although significant, these values are far from the limit values corresponding to an
ideally localized Ni=Ni bond (2 and 4, respectively). They also differ from what one would
expect for a single bond (2 and 0, respectively) corresponding to the Lewis structure 111 in
Scheme 2. Consistently, the computed Ni-Ni Wiberg index (0.097, see Table 3) is indicative
of a weak bonding interaction. As already shown by Liu et al.?® in their QTAIM analysis of
the electron density, the indicators associated with the Ni-Ni bond critical point (bcp) are also

in line with a weak Ni-Ni bonding character (Table 4).



In order to test the stability of our bonding description within the group 10 triad, we

also computed the hypothetical [Pty(CO)s] relative. The corresponding results gathered in

Tables 2-4 confirm the similarities between both Ni and Pt species, with a (moderately)

stronger metal-metal covalent bonding in the case of Pt.

Table 3. Selected computed data for the [M,Ls] (M = Ni, Pt, Au; L = CO, AICp, AICp*)

complexes.
[Nix(CO)s] | [Pta(CO)s] | [Nix(AICP)s] [Niy(AICP*)s] [Auy(AICP)s] | [Auy(AICP*)s]
5 (Dan) (Dan) s) (%) (N (C)
M-M () 2178 2593 2.234 3.813
[WBI] [0.097] [0.123] [0.095] 2.286 [0.102] [0.064] 3.884[0.049]
L..L (A)° 2.874 3.058 3.482 3.437 3.006 2.848
[WBI] [0.107] [0.083] [0.328] [0.374] [0.579] [0.715]
HOMO-
LUMO gap 2.72 2.03 2.32 216 213 1.86
(ev)
M NAO 0.33 0.33 -0.37 -0.47 -0.03 -0.01
charge
M-M Wiberg 0.097 0.123 0.095 0.102 0.064 0.049
bond index

% Averaged values in the case of L = AICp and AICp*.

Table 4. QTAIM descriptors of the M-M bond in the [M,Ls] (M = Ni, Pt, Au; L = CO, AICp,

Compound [Ni(CO)s] | [Pt2(CO)s] | [Ni(AICP)s] | [Ni(AICP*)s] | [Au(AICP*)s]
Atom charge® M 0.439 0.249 -1.432 -1.448%% -1.778%¢
Delocalisation index S 0.454 0.559 1.046 1.021 0.430

D 0.079 0.073 0.077 0.071 -
) 0.171 0.108 0.152 0.128 -
bep indicators? H -0.027 -0.028 -0.027 -0.025 -
\/ -0.097 -0.082 -0.093 -0.081 -
lv[/G| 1.389 1.507 1.418 1.435 -

AlCp*) complexes.

& Averaged values in the case of L = AICp and AICp*.
b P, V?p, H, Vand G are the electron density, Laplacian of density, energy density, potential
energy density and kinetic energy density values at the bcp, respectively. All values in a.u.

2.2.2 [Niz(AlCp)s] and [Nio(AICp*)s]
The isolobal analogy between CO and AICp* is illustrated in Figure 3. Both ligands

possess a similar set of frontier orbitals: One occupied donor orbital that contains a ¢ lone

pair, and two degenerate vacant accepting orbital which are of m type with respect to the

ligand rotational axis. They are the n*(CO) orbitals of the former and the c*(Al-Cs) orbitals




of e; symmetry in the later (assuming Cs, symmetry). There is however an important
difference between the two ligands, namely their size. With its five methyl substituents on the
Cs ring, AlCp* is much bulkier, generating steric and van der Waals interactions between
neighboring ligands that often lower the symmetry of the complex.

