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ABSTRACT: In this study we have examined 42 [(L)M-
(CO)n]

±/0 complexes (M = Ni and Au), including neutral
ligands, such as phosphines and carbenes, and anionic ones.
For each complex, the carbonyl stretching frequency (νCO)
and the amount of charge donated from the ligand to the
metal (CT) have been computed on the basis of DFT
calculations. For nickel complexes, the two observables nicely
correlate with each other, as expected from the theory
underlying the Tolman electronic parameter. On the contrary,
for gold complexes a more complex pattern can be observed,
with an apparent differentiation between phosphine ligands and carbon-based ones. Such differences have been explained
analyzing the Au−L bond in terms of Dewar−Chatt−Duncanson bonding constituents (σ donation and π back-donation). Our
analysis demonstrates that in linear gold(I) complexes, νCO depends only on the metal-to-ligand π back-donation.

■ INTRODUCTION

The role of carbon monoxide (CO) in coordination chemistry
has been crucial since 1890, when Ludwig Mond discovered the
first nickel(0) carbonyl compound, Ni(CO)4, and used this
metal complex in an industrial process to produce pure nickel.1

Today it is well-known that the CO molecule has a great
affinity with many different metals, giving metal carbonyl
complexes that play a key role in many catalytic processes (such
as the industrially relevant Fischer−Tropsch process2,3), and
allows chemists to explore in detail some fundamental catalytic
steps, such as migratory insertion4,5 and ligand substitution.6

The possibility to characterize carbonyl complexes through a
readily available analytical technique, IR spectroscopy,7,8

represents a significant advantage. Furthermoreand this is a
main motivation of the present workthe CO moiety is
considered an excellent probe for the electronic properties of
the metal fragment. Pioneering in this direction is Tolman’s
work on nickel(0) carbonyl complexes, from which the Tolman
electronic parameter (TEP) emerged.9 This is based on the IR
frequency of the totally symmetric carbonyl stretching mode
(νCO) of [(L)Ni(CO)3] in dichloromethane and is commonly
considered a probe for the net donor power of a ligand, L.10

This interpretation of the TEP is generally based on a simple
model: if L donates electronic density to the metal, the latter
transfers a certain “proportional” amount of electronic charge
to the three CO groups as back-donation. Since the accepting
CO orbitals have an antibonding π* character (Scheme 1), the

result is a weakening of the C−O bond that causes a red-shift of
its stretching frequency (of note, a revisited version of the TEP,
based on local CO stretching force constants rather than
normal-mode frequencies, has been recently proposed11). Even
if the original Tolman’s work was about phosphine ligands, with
time, several mono-hapto ligands were characterized through
the measurement of their TEP. More recently, the possibility
offered by the use of accurate density functional theory (DFT)
methods12 has permitted the study of different classes of
ligands, even those difficult to handle or synthesize.
Many chemists tried to verify if the TEP is a good and

general descriptor for the intrinsic electronic properties of a
ligand (mainly within the phosphine class) and for its donor
power, studying whether the trend in CO stretching frequency
depended on the metal. Experimental and theoretical works on
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Scheme 1. Molecular orbitals involved in the M-CO
coordinative bond
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iridium,13−15 rhodium,16 and other metals17,18 demonstrated
that usually a good correlation between carbonyl stretching in
[(L)M(CO)n] and TEP exists.19−21 Such a good frequency/
frequency correlation generally led to the deduction that the
binding properties of ligands are almost independent of the
metal, in agreement with the original Tolman’s statement that
the choice of transition metal carbonyl complex would be, in a
sense, arbitrary.19

But the literature is not free from controversial and
ambiguous results. For example, if the complexes [(L)Ni-
(CO)3] and trans-[(L)2RhCl(CO)] are considered, the
respective IR data are best correlated with a quadratic function
rather than a linear one,22 while in the case of [(L)Ni(CO)3]
and [(L)Fe(CO)4] practically no correlation is observed.19 On
the basis of a detailed comparative analysis examining different
metal complexes, Gusev has recently questioned whether TEP
values are useful for comparing ligands of different type, e.g.,
carbenes and phosphorus-based ligands.23 Furthermore,
according to K-edge X-ray absorption spectroscopy data on
first- and second-generation Grubbs precatalysts, the net IMes
→ Ru donation (IMes = 1,3-bis(2,4,6-trimethylphenyl)-
imidazol-2-ylidene) is smaller than the PCy3 → Ru donation,24

