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Abstract

Gold chemistry has experienced in the last decades an exponential attention for a wide spectrum of
chemical applications, but +I11 oxidation state, traditionally assigned to gold, remains somewhat
questionable. Herein, we present a detailed analysis of the electronic structure of the pentanuclear
tie-bow Au/Fe carbonyl cluster [Au{n?-Fe,(CO)s}.] together with its two one-electron reversible
reductions. A new interpretation of the bonding pattern is provided with the help of the Inverted
Ligand Field Theory. The classical view of a central gold (I11) interacting with two [Fe,(CO)s]*
units is replaced by Au(1), d*° gold configuration, with two interacting [Fe,(CO)s]” fragments. A d*°
configuration for the gold center in the compound [Au{n?-Fe,(CO)s}.]  is confirmed by the LUMO
orbital composition, mainly localized on the iron carbonyl fragments rather than on a d gold orbital,
as expected for a d® configuration. Upon one-electron stepwise reduction, the
spectroelectrochemical measurements show a progressive red shift in the carbonyl stretching, in
agreement with the increased population of the LUMO centered on the iron units. Such a trend is
also confirmed by the X-ray structure of the di-reduced compound [Au{n’-Fe;(CO)s}{n*
Fe,(CO)s(u-CO),}]*, featuring the cleavage of one Au-Fe bond.

1. INTRODUCTION
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For many years, the development of homogeneous gold-based catalysts™™ has been hampered due to
a somewhat recalcitrance of gold complexes to undergo the most common processes of
coordination chemistry, such as oxidative addition and reductive elimination.*® Only in the recent
years, gold chemistry has experienced a renewed interest pushed by the ubiquitous employment of

1011 and catalysis,? as well as

both gold complexes and nanoparticles in nano-medicine,”® sensors
environmental applications.** Moreover, in many catalytic cycles, the involvement of Au(lll)
intermediates is suggested.*®

Recently, the possible +1/+3 oxidation of some XI group square planar complexes has been largely
debated and reviewed, especially in the case of copper complexes. In this regards, particular
attention was devoted toward the [Cu(CF3)4] square planar complex™*™** for which, according to the
classical Ligand Field (LF) theory, a formal +I11 oxidation state (metal d® configuration) is
attributed to Cu surrounded by four CF3™ anions, in a square planar arrangement. The bonding
description of such a complex has been strongly debated until the early 90’s, when Snyder raised
some doubts on the assigned oxidation state.’® According to Snyder, an oxidation state +I should be
assigned to Cu surrounded by three CF; anions and one CFs* cation. Snyder’s hypothesis was
fiercely criticized *' for the unrealistic presence of a trifluoromethylcation in the complex. A recent
review provides a complete picture of the electronic distribution in the complex through a detailed
analysis of the interaction between the combinations of the ligand sets and the d orbitals of the
metal.”® In the traditional LF, all the interactions are classified as electron donations from the
ligands to the empty metal orbitals. Conversely, the bonding in [Cu(CF3)4] can be described as
formed by three electron-pair donations from the ligand combinations into the empty s/p metal
orbitals, and by a o donation from the occupied metal orbital into a vacant combination of the
ligands.®® The presence of a combination of the ligand orbitals higher in energy than the d-metal
orbitals reverts the classic Ligand Field (LF) description.**

The Inverted Ligand Field (ILF) theory has been confirmed by detailed spectroscopic and X-ray
analysis.'**® Scheme 1 highlights the differences between the classic LF and ILF. In ILF, one
bonding orbital has a prominent contribution from the metal while the anti-bonding counterpart,
usually the LUMO, is centered on the ligands. Thus, the electronic population is inverted, going
from the metal to the ligand. The analysis of the metal and ligand contributions in the anti-bonding

orbitals is a diagnostic tool for the occurrence of ILF 4182223
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Scheme 1. Simplified picture of molecular orbitals involving metal d orbitals in: Ligand Field (LF)

description on the left and Inverted Ligand Field (ILF) on the right.

