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/Abstract: Syntheses of the copper and gold complexes
[Cu{Fe(CO):L1[SbFs]l and [Au{Fe(CO)4},I[HOB{3,5-(CF;),CeH;}]
containing the homoleptic carbonyl cations [M{Fe(CO)},]*
(M=Cu, Au) are reported. Structural data of the rare, trime-
tallic Cu,Fe, Ag,Fe and Au,Fe complexes [Cu{Fe(CO)s},][SbF],
[Ag{Fe(CO)4},l[SbF¢] and [Au{Fe(CO)},I[HOB{3,5-(CF;),CeH;}]
are also given. The silver and gold cations [M{Fe(CO)},]"
(M=Ag, Au) possess a nearly linear Fe-M-Fe’ moiety but the
Fe-Cu-Fe’ in [Cu{Fe(CO)s},1[SbF¢] exhibits a significant bend-
ing angle of 147° due to the strong interaction with the
[SbF¢]~ anion. The Fe(CO), ligands adopt a distorted square-
pyramidal geometry in the cations [M{Fe(CO)s},]", with the
basal CO groups inclined towards M. The geometry optimi-
zation with DFT methods of the cations [M{Fe(CO):},]* (M=
Cu, Ag, Au) gives equilibrium structures with linear Fe-M-Fe’
fragments and D, symmetry for the copper and silver cations

-

and D,, symmetry for the gold cation. There is nearly free ro-
tation of the Fe(CO), ligands around the Fe-M-Fe’ axis. The
calculated bond dissociation energies for the loss of both
Fe(CO); ligands from the cations [M{Fe(CO).},]" show the
order M=Au (D,=137.2 kcalmol™")>Cu (D,=109.0 kcal
mol™") >Ag (D,=92.4 kcalmol™"). The QTAIM analysis shows
bond paths and bond critical points for the M—Fe linkage
but not between M and the CO ligands. The EDA-NOCV cal-
culations suggest that the [Fe(CO)s]—M " «[Fe(CO);] dona-
tion is significantly stronger than the [Fe(CO)jJ«—M*—
[Fe(CO)s] backdonation. Inspection of the pairwise orbital in-
teractions identifies four contributions for the charge dona-
tion of the Fe(CO); ligands into the vacant (n)s and (n)p AOs
of M™ and five components for the backdonation from the
occupied (n-1)d AOs of M* into vacant ligand orbitals.

/

Introduction

Carbonyl complexes may be considered as parent system of
transition metal compounds and as prototypical model for the
Dewar-Chatt-Duncanson (DCD)" description of the chemical
bond in metal carbonyls. The DCD model was introduced in

[a] Dr. S. Pan, Prof. Dr. G. Frenking
Institute of Advanced Synthesis, School of Chemistry and
Molecular Engineering, Jiangsu National Synergetic Innovation Center for
Advanced Materials, Nanjing Tech University, Nanjing 211816 (China)

Dr. S. Pan, S. M. N. V. T. Gorantla, Prof. Dr. G. Frenking
Fachbereich Chemie, Philipps-Universitdt Marburg
Hans-Meerwein-Stral3e, 35032 Marburg (Germany)
E-mail: frenking@chemie.uni-marburg.de

[c] Dr. D. Parasar, Prof. Dr. H. V. R. Dias

Department of Chemistry and Biochemistry

The University of Texas at Arlington

Arlington, Texas 76019 (USA)

E-mail: dias@uta.edu

=

Supporting information and the ORCID identification number(s) for the
author(s) of this article can be found under:
https://doi.org/10.1002/chem.202004041.

© 2021 The Authors. Chemistry - A European Journal published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution Non-Commercial NoDerivs License, which permits
use and distribution in any medium, provided the original work is properly
cited, the use is non-commercial and no modifications or adaptations are
made.

5 emn

1952 by Dewar™ for explaining the platinum-ethylene bond
in Zeise’s salt? [C,Pt(C,H)]” in terms of o donation
[Cl;Pt]” «C,H, and 7 backdonation [Cl;Pt]-—C,H,. It was then
generalized to other metals M and ligands L by Chatt and Dun-
canson,™™¥ who showed that the model of dative bonding in
combination with the 18-electron rule suggested by Langmuir
in 1921% is a powerful tool to explain the structure and reac-
tivity of transition metal compounds, which carry a variety of li-
gands that have main-group atoms bonded to the metal. The
general bonding scheme of the DCD model for such com-
plexes is shown in Figure 1. The metal atom M has a vacant o
acceptor orbital and an occupied ;t donor orbital, which inter-
act with an occupied o orbital and a vacant & orbital of the
ligand L™ There are variations of the DCD model with a re-
versed situation where the metal atom M has an occupied o
orbital and a vacant m orbital whereas the ligand L has vacant
o acceptor orbital and an occupied m donor orbital.” Another
variant are complexes in which the ligand L is a double donor
with occupied o and m orbitals, which represent a double
Lewis base requiring a metal with vacant ¢ and m orbitals for
appropriate orbital interactions. Examples for such ligands are
carbones CL,’ and the heavier group-14 tetrylones EL, (E =Si-
Sn),”" where the ligands L are bonded to a divalent atom C or
E in the electronic 'D state with the four valence electrons oc-
cupying two lone-pair orbitals with ¢ and  symmetry.®) Com-
plexes with tetrylone ligands are experimentally known® and
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Figure 1. Schematic presentation of the orbital interactions between a tran-
sition metal M and a ligand L following the DCD model.