In order to keep as close as possible to Ds, symmetry, we first investigated the
simplified [Ni(AICp)s] model, of actual C; symmetry, but which can be reasonably
considered as pseudo-Dsp. Its corresponding data in Table 2 are close to those found for
[Ni2(CO)s]. In particular, the occupation of the ¢ and m Ni-Ni bonding orbitals of the metallic
fragment overpasses those of the antibonding ones by 1.1 and 0.8 electron respectively. The
occupations of the ligand frontier orbitals indicate that AICp is a better -donor and lesser =-
acceptor than CO, but the differences are not very large. Despite the Ni-Ni distance is larger
by ~ 0.1 A in the AICp complex, the corresponding Wiberg index is slightly larger (Table 3).
The corresponding QTAIM bcp indicators of the two complexes are also quite similar (Table
4). The major difference between them is the polarity of the Ni-L bonds,> which is substantial
in the L = AICp case, the metal becoming negatively charged (Tables 3 and 4). The real
[Ni2(AICp*)s] complex is too far from Dz, symmetry for allowing a sufficiently accurate
orbital occupation analysis as those provided in Table 1. Nevertheless, its computed data in
Table 3 indicate similar bonding features as that found for its simplified [Ni>(AICp)s] model.
The hypothetical [Pto(AICp*)s] also provided similar results, in full consistency with those of
the strongly related and isolated [Pt,(GaCp*)s].*®
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Figure 3. The frontier orbitals of the CO and AICp* ligands.
2.2.3 [Auz(AICp)s] and [Auz(AlICp*)s]



The 18-electron rule predicts a formal Au-Au bond order of (2x18 - 32)/2 = 2 for the
32-electrons [Au,(AICp*)s]. This is obviously not the case, owing to the observed Au...Au
non-bonding distance of 3.856 A. In order to solve this puzzle, and as for the nickel relative
above, we first investigated the simplified [Au(AICp)s] model in order to maintain a
sufficiently approximate D3, symmetry. Surprisingly, our optimized structure was found
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highly distorted. Removing Grimme’s empirical corrections for dispersion forces, yielded
the expected Cs (pseudo- Dsp) structure. Discarding Grimme’s corrections provides generally
larger interatomic distances, but we found this hypothetical model to be sufficiently accurate
for providing a good orbital rationalization. The corresponding computed data are gathered in
Tables 2-3. They indicate that the two electrons that are formally added when going from
[NisLs] (30-electron) to [Au,Ls] (32-electron) occupy an orbital of a”, pseudo-symmetry
which is Au-Au antibonding and Al-Al bonding. For reasoning purpose, let’s assume that
before interaction the two “supplementary” electrons are formally located on the [(u-L)s]
fragment, i.e., in the a”, LUMO on the right side of Figure 2. This time, this occupied a ™
fragment orbital cannot interact in a stabilizing way with the occupied a”, (c*) d-type
combination of the metallic fragment because it is also occupied. Rather, it will seek for a
vacant counterpart to set up a 2-electron/2-orbital interaction, that is, the a”, (c*) hybrid
combination. The bonding combination between these two a”, fragment orbitals that will
result will host the two “supplementary” electrons. Being Au-Au c-antibonding and Al...Al
n-bonding, its occupation induces substantial elongation of the Au...Au vector together with
some contraction of the Als triangle. This orbital, the HOMO-2 of [Au,(AICp)s], is plotted in
Figure 4 and the whole bonding situation is crudely sketched in Figure 5. The significant
participation to the bonding of the a”, (6*) hybrid combination is clearly perceptible in Table
2. Its partial population cancels the weak bonding interaction that exists in the 30-electron
relatives so that no QTAIM bond path between the metals is found. Rather, a cage critical
point (ccp) sits in the middle of the Au,Als trigonal bipyramid. On the other hand, bep’s
appear between the Al atoms. A very similar bonding situation is found for the optimized real
compound [Au,(AlCp*)s] (Tables 3 and 4), with even shorter Al-Al distances (2.848 A), due
to the reintroduction of dispersion corrections in the calculations, and in good agreement with
experiment. It is noteworthy that the hypothetical 30-electron oxidized species
[Au,(AICP*)s]** restores the (weak) metal-metal interaction (Au-Au = 2.698 A) and moves
the Al atoms away from each other (Al...Al = 3.714 A). These values are close to that found
for the isoelectronic [Pt,(AlICp*)s].