A combined experimental/computational investigation was extended to other Cu(l1l) complexes and
compared with Cu(ll) paramagnetic species.”? The result was the extension of the ILF to other
cases, traditionally proposed as Cu(l1l) complexes. A similar bonding pattern has been found also in

Au(I11) complexes bearing CF ligands.*%

A deep understanding of the electronic structure is not only useful for metal complexes but also for

26,27 28,29
In

small clusters, since it may open or predict new synthetic pathways or catalytic cycles.

this regards, some years ago the bimetallic Au/Fe tie-bow pentanuclear cluster [Au{n?-Fe»(CO)s}]
%0-33\vas synthesized; this features a central gold atom surrounded by two Fe,(CO)s units (from now
on indicated as Fe,), in a square planar coordination. The cluster may undergo two reversible one-
electron reductions with the final formation of a tri-anionic species. According to the traditional
rules, in the parent tie-bow [Au{n?-Fe,(CO)s},] cluster a formal oxidation state +I11 was assigned
to the gold center with two [Fe;(CO)s]* units. Accordingly, the two-sequential reduction processes

involved the gold center up to the achievement of Au(l) d*° configuration.

In the present article, an innovative description of the bonding is proposed, based on the Inverted
Ligand Field theory with the assignment of d'° electron configuration to gold and with the two
[Fe2(CO)g]™ units. Furthermore, the redox behavior has been reinterpreted, also taking into account

the X-ray structure of the di-reduced trianionic cluster. This computational/experimental approach
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represents the first case of the application of the ILF theory to a metal cluster, and a step toward the

clear understanding of coinage metals cluster and nanoparticles formation pathways.

2. EXPERIMENTAL SECTION
2.1 Synthesis of [NEt,Js[Au{n’-Fez(CO)sHn>-Fez(CO)s(u-CO),}]. A solution of Na-naphtalenide

(0.63 M in THF, 2.80 mL, 1.76 mmol) was added to a solution of [NEts]J[Au{n’-Fe,(CO)s}.] (0.870
g, 0.871 mmol) in THF (20 mL) at -70 °C. The solution was warmed up to room temperature with
stirring, then the solvent was removed under reduced pressure. The residue was dissolved in
CH3CN (15 mL), the solution filtered off and layered with n-hexane (3 mL) and di-iso-propyl-ether
(40 ml) affording crystals of [NEt,Js[Au{n"-Fe,(CO)sH{n>-Fe,(CO)s(1-CO),}] suitable for single
crystal X-ray diffraction (yield 0.21 g, 19%).

2.2 Infrared spectroelectrochemistry

Infrared spectroelectrochemistry (IR-SEC) experiments were performed using a 10 mM solution of
the complex in MeCN or THF, containing 0.2 M TBAPFg as supporting electrolyte. The
experiments were carried out in a LabOMak UF-SEC cell with Pt mesh working and counter
electrode. The working electrode potential was varied from-0.40 V to —0.60 V and then from -0.60
V to —-0.75 V vs. pseudo-Ag electrode (step potential 5 mV). Details of materials and apparatus for

electrochemistry have been described elsewhere.®*

2.3 X-ray Crystallography. Crystal data and collection details for [NEt,]s[Au{n*-Fe,(CO)sH{n*
Fe2(CO)s(u-CO),}] are reported in Table 1. Data were collected on a Bruker Apex Il diffractometer
using graphite monochromated MoK, radiation (A = 0.71073 A) at room temperature. The structure
was solved by Direct Methods and refined by full-matrix least-squares based on all data using
F2.3All non-hydrogen atoms were refined anisotropically, while hydrogen atom positions were set

geometrically.