L

their bonding situation was studied with theoretical meth-
OdS.m]

However, there is a binding situation that is not directly cov-
ered by the standard DCD model. This concerns complexes
where the ligand L itself is an electronically saturated transition
metal complex, which possess dative bonds between two tran-
sition metals. Heterometallic complexes featuring metal-metal
bonds including those involving group 8 species have been a
key topic for many decades,"'"® and have been investigated
for their structures, bonding, properties and reactivity (e.g.,
catalysis, luminescence), as well as due to their relevance in
biology." The structures and bonding of heterometallic com-
plexes involving coinage metal (Cu, Ag, Au) ions and Fe(CO),
have been of particular interest to us for some time.'® Al-
though Fe(CO); was first reported in 1891"” and its chemistry
with Lewis bases is well-known," the metal complexes in
which this organometallic, 18-electron complex acting as a
Lewis basic ligand L are very rare."*'¥ For example, during late
1920s, Hock and Stuhlmann investigated the chemistry of
Fe(CO)s with several mercury(ll) salts and managed to isolate
products with mixed metallic compositions."? Structurally well-
characterized molecules involving the Fe(CO)s ligand appeared
only recently."1%01%1 They include a homoleptic®® silver(l)
complex synthesized by Krossing et al. in 2014 as the adduct
[Ag{Fe(CO)sLIIAOC(CF,);11" and the more recently isolated
[Ag{Fe(CO)s},1[B{3,5-(CF5),CsH,1,1"% with a different counter ion
by one of us. These complexes contain a silver cation
[Ag{Fe(CO)s},]" which features two Fe(CO)s moieties bonded
to a bare Ag*. They are particularly well suited for studying
the orbital interactions in molecules where the ligand L (i.e.,
Fe(CO),) itself is an electronically saturated complex. The X-ray
structure analysis shows a nearly linear Fe-Ag-Fe’ moiety and
somewhat bent basal CO ligands of the Fe(CO)s moieties with
eclipsed conformation, which have a distorted square-pyrami-
dal geometry. Figure 2 shows schematically the structure of
the [Ag{Fe(CO):},]" cation. The inspection of the molecular or-
bitals suggested a multi-center Ag-Fe—C bonding scenario, but
the extent of the contribution of the individual MOs of the
Fe(CO), ligands and Ag™ was not addressed.
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Figure 2. Schematic view of the structure of [Ag{Fe(CO)s},]".

The pairwise orbital interactions of a chemical bond can be
identified, and their strength can be estimated with the energy
decomposition analysis (EDA) in conjunction with the natural
orbitals for chemical valence (NOCV) scheme. The EDA-NOCV
method has been proven to provide detailed insight into the
nature of the chemical bond for different classes of molecules,
which possess electron-sharing bonds A-B or dative bonds
A—B. It is particularly suited to answer the question about the
relevance of the individual orbital interactions of metal-ligand
bonds of complexes of transition metals but also for main-
group adducts. In this work, we report a thorough analysis of
the bonding between Ag* and the Fe(CO)s ligands in the
[Ag{Fe(CO)s},]" cation. We also analyze the bonds in copper
and gold homologous [M{Fe(CO)s},]* (M=Cu, Au). The latter
cations have been synthesized for the first time as salt com-
pounds with different anions and structurally characterized by
X-ray analysis. The present work is a theoretical study with
supporting experimental data where we report (a) the synthe-
ses and X-ray structures of [Cu{Fe(CO)s},]SbF,, [Ag{Fe(CO)s},]
[SbF¢] and [Au{Fe(CO)s},I[HOB{3,5-(CF;),C¢H:}s1 and (b) a bond-
ing analysis of the cations [M{Fe(CO)s},]" (M=Cu, Ag, Au)
using a variety of charge- and energy decomposition methods.