in contrast with the respective TEP values (2050 and 2056 for
IMes and PCy3, respectively) and with the accepted view of the
bonding in these compounds.21,25 Other inconsistencies are
found in the case of [(L)Cr(CO)5]. For this class of complexes,
Hu and co-workers computed νCO and estimated L → Cr
charge transfer26 on the basis of electronic descriptors (such as
electronegativity and hardness) of the partners L and Cr(CO)5.
According to their data, the correlation between νCO and the
TEP is very satisfactory (r2 = 0.9769), but, despite this, the
correlation between νCO and the estimated donor ability of L is
worse (r2 = 0.9043), with a marked scattering of the data in the
phosphines and carbenes region.27 If the TEP was a good
descriptor for the trend of bond properties with any metal, the
charge transfer vs TEP correlation should have been as good as
the one between νCO and TEP.
On the above grounds, it would seem that deducing from the

TEP the nature of the ligand−metal bond may at times be
unreliable. In general, understanding the electronic properties
of a ligand is indeed a challenging task, but it appears essential
for rational catalyst design. This is true, in particular, for gold-
catalyzed processes, the focus of our attention here, where a
detailed comprehension of ligand effects on the catalytic
activation of a substrate is especially important.28,29 Despite
intense research activity in this field, there is still considerable
debate regarding the nature of the Au−C bond, with particular
reference to its “carbenoid” character.30 In fact, it has been
found that the amount of L−Au → substrate back-donation,
which is strongly modulated by the ligand L, deeply influences
the properties of the catalytic intermediates31−33 and, in some
cases, even the regioselectivity of the process.34 Given these
facts, it seems especially interesting to investigate gold carbonyl
complexes [(L)Au(CO)]+/0which are linear and have no
other interfering ligandsfocusing on the ability of the
carbonyl group to probe the electronic properties of the
[(L)Au] fragment and on the relationship between the donor
power of L and the Au−CO back-donation.
To the best of our knowledge, a systematic study of the

relationship between the donor power of L and the IR
frequency of CO in [(L)Au(CO)]+/0 complexes, either
experimental or theoretical, has never been done. Even if
attention toward these systems is increasing, IR experimental

data for [(L)Au(CO)]+/0 complexes are available only for a
handful of ligands.35−45 Moreover, ligands with a small steric
hindrance, such as halides and trifluoromethyl, allow two gold
atoms to establish an aurophilic interaction46,47 in the solid
state43 and in solution. In these cases, IR data could be
influenced by the presence of small clusters, held together by
Au−Au interactions.42 Therefore, not all the literature values of
νCO can be safely related to the donor power of L. For this
reason, new experimental data, such as those reported by Dias
et al., using phosphine and NHC (nitrogen heterocyclic
carbene) ligands, would be highly relevant41,42 (even if gold
carbonyl complexes may present stability issues) and so are
reliable theoretical calculations.
In this paper, using charge-displacement (CD) analysis48−52

to reliably assess the donor ability of ligands, we report an
extensive comparative DFT study on the relationship between
the stretching frequency of CO, the donor power of L, and the
extent of back-donation in [(L)Au], for both [(L)Ni(CO)3]

0/−

and [(L)Au(CO)]+/0 complexes.48

Scheme 2 shows a list of all the ligands (more than 20)
considered here. Among them, phosphines with different

electronic and steric properties have been considered, such as
the prototypical triphenylphosphine (2Ph), the sterically
demanding trimesitylphosphine (2M), and the so-called
JohnPhos (2B). The latter is part of the “Buchwald series”,53

and it exhibits quite peculiar steric properties, having a phenyl
group protruding toward the metal and possibly interfering
with the ligand in the trans position. Other ligands are bound to
the metal through a sp3 (such as the methyl, 1H, and the
fluorinated methyl, 1F), sp2 (phenyl, Ph, and carbenes, 1N, 1I,
1S and 1B), or sp (cyanide, CN) carbon atom or by a π system
(ethene, 1E, and ethyne, 1Y). It is also evident that not all the
ligands have the same charge.
For all the ligands shown in Scheme 2, the geometries of the

complexes [(L)Ni(CO)3]
0/− (L_Ni, Table 1) and [(L)Au-

(CO)]+/0 (L_Au, Table 2) have been optimized, and the
harmonic frequencies have been computed by DFT methods. A
quantitative evaluation of the net charge transfer (CT) between
L and the metal fragments has been obtained by CD analysis as
described later. This method gives a detailed spatial description
of the electronic charge redistribution within the metal
fragment induced by L-metal bond formation.