Table 1. Crystal structure data for [NEts]s[Au{n’-Fez(CO)sH{n>-Fez(CO)s(n-CO),}]

Compound CaoHeoAUFEsN3O16
Fw 1250.27
T, K 296(2) K
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2 A 0.71073 A

Crystal system Monoclinic
Space group P2i/c

a, A 9.6325(6)

b, A 47.195(3)

c, A 11.7532(8)

a,° 90

B,° 113.8360(10)

7, 90

Cell Volume, A? 4887.3(5)

Z 4

D, gcm® 1.711

4, mm™* 4.218

F(000) 2528

Crystal size, mm 0.30x0.15x0.15
A limits, ° 1.726 to 25.098
Index ranges —11<=h<=11, -56<=k<=56, —14<=I<=14
Reflections collected 47658
Independent reflections 8697 [R(int) = 0.0914]
Completeness to §= 25.00° 99.9 %

Data / restraints / parameters 8697/0/589
Goodness on fit on F? 1.038

Ry (1> 26(1)) 0.0449

WR; (all data) 0.1010

Largest diff. peak and hole, e A 1.138 and —0.595

2.4 Computational details

All the compounds were optimized at DFT-B3LYP® level of theory within the Gaussian 16
package.*” All the calculations were based on the CPCM model®**® for the TetraHydroFuran as
solvent, the same used in the experimental conditions. The Triple Zeta basis set TZVP* was used
for all the atomic species, except for the Gold and lodine atoms, for which the Stuttgart/Dresden
(SDD) pseudo-potential** was employed. All the optimized structures were validated as minima by

computing vibrational frequencies. The contribution of each center to the molecular orbitals was
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estimated by using the AOMIX package.*>*Cartesian coordinates as well as the energetic features

of all the optimized structures are reported in the Supporting Info.

3.RESULTS AND DISCUSSION

3.1 Chemical Reduction of [Au{n*Fe,(CO)s},]” and Synthesis of [Au{n*Fe,(CO)sH{n*
Fex(CO)s(u-CO)2}1*" and [Au{n"-Fe;(CO)sH{n"-Fez(CO)s(u-CO)2}°"

The red [Au{n’-Fes(CO)s}{n*-Fes(CO)s(-CO),}]*" dianion and red-brown [Au{n’-Fe,(CO)s}{n*
Fe,(CO)s(-CO),}]* trianion are obtained by reduction of the green [NEt;][Au{n?-Fe,(CO)s}.] salt
at -70°C in THF with ca. one and two equivalents of Na-naphtalenide, respectively, while
monitoring the reduction via IR spectroscopy. As previously reported,®* upon addition of the first
equivalent of Na-naphtalenide, the solution turns from green to red, and its IR spectrum shows the
presence of [Au{n?-Fe,(CO)sHn>-Fe,(CO)s(n-CO),}]>", characterized carbonyl absorptions at
2018(w), 2000(sh), 1984(ms), 1942(s) and 1767(ms) cm™. Then, after addition of a second
equivalent of Na-naphtalenide, [Au{n®-Fe,(CO)s}n>-Fe,(CO)s(u-CO)-}]> is formed and it
displays an IR pattern similar to the dianion, with carbonyl absorptions at 1970(ms), 1930(s) and
1860(m) cm™. Addition of further Na-naphtalenide causes the progressive decomposition of the Au-
Fe trianion and leads to the formation of [Fe,(CO)g]* and [Fe(CO)4]*, which become the only
detectable carbonyl products after addition of 3-4 equivalents of Na-naphtalenide. Both the first and
particularly the second reduction in THF are accompanied by separation of some precipitate.
Therefore, both suspensions have been evaporated to dryness and the residues have been dissolved
in acetonitrile. All attempts to isolate crystals of the dianion from the above acetonitrile solutions
failed, owing to formation of an amorphous precipitate in mixture with few crystals of the starting
[NEt,][Au{n?-Fe,(CO)s},] salt. Interestingly, warming up of the purple solution of [Au{n?-
Feo(CO)sH{n>-Fex(CO)s(u-CO),}]> leads to a great change in the IR pattern of the carbonyl
absorptions. Nevertheless, a trianion has been isolated in very low yields by layering of n-hexane
and di-iso-propyl-ether on top of its acetonitrile solution. A X-ray structural determination of its
[NEt,]" salt (see next) unexpectedly disclosed that the gold atom of the trianion is only tri- rather

than tetra-coordinated by iron. This finding seemed to challenge the reversibility of the redox
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changes, which should imply absence of gross structural changes and prompted further

electrochemical and spectroelectrochemical investigations.
3.2 Spectroelectrochemical investigation of the reduction of [Au{n?Fe,(CO)s}.] .