Results and Discussion
Experimental studies

We have isolated three, highly reactive, and thermally sensitive,
hetero-trimetallic adducts involving Fe(CO)s and Cu', Ag!, and
Au'. The silver adduct, [Ag{Fe(CO)sL,1[SbF] is relatively easier to
manipulate compared to the copper and gold complexes
noted below, but it is still rather reactive and decomposes rap-
idly at room temperature. The copper complex, [Cu{Fe(CO)s},]
[SbF,] was obtained from a reaction between, in situ generated
[Cu(C,H,);]ISbF(]®" with Fe(CO)s in dichloromethane at —70°C.
The solutions of [Cu{Fe(CO)s},l[SbF,] compound decompose
easily upon warming to room temperature. The X-ray quality
crystal of [Cu{Fe(CO)s},1[SbF¢] obtained at —20°C. Solid sample
of [Cu{Fe(CO)s},][SbF,] displays IR bands at 2131, 2084, 2031,
1997 cm™'. For comparison, free Fe(CO)s displays its IR bands
at 2024 and 2000 cm™' in liquid Xe,?? while the dicationic,
non-classical®™ [Fe(CO)][SbF¢], displays its v¢, bands at much
higher frequency (2242, 2219, 2205 cm ).
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The X-ray crystal structure of [Cu{Fe(CO)s},][SbF] is depicted
in Figure 3. It crystallizes in the P2,/c space group with two
chemically similar, but crystallographically different molecules
of [Cu{Fe(CO)s}L,1[SbF¢] in the asymmetric unit. Notably, despite
the smaller size, copper center in [Cu{Fe(CO)s},1[SbF¢] adopts a
three-coordinate, distorted trigonal planar geometry. The
copper atom is bonded to two Fe(CO)s moieties and one of
the fluorine atoms of the [SbF,]~ ion. The Cu—Fe distances of
[CufFe(CO),},l[SbF] (average 2.465 A) are smaller than the Ag—
Fe distances of [Ag{Fe(CO)s},l[SbF,] (see below) despite having
a higher coordination number at Cu (3 vs. 2 in the silver com-
plex). The Fe-Cu-Fe angle is significantly larger (~147°) than
the ideal 120° angle of trigonal planar sites. Two cis-carbonyl
groups on each molecule show significant leaning toward
copper as evident from Cu-Fe-C angles, with smallest values at
68.7(4)° and 69.2(3)° for these molecules in the asymmetric
unit. They may be described as semi-bridging carbonyls,” but
the related Fe-C-O bond angles do not deviate much from lin-
earity. The [CufFe(CO);L1[SbF¢] is the first copper(l)-Fe(CO)s
complex to our knowledge, and shows that copper(l) can also
form adducts with Fe(CO);. We have observed an analogy be-
tween Fe(CO); and CO in their interaction with gold or coinage
metal ions."®! In that regards, it is noteworthy that although
three and four-coordinate copper-carbonyls are known,?
there are no structurally characterized, two-coordinate
[Cu(CO),]* complexes to our knowledge. In contrast, well-au-
thenticated, two-coordinate [Ag(CO),]* and [Au(CO),]" sys-
tems have been reported in the literature.””

Figure 3. Molecular structure of Cu{Fe(CO)s},FSbF,. Only one of the two
chemically similar, but crystallographically different molecules in the asym-
metric unit is shown here. Selected bond lengths (A) and angles (°): Cul—
Fel 2.4681(17), Cul—Fe2 2.4577(17), Cul—F1 2.325(6), Fe1-Cu1-Fe2 147.46(7),
F1-Cul-Fe1 103.59(17), F1-Cu1-Fe2 108.46(17); For the second molecule:
Cu2—Fe3 2.4773(17), Cu2—Fe4 2.4581(17), Cu2—F7 2.231(7), Fe3-Cu2-Fe4
149.03(7), F7-Cu2-Fe3 100.0(2), F7-Cu2-Fe4 110.9(2).
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The [Ag{Fe(CO)s},][SbFs] was obtained directly from a reac-
tion between Fe(CO); and AgSbF. It is also challenging to
isolate as traces of moisture will afford [(u-H,0)Ag-Fe-
(CO)l,[SbFl,."® The related [Ag{Fe(CO)s},1[B{3,5-(CF;),CsHsk]
and [Ag{Fe(CO)s},I[AHOC(CF;);},] are the only other related spe-
cies in the literature,""* but they involve much larger coun-
ter ions. X-ray crystal structure of [Ag{Fe(CO):},1[SbF] is pre-
sented considering that such compounds are rare and provide
useful information. The X-ray crystal structure of [Ag{Fe(CO)},]
[SbFg] is illustrated in Figure 4, and it contains discrete
[Ag{Fe(CO):},]" cations with a linear and trinuclear Fe-Ag-Fe
core. The iron centers adopt a distorted octahedral geometry.