The bonding in [Auz(AICp*)s] is too much delocalized for being tentatively described
by one or several Lewis formulae. We propose to view it as a cluster, the skeletal core of it
being the Au,Als trigonal bipyramid. According to the Wade-Mingos rules®® the favored
electron count associated with such a polyhedral closo architecture corresponds to six electron
pairs, providing that each of the six fragments participate to the bonding with ¢ and = frontier
orbitals. Clearly, with its six bonding electron pairs of a’;, e’, e” and a”, in ideal Dg,

symmetry (Figure 2), [Au,(AlCp*)s] can be considered as following the Wade-Mingos rules.

Figure 4. The HOMO-2 of [Au,(AICp)s].

It is of note that a series of isostructural main-group clusters of the type [E2(AICp*)s]
(E = As,*" Bi,®® Cp*AISi* ® and Cp*AlGe* ® have been characterized, which have also been
described as closo species® bearing six skeletal electron pairs, despite the fact that some of

them®®

exhibit long non-bonding Al...Al contacts. The relationship between the electronic
structure of these species and that of [Au,(AlCp*)s] will be the subject of further

investigations.
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Figure 5. Simplified interaction MO diagram for a 32-electron [LAu(pu-L)sAul] complex of
Dsn symmetry. Only the 2-electron/2-orbital bonding interactions are considered. The energy
ordering of the occupied/vacant levels is arbitrary.

2. Concluding remarks
The [Niy(AICp*)s] complex reported above is the first fully characterized species
isoelectronic to the archetypal although still unknown [Ni(CO)s]. Because of the isolobal
analogy between CO and AICp*, both complexes have similar bonding features. We propose
to describe their electronic structures by the Lewis formulae Ila and 11b of Scheme 2, and, at
most, with some minor admixture of formula I (and perhaps I11). Indeed, our calculations are
consistent with the absence of a localized Ni-Ni bond of any order. Rather, substantial Ni...Ni
through-bond interaction occurs via the building of the six ligand-Ni bonds. From this point
of view, our description is not contradicting that of Liu et al.?® who rationalize Ni-Ni bonding
in [Niz(CO)s] from the formation of three 2-electron/3-center bonds originating from the
donation to the Ni-Ni vector of the three ligand lone pairs, their bonding scheme being
represented by the Lewis formula of Scheme 1. However, our calculations suggest that non-
negligible Ni-Ni bonding also occurs from metal back-donation to the ligand accepting
orbitals. This Ni—L back-donation is also responsible for the building of non-negligible Ni-

(u-L) bonding, which is not accounted for in the formula of Scheme 1. At this point, we also



would like to mention that there is no “legal” requirement for a metal center to obey the 18-
electron rule. Although most of the stable organometallic TM centers do, counter-examples
are not rare.®® This is why we privilege the classical (fully localized) writing of Lewis
formulae as those in Scheme 2, rather than those that allow metals to reach the 18-electron
rule by sharing ligand electron pairs through the building of 3-center bonds.? It is of note
that a similar bonding description in Fe;(CO)o, with two major resonant Lewis formulae
having no formal Fe-Fe bond and exhibiting one 18-electron and one 16-electron metal
centers can be proposed (see Figure S8), assuming that the (weak) Fe-Fe bonding character
(if any) results from through-bond interaction. Finally, it should be reminded that, although
isolobal, CO and AlICp* have differences, in particular with respect to their sizes. This is why
a 32-electron species like [Auz(AICp*)s] cannot exist with CO in the place of AlCp*, since
the small size of the carbonyl ligand would not allow for the formation of C...C bonding,
together with maintaining a long Au...Au separation. This work demonstrates that the AICp*
ligand is able to stabilize compounds that are not stable with carbonyls and suggests that a
new facet of the chemistry of ML, transition-metal complexes and clusters, not reachable
with classical isolobal 2-electron carbonyl, phosphine, N-heterocyclic carbenes, isonitriles, ...

ligands, could be explored with L = AICp* or related ligands.
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