The tie-bow pentanuclear cluster undergoes two reversible one-electron reductions at -0.68 and -
0.89 V (vs. SCE) in THF solution (Figure S1). These reduction processes are followed by a couple
of more cathodic irreversible processes (at -2.1 V and -2.3 V), as previously described in

literature. 303!

Due to the low solubility of the reduced species, the UV-vis spectroelectrochemistry (Figure S2) is
not highly informative since the main feature is the disappearance of the intense band centered at

750 nm, observed upon the reduction of the monoanion.

The separation of a precipitate, due to the reduction process, causes some difficulties also in the IR
spectroelectrochemical study of [Au(n?Fex(CO)s),],, both in THF and MeCN solutions, even if
better results are obtained in MeCN. Figure 1 shows the spectral changes accompanying the step-
by-step reduction of the monoanion in MeCN. Apparently, the absence of signals in the edge-
bridging region in the initial spectrum, suggests that in these experimental conditions the
equilibrium of the monoanionic isomers is driven toward the one with all terminal carbonyls.
Anyway, as expected, after the addition of one electron a signal in the edge-bridging region appears
at 1755 cm™, while the vco group of bands, relative to the terminal carbonyls, is red-shifted. The
addition of a further electron is accompanied by a similar red shift of both the terminal and the
edge-bridging vco bands. Even if the edge-bridging vco frequencies are less evident in THF, the
general behaviour is similar both in MeCN and in THF, as shown by the values in Table 2,
reporting all the vco IR frequencies of the mono-, di- and trianion in both solvents. Oxidation of
both the di- and trianion allows to recover the original spectrum, even if its intensity is lower in
view of its partial precipitation. Thus, for each redox state an equilibrium may exist between a
scarcely soluble species and a soluble one. The latter can be reversibly re-oxidised to the original
compound. The bulk electrolysis of a MeCN solution of [Au(n?-Fe,(CO)s),] provides a similar
result. The cyclic voltammograms of both the di- and trianionicelectrogenerated species are
complementary to the initial one, but for the lower current intensity, which is also due to the lower
concentration, remained in solution after the one- and two-electron reduction of the cluster. While
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do not allowing the direct observation of the trianionic cluster with tri-coordinated gold, all together
these results would match with the hypothesis that this could be the low-soluble component, which
for this reason is not observed neither by electrochemistry nor by spectroelectrochemistry.

T T T T T T T T 1
2050 2000 1950 1900 1850 1800 1750 1700 1650
Wavenumbers [1/cm]

Figure 1. Infrared spectra recorded in an OTTLE cell during the stepwise overall reduction of
[Au(n?Fes(C0)s),] (0.9x10° M) in MeCN solution ([NEt][PFs] (0.10 M) as supporting
electrolyte). Top: first reduction: E,, from-0.40V to -0.60 V, vs. pseudo-Ag electrode; bottom:
second reduction: E,from —-0.60 V to —0.75 V, vs. pseudo-Ag electrode, grey line: initial spectrum.

Table 2. IRvco frequencies for the differently charged cluster, observed during
spectroelectrochemistry.

MeCN THF

monoanion | 2019, 1990, 1959 2016, 1990, 1957
dianion 1988, 1952, 1755 1986, 1954, 1940, 1770, 1742
trianion 1916, 1866, 1717 1910, 1867, 1717

3.2 Structure of [Au{n*-Fe;(CO)sH{n>-Fez(CO)s(n-CO),}°".

The structure of [Au{n'-Fes(CO)s}{n*Fes(CO)s(n-CO),}]* is shown in Figure 2 and the
intermetallic distances are collected in Table 3 and compared with those of the monoanionic
species. All the other bond lengths of the trianionic structure are reported in Table S1.