Scheme 2. List and abbreviations for the ligands considered
in the present work
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We shall present and discuss the correlation between νCO
and CT for the two metals in order to shed light on the
effective information that can be extracted from the IR
spectrum of these systems. Our analysis reveals deep-lying
features of the metal coordination bond, whereby we show that

in the case of [(L)Ni(CO)3]
0/− the TEP is strictly related to

the net donor ability of the ligand, while in the carbonyl
compounds of gold(I) this correlation is essentially absent and
the data are more scattered. A generalization of CD analysis
allows us to describe quantitatively the ligand−metal bond in
terms of Dewar−Chatt−Duncanson (DCD) bonding compo-
nents54,55 of donation and back-donation. A detailed
comparative analysis of these bonding components in [(L)Au-
(CO)]+/0 reveals unique information about the trans effect of
the ligand mediated by the gold. Finally, we shall study how the
CO stretching frequency in these gold complexes actually
correlates with the DCD bonding components.

■ METHODS AND COMPUTATIONAL DETAILS
Equilibrium geometries, harmonic frequencies, and electron densities
were calculated by using density functional theory (DFT) with the
BLYP GGA functional56,57 as implemented in the ADF package,58−60

in combination with a fine integration parameter (with a numerical
integration parameter set to 6). A triple-ζ basis set with two
polarization functions on all atoms (TZ2P) was used. Relativistic
effects were included with the zero-order regular approximation
(ZORA) Hamiltonian,61−63 with a small frozen core in computing
equilibrium geometries and interaction energies, and with a large
frozen core for the computation of electron densities.

In the case of H_Au and CN_Au, the vibrational coupling between
the ligand and the CO has been eliminated through an isotopic
substitution (3H in the case of H_Au and 28N for CN_Au). For nickel
complexes, no ligand showed remarkable vibrational couplings.12 In
order to give an accurate and objective estimation of the charge
transfer (CT) between the metal and the ligand, we applied the
analysis of the charge displacement function (CDF). It relies on the
integration along a given direction z (eq 1) of the difference of
electronic density [Δρ(x,y,z)] between the complex and its non-
interacting fragments placed in the same positions they occupy in the
complex (in our case L and [Au(CO)]+/[Ni(CO)3] for Au/Ni
complexes).

∫ ∫ ∫ ρΔ = ′Δ ′
−∞

+∞

−∞

+∞

−∞
q z x y z x y z( ) d d d ( , , )

z

(1)

The function Δq(z) defines, at each point of z along a chosen axis,
the amount of electronic charge that, upon formation of the bond (L−
M), has moved across a plane perpendicular to the axis through the
point. The CDFs give us a quantitative picture of the actual charge
redistribution due to the coordination bond. In order to quantify the
electron-donating ability of a ligand to the metal fragment, and in
particular for the purpose of discussing the CT between L and metal
carbonyl moieties, it is useful to fix a plausible boundary separating the
fragments in the complexes. We choose the isodensity value
representing the point on the z axis at which equal-valued isodensity
surfaces of the isolated fragments are tangent.49 The value of Δq(z) at
the isodensity gives a measure of the ligand-to-metal CT, which is an
indication of the donor power of L. The convergence of CDF has been
verified with respect to the basis set and the exchange-correlation
functional employed, including also the relativistic effects at the full
four-component level (Figures S3 and S4, in the Supporting
Information).64 As previously demonstrated for suitable symmetric
complexes and fragments, Δρ and, consequently, Δq(z) have been
decomposed into additive symmetry components, which can be readily
identified with the Dewar−Chatt−Duncanson components of the L-
metal bond (Supporting Information).49,51,65 This represented a key
tool for the interpretation and rationalization of our findings.