Figure 4. Molecular structure of [Ag{Fe(CO)},][SbF4]. The [SbF¢]~ anion has
been omitted for clarity. Selected bond lengths (A) and angles (°): Ag—Fe
2.5893(4), Ag—Fe' 2.5893(4), Fe-Ag-Fe' 180.0. Fe—C1 1.848(3), Fe—C3 1.840(3),
Fe—C5 1.830(3), Fe—C4 1.835(3), Fe—C2 1.819(3), C3-Fe-Ag 78.51(8), C1-Fe-Ag
176.29(8) C5-Fe-Ag 80.12(9), C4-Fe-Ag 80.70(8), C2-Fe-Ag 83.79(8).

The silver atom of the Ag{Fe(CO);}, moiety sits on an inversion
center, with two equal Fe—Ag distances at 2.5893(2) A. This
Ag—Fe distance is similar to that observed in [Ag{Fe(CO)s},]
[B{3,5-(CF5),CeH3al (2.5925(2) A) and [Ag{Fe(CO)s},]
[AKOC(CF.);},] (2.5965(6), 2.5998(7) A). The carbonyl groups
perpendicular to the Fe-Ag-Fe axis adopt the familiar eclipsed
configuration, as seen in [Ag{Fe(CO)s},I[B{3,5-(CF;),C¢H;},] and
[Ag{Fe(CO)s},I[AHOC(CF;);},]. They also lean slightly towards
the central silver atom, with the largest deviation from ideal
90° at 78.51(8)°.

The gold analog [Au{Fe(CO):}][SbF;] containing the
[AufFe(CO)sh,] " cation was very challenging to synthesize due
to the instability. Direct synthesis using AuCl, AgSbF, and
Fe(CO)s in dichloromethane at —70°C was not successful due
to extensive decomposition as evident from the formation of
black materials. Decomposition during the synthesis is less
severe when in situ generated [Au(C,H,);][SbFs?" was treated
with Fe(CO)s. The resulting solid shows IR bands at 2128, 2060
and 2037cm ' indicating the possible formation of
[Au{Fe(CO)s},1[SbF]. Despite numerous attempts, this molecule
did not produce crystals suitable for X-ray crystallographic
study. We have then explored the use of a larger anion such as
[B{3,5-(CF5),C¢H},1 7, although there was a risk of “naked” gold
cleaving the B—C bond as noted earlier.”® The reaction of AuCl
with Na[B{3,5-(CF;),C¢Hs},] in the presence of ethylene to gen-
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erate [Au(C,H,);]", followed by the addition of Fe(CO)s pro-
duced a mixture that shows relatively less decomposition, but
still not very stable above —20°C. Again, despite several at-
tempts, we could not obtain crystalline [Au{Fe(CO)s},l[B{3,5-
(CF3),CeHs}], although the resulting white solid indicated the
presence of product that contains metal carbonyl bands as in
[Mes;PAU-Fe(CO)I[SbF]"®" and [(NHC)Au-Fe(CO)S][SbF "¢ "4
systems. After several days at —20°C, we obtained a crystalline
product in low yield from this solution, which upon analysis by
X-ray diffraction indicated to be [Au{Fe(CO)},][HOB{3,5-
(CF5),CeHs}1. The anion is a likely result of gold(l) cleaving the
B—C bond of [B{3,5-(CF;),C¢H;},]~ and adventitious moisture
trapping the boron containing product. These crystals of
[Au{Fe(CO)s},][HOB{3,5-(CF;),C¢Hs}s1 survive a few minutes at
room temperature and displays its IR bands at 2131 and

Figure 5. Molecular structure of [Au{Fe(CO)},][HOB{3,5-(CF;),C¢H;}]. Only
the cationic [Au{Fe(CO)s},]" moiety is shown here. Selected bond lengths (A)

and angles (°): Au—Fe1 2.5423(13), Au—Fe2 2.5455(12), Fe1-Au-Fe2 174.80(4), 2069 cm™.

Fe1—C1 1.851(10), Fe1—C2 1.829(10), Fe1—-C3 1.838(10), Fe1—-C4 1.820(10), The X-ray structure of [Au{Fe(CO)s},][HOB{3,5-(CF;),CsHsk] is
Fe1-C5 1.828(10), Fe2—C6 1.841(10), Fe2—C7 1.837(9), Fe2—C8 1.819(10), illustrated in Figure 5. Although the anionic moiety is quite
Fe2—C9 1.844(9), Fe2—C10 1.844(9), C1-Fel1-Au 173.9(3), C6-Fe2-Au 174.1(3), large as a result of [HOB(3,5-(CF5),CeHsls]~ anion H-bonding