As illustrated in Figure 2, the unique Au atom of [Au{n-Fe,(CO)sH{n>-Fe,(CO)s(p-
CO).}* (formally Au(l)) is tri- rather than tetra-coordinated, differently from the [Au{n’
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Fex(CO)s}o]” and [Au{n?-Fe,(CO)sHn?-Fes(CO)s(1-CO)2}] isomeric square-planar mono-anions.
Its metal framework can be derived from the latter one by breaking one of the two Au-Fe bonds
connecting the Fey(CO)s moiety (with only terminal carbonyl groups) to the central Au atom.
Indeed, the Au-Fe(5) interatomic separation [4.452(1) A] is well beyond the sum of the van der
Waals radii of iron and gold. This gives rise to a dangling Fe(CO), moiety which displays a
trigonalbipyramidal rather than an octahedral stereochemistry.

To the best of our knowledge, there are not previously reported examples of pentanuclear clusters
displaying a similar metal framework. Perhaps, the only related example is Rus(CO)16(u-PPh2)(us-
P).44

It is worth mentioning that localized breaking of one M-M bond upon addition of 2 electrons is
neither surprising nor exceptional in cluster chemistry. What is perhaps more surprising is that the
sacrificed M-M bond is an Au-Fe rather than a Fe-Fe bond, as documented, for instance, by the
structures of the neutral [M(Fe»(CO)g),] and the dianionic [M(Fe2(CO)s),]* (M = Sn, Pb). It seems
reasonable to suggest that such a difference is mainly due to a more favorable sp? hybridization of
Au(l).

As expected, the Fe(2)-Fe(3) contact [2.6094(13) A] bridged by two CO ligands is shorter than
Fe(4)-Fe(5) [2.8763(13) A] which display only terminal carbonyls. Due to the increased negative
charge of the cluster, both CO bridged and unbridged Fe-Fe contacts are significantly elongated
compared to those found in the isomeric monoanions [Au{n-Fe,(CO)s}.]” and [Au{n*
Feo(CO)sH{n>-Fex(CO)s(u-CO),}]" [2.764-2.771 A for all terminal moieties, 2.571-2.574 A in the
presence of p-COJ.* A similar elongation is observed for the Au-Fe contacts of [Au{n’-
Fe»(CO)sHn*-Fex(CO)s(u-CO),}* [2.6502(9)-2.7290(9) A] compared to [Au{n>Fex(CO)s}2]
[2.583-2.607 A] and [Au{n’-Fey(CO)s}{n’Fez(CO)s(1-CO),}] [2.588-2.620 A]. Such Au-Fe
distances are in keeping with those found in other Au-Fe carbonyl clusters containing Au in the

formal oxidation state +1.4°*7
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Figure 2. Molecular structure of [Au{n’-Fex(CO)s}{n’-Fes(CO)s(n-CO),}]> with labeling.
Thermal ellipsoids are at the 30% probability level.

Table 3. Comparison of the Au-Fe and Fe-Fe bond lengths (A) of [Au{n’-Fe,(CO)sH{n*

Fea(CO)s(1-CO)2}* (A), [Au{n?-Fex(CO)g}a]” (B) and [Au{n?-Fe(CO)s}{n?-Fea(CO)s(1-CO)2}
(C). Labeling from Figure 2.

A B a C a,b C a,c
Au(1)-Fe(2) 2.6502(9) 2.607 2.596 2.591
Au(1)-Fe(3) 2.7290(9) 2.583 2.602 2.623
Au(1)-Fe(4) 2.6173(9) 2.607 2.584 2.585
Au(1)-Fe(5) 4.452(1) 2.583 2.595 2.618
Fe(2)-Fe(3) 2.6094(13) ¢ 2.771° 2.574 ¢ 2.571°
Fe(4)-Fe(5) 2.8763(13) 2.771°¢ 2.765 ° 2.764 ¢

? Data from references 30-32. ° As [NEt,]" salt. ¢ As diethylviologen salt. ¢ Fe-Fe bridged by two p-
CO ligands. ® Unbridged Fe-Fe.