■ RESULTS AND DISCUSSION
Nickel Complexes. All the nickel complexes show a νCO

value smaller (red-shifted) than that of free CO (Table 1).
Consistent with this, all the C−O distances are longer than that
of free CO, indicating a weakened bond. However, the C−O

Table 1. Relevant Geometrical Parameters (distances in Å,
angles in degrees), νCO (in cm−1), and CT (in e) between L
and Ni for L_Ni Complexes

L C−Oa,b L−Ni−COa νCO
c CT

1H 1.174 101.7 1918 0.36
1F 1.166 106.0 1962 0.21
1E 1.154 107.5 2033 0.01
1Y 1.153 107.5 2035 0.01
Ph 1.169 103.9 1938 0.28
CN 1.165 106.5 1970 0.18
H 1.173 100.7 1927 0.29
1N 1.158 107.5 2005 0.07
1N′d 1.158 110.7 1999 0.06
1I 1.159 110.7 1995 0.03
1B 1.158 111.4 1995 0.03
1S 1.159 111.2 1996 0.03
2H 1.154 106.8 2031 0.02
2F 1.149 108.5 2058 −0.09
2Me 1.157 106.8 2011 0.09
2Bu 1.159 111.1 1999 0.11
2Ph 1.156 107.5 2014 0.08
2Cy 1.158 108.2 2000 0.11
2HPh 1.155 107.1 2024 0.05
2PhH 1.155 107.1 2018 0.06
2M 1.158 108.4 2004 0.10
2B 1.158 109.9 2001 0.07

aAverage value. bFree CO: 1.137 Å. cFree CO: 2106 cm−1. dL−Ni−
CO angle constrained at 110.7.

Table 2. Relevant Geometrical Parameters (distances in Å,
angles in degrees), νCO (in cm−1), and CT (in e) between L
and Au for L_Au Complexes

L C−Oa L−Au−CO νCO
b CT

1H 1.144 180.0 2064 0.36
1F 1.139 180.0 2104 0.30
1E 1.130 180.0 2169 0.23
1Y 1.130 180.0 2168 0.20
Ph 1.144 180.0 2061 0.37
CN 1.140 180.0 2100 0.29
H 1.141 180.0 2081 0.30
1N 1.133 179.6 2145 0.24
1I 1.136 180.0 2122 0.26
1S 1.136 180.0 2129 0.25
1B 1.138 180.0 2107 0.30
2H 1.130 180.0 2166 0.26
2F 1.128 180.0 2186 0.21
2Me 1.132 180.0 2145 0.33
2Bu 1.135 179.9 2123 0.40
2Ph 1.134 180.0 2132 0.40
2Cy 1.135 179.7 2125 0.43
2HPh 1.132 179.3 2153 0.31
2PhH 1.133 178.3 2141 0.35
2M 1.136 180.0 2114 0.43
2B 1.136 173.1 2115 0.35

aFree CO: 1.137 Å. bFree CO: 2106 cm−1, [AuCO]+: 2181 cm−1.
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bond length presents a maximum variation of only 2.5 pm,
whereas νCO appears more wide-ranging, with a variation up to
140 cm−1. The interaction energy between the two fragments, L
and [Ni(CO)3], ranges from −76 to −12 kcal/mol for 1H_Ni
and 1Y_Ni, respectively (Table S1, Supporting Information).
The net CT has been evaluated as the value of the CDF at

the isodensity boundary (see Methods and Computational
Details) and is reported in Table 1. These values give a
quantitative estimate of the net electron donor ability of the
ligand and, as can be seen, lie in a wide range going from 0.355
(for the methyl group, complex 1H_Ni) to −0.09 electrons
(for the PF3 group, complex 2F_Ni). The negative sign means
that, in the case of 2F_Ni, the Ni → L back-donation slightly
prevails over the L → Ni donation. This is due to the
combination of the π acceptor properties of the phosphine and
the presence of three electron-withdrawing fluorine atoms. In
all the other cases, the L → Ni donation dominates and, as
expected, it is larger for anionic ligands (1H_Ni, 1F_Ni,
Ph_Ni, H_Ni, CN_Ni) than for neutral ones. For phosphine
ligands, the trend of CT is as expected: if the phosphorus bears
aliphatic substituents, the donor power is larger than in the case
of aromatic ones. In fact, the trend of CT values is 2Ph_Ni <
2Me_Ni < 2Cy_Ni ≈ 2Bu_Ni. The relative νCO values well
reflect the same trend (Table 1).
The correlation between CT and νCO for complexes L_Ni is