C2-Fe1-Au 78.6(3), C3-Fe1-Au 85.1(3), C4-Fe1-Au 82.7
C7-Fe2-Au 84.0(3), C8-Fe2-Au 76.3(3), C9-Fe2-Au 81.3

(3), C5-Fel-Au 78.8(3), ' !
(3), Cl0-Fe2-Au 833(3). 10 @ H,0-B{3,5-(CFy),CeHsl;, the more important  cation

[AufFe(CO)sh,]1 T is well-behaved and shows the presence of a

Cu-Fe: 2.401
Cu-C3:2.453
Cu-C2:3.016

Fei Cu c1 ol Fe-Cl1: 1.826

—I- @ Fe C1-01:1.144
Fe-C2: 1.827

C3 C2-02:1.144
03 C2 Fe-C3: 1.823
02 C3-03:1.152
<Cu-Fe-C2:90.0
[Cu{Fe(CO)s},]" (Dy, 'A) <Cu-Fe-C3: 69.4
D, =109.0; D,=108.0; AG® =91.2 <Fe-Cu-Fei 180.0

Ag-Fe: 2.597 (2.589)
Ag-C3: 2.861 (2.862)
Ag-C2: 3.000 (2.998)
Fe-C1: 1.828 (1.849)
C1-01: 1.143 (1.126)
Fe-C2: 1.825 (1.819)
C2-02: 1.145 (1.138)
Fe-C3: 1.825 (1.839)
C3-03: 1.147(1.126)
<Ag-Fe-C2: 83.5 (83.8
[AgiFe(CO)s}a]" (Dy, 'A) <A§-Fe-C3:78.5E78.5;
D,=924;D,=913;AG*=76.1  _pe_AgFei: 180.0 (180.0)

Au-Fe: 2.584 (2.542,2.546)
Fei Au Fe C1 Ol Fe-Cl:1.817(1.840, 1.856)
C1-01:1.149 (1.104, 1.124)
Fe-C2:1.827 (1.818-1.847)
C2-02: 1.150 (1.116-1.151)

P2 <Au-Fe-C2: 81.1 (76.3-85.1)
02 <Fe-Au-Fe': 180.0 (174.8)
[Au{Fe(CO)s},]" (Dyy 'A))
D,=137.2;D,=136.1; AG*¥=121.0

Figure 6. Calculated geometries and relevant bond lengths and bond angles of [M{Fe(CO)s},]" (M=Cu, Ag, Au). Experimental values are given in parentheses.
Calculated bond dissociation energies D,, zero-point energy corrected bond dissociation energies D, and free energy change A°?*®! at 298 K for the dissocia-

tion reaction [M{Fe(CO)s},] " —M™ 4+ 2Fe(CO)s. All calculated values are obtained at the BP86-D3(BJ)/def2-TZVPP level of theory. Bond distances are given in A,
angles in degree and energies in kcalmol ™.

Chem. Eur. J. 2021, 27, 6936 - 6944 www.chemeurj.org 6939  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry—A European Journal

Full Paper

Chemistry
Europe

doi.org/10.1002/chem.202004041 Socetes Puiehing

two-coordinate gold atom. The gold center shows essentially
linear geometry with the Fe-Au-Fe angle of 174.80(4)°. The Fe—
Au bond distances of 2.5423(13) and 2.5455(12) A are margin-
ally shorter than the Fe—Au bond lengths observed for
[Mes;PAU-Fe(CO)I[SbF]"®" and [(NHC)Au-Fe(CO)s][SbF e 4
with P-Au-Fe or C-Au-Fe coordination spheres at the gold,
which range from 2.5535(3)-2.5696(5) A. The carbonyl groups
perpendicular to the Fe-Au-Fe show eclipsed configuration.
The cis-CO groups lean slightly towards the central gold atom,
with the largest deviation from ideal 90° at 76.3(3)°.

Theoretical studies

We optimized the geometries of the cations [M{Fe(CO)s},]"
(M=Cu, Ag, Au) at the BP86-D3(BJ)/def2-TZVPP level of theory.
Figure 6 shows the calculated structures and the most impor-
tant bond lengths and angles in comparison with the experi-
mental data. The computed geometries exhibit a linear Fe-M-
Fe’ moiety where the basal carbonyl ligands are somewhat in-
clined toward the coinage metal M. The copper and silver cat-
ions have D, symmetry with two different tilting angles where-
as the gold cation has D,; symmetry where all basal carbonyl
ligands have the same bending angle. There is nearly free rota-
tion of the Fe(CO); ligands about the Fe-M-Fe’ axis. A geome-
try optimization of [M{Fe(CO)s},]* (M=Cu, Ag) with enforced
D, or D,y symmetry gives structures that are less than 2 kcal
mol™" (Cu) or <0.1 kcalmol™ (Ag) higher in energy than the
D, equilibrium structure. The D, form of [Au{Fe(CO).},]" is only
0.1 kcalmol™" above the D, structure (Table S1, Supporting In-
formation).