3.4 Reinterpretation of bonding by Inverted Ligand Field
Pentanuclear clusters are known with a large variety of structural arrangements.***° One of the
latter, although not so usual, exhibits a tie-bow geometry, featuring a central metal atom linked to
other four, thus forming two triangles sharing a vertex. One example is the pentanuclear
[Os5(CO)q9] featuring a central Os(CO); moiety linked to two [Osy(CO)g] units with a total
valence electron count of 78.° The cluster is obtained through thermal treatment of the octahedral
[Os(CO)15] homonuclear cluster, under CO atmosphere. Among the methods developed in the

years for the prediction of the structure and the bonding in the transition metal clusters, one of the
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simplest is the electron counting actuated by using the empirical equations, shown in Egs. 1. The
two variables are the number of total linkages (m) and the lone pairs (n) on the transition metal
centers with the basic assumption that each of the nine valence orbitals of the metals (five d, one s

and three p type) is involved in the bonding or occupied by a lone pair.>*?

2m + n = number of the orbitals Egs. 1
2m+2n = number of the electrons

In [Oss(CO)1g], the total number of orbitals is 64, 45 of which coming from the metal (nine for
each osmium center) and 19 from the ligands (one for each CO). The total electron count is 78,
considering each CO as a 2e” donor. Thus, the exact solutions of the equations 1 are n=14, lone
pairs, and m= 25 bonds, 19 of which are the Os-CO bonds while the remaining 6 are the Os-Os
linkages (correctly predicted). The 14 lone pairs are distributed as follows: three for each of the
Os(CO), fragment of the Os,(CO)g units and two for the central Os(CO)3 one.

The equations 1 have been applied also for the prediction of the M-M linkages and lone pairs for the
present tie-bow pentanuclear cluster [Au{n®-Fes(CO)s},]". The latter has a total electron count of 76
e and 61 orbitals, thus the corresponding solutions of the equations 1 are n= 15 lone pairs and
m=23 linkages, 16 of which are M-CO bonds, thus 7 M-M bonds are predicted for the cluster. In
this case, a discrepancy occurred between the value n=7, predicted by equations 1 and the 6 M-M
bonds, experimentally observed. Eventually, this discrepancy will be explained later.

A detailed computational analysis has been carried out starting from the optimization of the two
isomeric structures of the monanionic pentanuclear clusters [Au{n?-Fe,(CO)s}.]’, shown in Figure
3 (@) without and b) with two bridging CO ligands). The optimized structures nicely reproduce
the available X-ray ones, except for a somewhat elongation of the metal-metal distances (less than
0.1 A, as shown in Table S2). A similar trend is well reported in literature and it is reasonable due
to the employment of a pseudo-potential for the metal centers.”*** Both structures feature a
distorted octahedral arrangement around each Fe center and a square planar coordination at
Au.** From an energy viewpoint, the second isomer, with bridging CO in Figure 3b, is

practically equivalent in free energy to the unbridged one, being less stable by 1.5 kcal mol™.
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Figure 3. Upper part. Optimized structure of the: a) [Au{n®-Fex(CO)s},]" without bridging CO
ligands and b) [Au{n?-Fe,(CO)sH{n>-Fe,(CO)s(1-CO),}]” with two bridging COs. Lower part.
Simplified scheme of M-M distance and bridging ligands where available

The calculated IR spectrum in the THF solution of the compound [Au{n?Fe,(CO)s}] reveals
three main peaks at 2001, 1965 and 1948 cm™, 10-25 cm™ red shifted compared to the
experimental ones. An additional peak is calculated at 1832 cm™ only for the [Au{n’-
Feo(CO)sH{n?-Fex(CO)s(u-CO),}]" isomer corresponding to the stretching of the bridging CO
ligands.

In previous papers, the bimetallic pentanuclear cluster [Au{n?-Fe,(CO)s}.]” has been described as
formed by two dianionic {Fez(CO)s}* units interacting with a Au(111) center.®*? According to the
classic Ligand Field (LF)Theory,*! the bonding in the cluster is described as four electron-pair
donations from four populated orbital combinations of the two Fe; units into the empty orbitals of
d® Au(111) ion, namely one d, the s and two p ones. The LF Theory is based on the assumption that
the ligand-orbitals combinations are lower in energy than the metal orbitals, thus, the LUMO is
expected to be mainly centered on the Au, with only a small contribution by the two Fe; units,
acting as ligands in this case. The bonding in the overall complex is better described as the result
of three donations from the Fe; units to empty Au orbitals and the fourth interaction is a o
donation from Au to a suitable empty combination of Fe, units orbitals. The situation in [Au{n?-
Fe2(CO)s}2]” appears inverted to the LF description as shown in Figure 4, since the Au
contribution to the LUMO orbital (o anti-bonding interaction) is only 7.6 %, while the percentage