The calculated bond lengths and angles of the silver and
gold complexes are in reasonably good agreement with the X-
ray data, where the slight bending angle Fe-M-Fe’ (M=Ag, Au)
is likely due to the weak interactions with the anion. A much
stronger bending of Fe-Cu-Fe'=148° is experimentally ob-
served for the copper cation in the complex [Cu{Fe(CO)s}]
[SbF¢], which exhibits a rather short Cu—F distance (Figure 3).
We think that the distortion from a linear structure is due to
the interactions of the cation with the SbF,~ anion, which also
causes a lengthening of the Cu—Fe bonds. The calculated M—
Fe bond lengths of the silver and gold cations are a bit longer
than the experimental values, but the theoretical Cu—Fe dis-
tance is shorter than the X-ray values (Figure 6). Figure 6
shows also the calculated bond dissociation energies (BDE) for
the loss of the Fe(CO)s ligands from M™*. The values suggest
that the thermodynamic stabilities of the cations
[M{Fe(CO)s},]* has the order M=Au (D,=137.2 kcalmol™") >
Cu (D, = 109.0 kcalmol™") >Ag (D, =92.4 kcalmol™"), which fol-
lows the well-known trend of transition metals.*

We analyzed the electronic structures of the cations
[M{Fe(CO)s},]" with the QTAIM (quantum theory of Atoms In
Molecules) method.” Figure 7 shows the Laplacian distribu-
tion of the electron density, V?p(r) at the M-Fe-C plane and
the bond paths and bond critical points (BCPs). There are
spherical areas of relative charge depletion (V?p(r)>0, blue
solid lines) around the metal atoms and areas of charge accu-
mulation (V?p(r) <0, red dashed lines) at the CO groups, which

V2p(r,) = 2.217 e/A3; H(r,) = -0.094 Hartree/A3
[Cu{Fe(CO)s},]"

o i3

;\

N,
(f

V2p(r,) = 2.097 e/AS; H(r,) = -0.067 Hartree/A3
[Ag{Fe(CO)s},]"

V2p(r,) = 3.422 ¢/A5; H(r,) = -0.054 Hartree/A3
[Au{Fe(CO)s},]"

Figure 7. The plot of the Laplacian of the electron density, V?p(r) at the M-
Fe-C plane of [M{Fe(CO)s},]™ (M=Cu, Ag, Au) complexes at the BP86-D3(BJ)/
def2-TZVPP/x2C-TZVPall//BP86-D3(BJ)/def2-TZVPP level. The values for
V?p(r) and H(r) are given at the BCP of M—Fe.

are typical for carbonyl complexes.””*” Noteworthy is the ab-
sence of BCPs between the coinage metal M and the CO
groups. A recent QTAIM analysis of the hexacarbonyl cations
[Ag{M(CO)4},] " (M=Cr, Mo, W) and the isoelectronic anions
[Ag{M(CO)4},1~ (M=V, Nb, Ta) showed for all complexes BCPs
between the silver atom and the carbon atoms of the tilting
CO ligands of M(CO)s.P"” There were also BCPs in the hexacar-
bonyls for the Ag-M interactions of the group-4 and group-5
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atoms M but not for the group-3 metals Cr, V. This indicates
that the interactions between the coinage metals M and the
CO ligands of the pentacarbonyls in [M{Fe(CO)},]" are less
pronounced than the interactions between Ag and CO in the
hexacarbonyls in [Ag{M(CO)g,]1© (M=Cr, Mo, W) and
[Ag{M(CO)¢11~ (M=V, Nb, Ta). However, the absence or occur-
rence of BCPs should not be regarded as proof of the presence
or absence of a chemical bond, but rather as an indication of
the relative strength of the interatomic interactions.®

Detailed information about the nature of the chemical bond-
ing in the cations and particularly about the strength of the
pairwise orbital interactions is available from the EDA (Energy
Decomposition Analysis)®¥ in conjunction with the NOCV (Nat-
ural Orbitals for Chemical Valence)® method. The EDA-
NOCV® method has been proven to give deep insight into
the nature of the chemical bond.®*® Unlike most other ap-
proaches such as QTAIM,*?NBO (natural bond orbitals),®” IQA
(interacting quantum atoms)®®*% or conceptual DFT (density
functional theory),"” which analyze the final electronic struc-
ture of the molecules, the EDA-NOCV method first identifies
the interacting fragments before bond formation and then an-
alyzes the interactions between the moieties that make up the
molecule. The search for the best choice of the interacting
moieties is not always trivial but comparing the calculated
values of the EDA components has proven to be a reliable in-
dicator for finding the best fragments. It has been shown that
those fragments that give the least change in electronic
energy during bond formation provide the best description of
the components that make up the final bond.!""*" The EDA-

NOCV method thus complements the results of the above-
mentioned approaches, but provides additional information
about the interactions that are not directly apparent from
them. One must be aware, however, that the EDA-NOCV results
represent a model that can be interpreted in a physically
meaningful way, which should not be confused with the physi-
cal mechanism of forming a chemical bond.

Table 1 shows the numerical results of the EDA-NOCV calcu-
lations of [M{Fe(CO)s},]” (M=Cu, Ag, Au) using M* and
{Fe(CO)s}, as interacting fragments. The intrinsic interaction
energy AE;, between the frozen fragments has the same order
for M=Au > Cu > Ag as the BDEs. This is because the BDE
and the AE,, differ only by the geometric relaxation energy of
the Fe(CO); ligands, which are not very large. The most inter-
esting result comes from the breakdown of the orbital term
AE,;, into the pairwise orbital interactions AE,,q—AE, o),
which come from the covalent bonding between M* and the
Fe(CO); ligands. The remaining orbital stabilization AE, sy 1S
due to relaxation of the fragment orbitals.

There are four orbital terms AE, ;) —AEqua, Which come
from charge donation of the occupied ligand orbitals into the
vacant (n)s and (n)p AOs of M™ denoted as [Fe(CO)]—M™
«—[Fe(CO);]. The remaining five contributions are due to back-
donation from the occupied (n—1)d AOs of M* into vacant
ligand orbitals [Fe(CO)s]«—M " —[Fe(CO)s]. The nature of the or-
bital interactions and the involved orbitals comes to the fore
by inspecting the associated deformation densities Ap;—Ap,
and the connected fragment orbitals. The plots of the copper
complex [Cu{Fe(CO)sh,]* are shown in Figure 8. The deforma-

kcalmol ™.

Energy terms Orbital interaction

Table 1. EDA-NOCYV results for [M{Fe(CO)s},]1* (M=Cu, Ag, Au) complex at the BP86-D3(BJ)/TZ2P-ZORA//BP86-D3(BJ)/def2-TZVPP level. Energy values are in

Cut (3d)"Y +[Fe(CO)sl,

Ag" (4d)" 4 [Fe(CO),l,] Aut (5d)"+[Fe(CO)l,

AE;, —118.4 —97.6 —146.6

AEpyy; 1285 116.0 160.0

AEge,? —7.6 (3.1%) —10.5 (4.9%) —11.7 (3.8%)
AE —120.3 (48.7 %) —108.8 (51.0%) —153.3 (50.0%)
AE, @ —119.0 (48.2%) —94.2 (44.1%) —141.5 (46.2%)

AE 0™ [Fe(CO)s]—M" (s)«[Fe(CO)s] —46.8 (39.3%)
(+,+) o donation
AE )™ [Fe(CO)s]—M" (p,)«[Fe(CO)s] —16.6 (13.9%)
(+,-) o donation
AE 5" [Fe(CO)s]—M~ (p,)«[Fe(CO)s] —43 (3.6%)
7t donation
N [Fe(CO)s]—M" (p,)[Fe(CO)s] —4.2 (3.5%)
7t donation
AE 5™ [Fe(CO)s]~M~(d,)—[Fe(CO)s] —6.9 (5.8%)
0 backdonation + M™ polarization
AE 6™ [Fe(CO)s]—M " (d,)—[Fe(CO)] ~8.4 (7.1%)
7t backdonation
AE )™ [Fe(CO)sl+—M " (d,)—[Fe(CO)s] ~6.1 (5.1%)
7t backdonation
AE 9 [Fe(CO)sl—M* (dy)—[Fe(CO)s] ~4.2 (3.5%)
d backdonation
AE 0" [Fe(CO)s]—M" (d;)—[Fe(CO)s] ~2.5 (2.1%)
d backdonation
AEries™ ~19.0 (16.0%)

—46.0 (48.8%) —85.6 (60.5 %)

—12.8 (13.6%) —14.5 (10.2%)

—3.0 (3.2%) —3.2 (2.3%)
—2.9 (3.1%) —3.2(2.3%)
—4.8 (5.1%) —6.7 (4.7 %)
—3.1 (3.3%) —3.6 (2.5%)
—2.5 (2.7%) —3.6 (2.5%)
—1.8 (1.9%) —2.4 (1.7 %)
—1.8 (1.9%) —2.4 (1.7 %)

—15.5 (16.5%) —16.3 (11.5%)

bution to the total orbital interaction AE,,,.