from the four iron atoms exceeds 64%. This result is in perfectly agreement with the recently
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proposed Inverted Ligand Field (ILF) theory.™ No particular difference has been detected when
two CO ligands are bridged, being 10.8 and 63 %, the contributions from the central gold and the
four iron centers together, respectively. The involved gold d orbital could be reasonably dyo.y»
although some slight differences could be pointed out due to the geometric distortion from the
perfect square planar coordination around the gold center. The counterpart bonding combination,
mainly centered on the gold, lies very low in energy, being the HOMO-20 molecular orbital
(Figure S3). The frontier molecular orbitals for the three redox species, shown in Figure S4, have
a very limited contribution from the central gold. Being the five d gold orbitals located at very low

energy, they are fully populated, and slightly involved in the reduction processes.

Figure 4. Lowest Unoccupied Molecular Orbital (LUMO) of [Au{n?-Fe;(CO)s},] .

The four metal-metal interactions are shown in Figure 5,the first three are ligands (Fe, moieties) to
metal donations while the fourth represents a metal to ligand ¢ donation.
Fe F Fe
D 7he Q Fe Fe Fe
~ Q . \ ‘ ~ W,

Fe& Qe  Fe? Qpe Fe Qlle

Three L to Au donations

One Au to L donation

Figure 5. Bonding Interaction in [Au{n?-Fe,(CO)s},] between the central gold and the ligands, L,
Fe,(CO)g units
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The aforementioned description allows to conclude that the central gold never attains a d®
configuration but always maintains its d'° electrons at the expenses of the ligands, which are 2 e’
depopulated.

The detailed analysis of the electronic structure provides also a reasonable answer to the pristine
dilemma regarding the seventh predicted metal-metal linkage. This should involve ad,, populated
orbital of the central Au atom, thus a n—type Au-Fe interaction is expected. In the present case, the
latter is absent, reasonably due to the negligible overlap between the d,, orbital and suitable orbital
combination of the Fe, units. Thus, an additional lone pair is localized on the gold center (at very
low energy being HOMO-10) in place of one delocalized M-M bonding, explaining the

aforementioned apparent disagreement.

The [Au{n?-Fe»(CO)s},] cluster undergoes two reversible one-electron reduction processes. In this
regards, computational analysis could provide some useful hints on which part of the molecule is
involved in the electron flow. Two different isomers have been optimized for the mono-reduced
radical species [Au{n?-Fe,(CO)s}.]*: a) without and b) with two bridging carbonyl ligands, as
shown in Figure 6. The structure with the two CO bridging ligands is more stable by -1.8 kcal mol™

in free energy.

Figure 6. Optimized structure of the reduced form (in the upper part): a) [Au{n®Fe,(CO)s}.]*
without bridging CO ligands and b) [Au{n?-Fex(CO)s}{n*Fe»(CO)s(u-CO),}]*with two bridging
COs. In the lower part, simplified scheme of M-M distance and bridging ligands where available.
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From a structural viewpoint, the unbridged isomer still features a quasi-planar metal arrangement
with an asymmetric elongation of the metal-metal distances, especially for the Fe-Fe linkages.
Otherwise, the structure with bridging ligands exhibits a distortion from the planarity being the
dihedral angle of the four iron centers 152°. The elongation of the Au-Fe and the Fe-Fe distances is
easily understood by looking at the spin density plot of the radical species, shown in Figure
7,perfectly resembling the LUMO in Figure 4 with a greater contribution from the iron centers
rather than the central gold one. The negligible involvement of the gold center in the reduction
process is another confirmation of the gold d° configuration. The presence of the bridging carbonyl
ligands allows asymmetry in the spin density distribution between the two Fe; units, being the
contribution from the unbridged moiety almost three times bigger than that of the bridged one (0.70
vs. 0.26 e’/bohr®). Such an asymmetry vanishes in the isomer of Figure 6a without bridging ligands,
once again highlighting the key-role played by the carbonyl ligands. The addition of a further

electron allows the cleavage of one Au-Fe linkage, as shown by the crystallographic structure.

o/ N
3n
o‘ \\

Figure 7. Spin density of the doublet [Au{n?-Fe»(CO)s}{n*Fez(CO)s(u-CO),}]* species.