[a] The values in parentheses show the contribution to the total attractive interaction AEq, + AEqy, + AEgs,. [b] The values in parentheses show the contri-
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tion densities Ap;—Apg and the connected frag-
ment orbitals of the silver and gold complex look
very similar, they are shown in Figures ST and S2 of
the Supporting Information.

The values in Table 1 show that the donation
[Fe(CO)s]—M*«—[Fe(CO)s] is, as expected, significant-
ly stronger than the [Fe(CO)s]«—M™—[Fe(CO)s] back-
donation. The largest contribution to the orbital in-
teractions comes from the donation into the (n)s AO
of M* followed by the donation into the (n)p, AO.
The significant role of the (n)p AOs of M* is remark-
able, because the NBO method considers only the
(ms and (n—1)d AOs of the transition metals as gen-
uine valence orbitals whereas the (n)p AOs are treat-
ed as Rydberg orbitals with less priority.?” This has
already been criticized in the literature.*” A visual in-
spection of the [Fe(CO)s] ligand orbitals shows (Fig-
ures 8, S1 and S2) that the donation [Fe(CO)JJ—M™
—[Fe(CO)s] comes mainly from occupied orbitals in
which the AOs of Fe are dominant. In contrast, the
backdonation [Fe(CO)sl«—M*—[Fe(CO)] takes place
into mt* orbitals of CO. The orbital interaction AE,,s
comprises the backdonation from the (n—1)d,2 AO
of M* which mixes with the (n)s AO and donates
electronic charge into a hybrid MO of the ligands,
which is a mixture of the LUMO+45 with the
HOMO-1. The orbital term AE, s is thus a combina-
tion of o backdonation and polarization. The calcu-
lated partial charges in [M{Fe(CO)},]* give positive
charges for the coinage metal atoms M of +0.58 e
(Cu), +0.44 e (Ag) and +0.23 e (Au) by the NBO 6.0
method.*

Conclusions

In this work, we report the syntheses of the copper,
silver, and gold complexes [Cu{Fe(CO)s},l[SbF],
[Ag{Fe(CO)sLIISbFs]  and  [Au{Fe(CO)s},I[HOB{3,5-
(CF;),C¢H3}51, which contain the homoleptic carbonyl
cations [M{Fe(CO)s},]* (M=Cu, Ag, Au) involving or-
ganometallic Fe(CO)s; ligands. This completes the
coinage metal cations, for which the silver homo-
logue [Ag{Fe(CO)s},]" stabilized by different anions
had been reported before. Structural data of the
rare, trimetallic Cu,Fe, Ag,Fe, and Au,Fe complexes
[Cu{Fe(CO)s}L,1[SbF], [Ag{Fe(CO)s},1[SbF] and
[Au{Fe(CO);},I[HOB{3,5-(CF;),CgHs}51 are also reported.
The silver and gold cations [M{Fe(CO)y},]* (M=Ag,
Au) possess a nearly linear Fe-M-Fe’ moiety but the
copper cation in [Cu{Fe(CO)s},1[SbF¢] exhibits a sig-
nificant bending angle of 148° due to the strong in-
teraction with the [SbF¢]™ anion. The Fe(CO); ligands
adopt a distorted square-pyramidal geometry in the
cations [M{Fe(CO):},]*, with the basal CO groups in-
clined towards M. The geometry optimization with
DFT methods of the cations [M{Fe(CO):},]" (M=Cu,
Ag, Au) gives equilibrium structures with linear Fe-
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Figure 8. The shape of the deformation densities, Ap;) o Which are associated with

AE, 50y, @and the most important associated fragment orbitals for [Cu{Fe(CO)s},]
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M-Fe’ fragments and D, symmetry for the copper and silver
cation and D,; symmetry for the gold cation. There is nearly
free rotation of the Fe(CO); ligands around the Fe-M-Fe’ axis.
The calculated bond dissociation energies for the loss of both
Fe(CO)s ligands from the cations [M{Fe(CO)s},]* show the order
M=Au (D,=137.2 kcalmol™") > Cu (D,=109.0 kcalmol™") >
Ag (D,=92.4 kcalmol™"). The QTAIM analysis shows bond
paths and bond critical points for the M-Fe linkage but not be-
tween M and the CO ligands. The EDA-NOCV calculations sug-
gest that the [Fe(CO);]—M " «[Fe(CO);] donation is significant-
ly stronger than the [Fe(CO);]«—M*—[Fe(CO);] backdonation.
Inspection of the pairwise orbital interactions identifies four
contributions for the charge donation of the Fe(CO)s ligands
into the vacant (n)s and (n)p AOs of M™ and five components
for the backdonation from the occupied (n—1)d AOs of M™*
into vacant ligand orbitals.

Experimental Section
Crystallographic data

Deposition numbers 1999550, 1999551, and 2027017 contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.
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