Once again, the presence of the bridging CO ligands causes the appearance of peaks in the 1728-
1744 cm™ region in the calculated IR spectrum. These are 15-20 cm™ red-shifted compared to the
experimental data, as already found for the starting monoanion.

Two different isomers, with a very small (less than 1.5 kcal mol™) free energy gap in favor of the
bridged structure, have been obtained also for [Au{n’Fe»(CO)s}.]*, as shown in Figure 8. A
comparison between the trianionic experimental and the calculated species has been reported in
Table S3. In both cases, the structures show a complete cleavage of one(Figure 8b) or two (Figure
8a) Au-Fe linkage(s), in agreement with the complete filling of the LUMO of Figure 4. In the
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unbridged structure the Fe-Fe distances remain particularly long (ca. 3.0 A) while the presence of

bridging carbonyl allows the shortening of the Fe-Fe linkage.

Figure 8. Optimized structure of the bis-reduced form (in the upper part): a) [Au{n-Fe,(CO)g}.]*
without bridging CO ligands and b) [Au{n?-Fes(CO)s}{n*Fe,(CO)s(u-CO),}]*with two bridging
COs. In the lower part, a simplified picture of M-M distance and bridging ligands, where available,
is provided.

The computed isomer of Figure 8b satisfactorily reproduces the available X-ray structure of the di-
reduced compound, shown in Figure2, featuring the cleavage of the Au-Fe bond, as already
predicted by the analysis of the LUMO of Figure 4. From a spectroscopic viewpoint, a further red
shift in the carbonyl ligands stretching occurs, confirming the more efficient = metal back-donation

from the electron rich Fe centers to the CO ligands.
4 CONCLUSION

A combined experimental/computational approach has provided a new interpretation of the
bonding pattern, thus of the redox behavior, of the bimetallic tie-bow carbonyl cluster [Au{n?*-
Fe,(CO)s}.], in the light of the novel concept of the Inverted Ligand Field.***®2? In particular, the
central gold, up to now considered as Au(lll) and an acceptor of four electron pairs, has been
ascertained to have a d'° configuration and to behave as a donor of two electrons toward the two
Fe, units. The detailed analysis of the LUMO orbital has revealed a strong contribution from the
Fe, ligands with only a very limited contribution from the central gold, in contrast with the classic

Ligand Field theory.**?! Thus, the redox processes should mainly involve the Fe, units rather than
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Au, as confirmed by the spectro-electrochemical experiments carried out upon the stepwise
reduction of the system. In this regards, a red shift for the carbonyl stretching occurs suggesting a
more electron availability at the iron centers, thus a more efficient back-donation towards the CO

ligands.

The reversible feature of the two sequential one-electron reduction processes has allowed the
isolation of solid-state structure of the di-reduced [Au{n’-Fe;(CO)s}{n?-Fe,(CO)s(n-CO)-}]*
featuring a broken Au-Fe linkage. The obtained structural transformation upon reduction is in

agreement with the stepwise population of the LUMO orbital in the starting mono-anion species.

This paper represents the first case of ILF concept application to a metal cluster and could provide
useful hints for understanding the bonding pattern and electronic distribution in other larger gold
clusters up to gold-based nanoparticles.
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Au d& or Au d10?

In contrast to the classical view, the electronic configuration of the central gold in a penta-nuclear
tie bow cluster does not significantly change during the electrochemical reductions, which mainly
involve the Fe, units. Spectroelectrochemical and X-ray studies support such a new interpretation

based on the Inverted Ligand Field (ILF) Framework.
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