reported in Figure 1. It shows without ambiguity the validity of
the TEP to define a spectrochemical series and to measure the
net donating property of the ligands: stronger electron-
donating ligands induce a larger red-shift of the IR stretching
of the carbonyl groups.
Such a correlation is valid not only for the phosphines but for

all the ligands considered here, both neutral and anionic, with
different atoms directly coordinated to the nickel (phosphorus,
carbon, hydrogen) and different hybridizations (sp3, sp2, ...).
Even dihapto ligands as ethyne and ethene fit well in the general
trend. It is remarkable that the complexes bearing H− and PF3
ligands (1H_Ni and 2F_Ni) fit well into the correlation,
despite the former being expected to be a merely σ-donor
ligand while the latter has a significant π-acceptor capability.
This is a clear indication that nickel in [(L)Ni(CO)3]

0/−

complexes efficiently redistributes the electronic density
received from a ligand to the CO moieties, regardless of the
nature of the ligand−metal interaction. We shall return later on
this interesting point.

The maximum deviation from the correlation is for the two
sterically voluminous carbene ligands 1I and 1S, whereas 1N
fits quite well in the correlation. Due to steric hindrance the
Ccarbene−Ni−Ccarbonyl angle is different in complexes 1N_Ni,
1I_Ni, and 1S_Ni, being 107.5°, 110.7°, and 111.2°,
respectively. With the aim to verify whether and how much
such differences (few degrees) affect the properties of the
(NHC)−Au bond, we constrained the Ccarbene−Ni−Ccarbonyl
angle for 1N_Ni at 110.7°, the value assumed in 1I_Ni. The
resulting geometry is referred to as 1N′_Ni in Table 1. The
corresponding values of CT and νCO are 0.06 e and 1999 cm−1,
respectively, which are now in line with the values of 1I_Ni.
This demonstrates that the value of the Ccarbene−Ni−Ccarbonyl
angle has a marked effect on both CT and νCO. In other words,
if this angle is influenced by steric effects, as in the case of
1I_Ni and 1S_Ni, the correlation between CT and νCO
deteriorates. If the ligand 1I and 1S are not considered in the
fitting, the quality of the latter improves significantly, with the r-
square value increasing to 0.9716 (from 0.8955).

Gold Complexes. The gold carbonyl compounds are
termed “nonclassical” because these compounds present a CO
stretching frequency which is higher than that of free CO.
Many authors considered such “nonclassicity” as a proof of the
fact that the gold(I) fragments do not give a significant back-
donation.66,67 But both theoretical and experimental studies
now recognize that a back-donation component is present and
indeed represents a highly tunable component of the bond in
these gold complexes,68 with important effects in catalysis.32,33

Frenking and co-workers showed that the polarization of the
C−O bond is the main cause for the large blue shift of the CO
stretching frequency.69,70

In Table 2 we report the results for all the Au(I) complexes
considered here. We find that gold complexes bearing neutral
ligands, such as phosphines and carbenes, induce a blue-shift of
νCO. This fact is in agreement with experimental data on the
few cationic gold carbonyl complexes experimentally charac-
terized.40−42

The anionic ligands, such as, for instance, methyl (1H_Au)
or cyanide (CN_Au), show a νCO that is slightly smaller than
that of free CO (Table 2), in contrast with the experimental
data available from the literature. Indeed, most of the neutral
gold carbonyls experimentally studied have a CO stretching
frequency larger (L = CF3, Cl, or Br)

35−37,43 or very close (L =
HB(3,5-(CF3)2Pz)3))

38 to that of the free carbon monoxide.

Figure 1. Correlation between CT and νCO for complexes L_Ni. The solid red line represents the linear best fit, whose equation is CT = −(2.8 ±
0.2) × 10−3 νCO + (5.8 ± 0.4) (r2 = 0.8955).
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However, Dias and co-workers demonstrated that, in some of
these cases, the CO frequency is blue-shifted by the presence of
multimetallic adducts present under the experimental con-
ditions.42 Here, therefore, the CO stretching frequency cannot
be reliably put in relation with the electronic property of the
ligand L.
The analysis of Table 2 shows that the ligand effect in these

complexes (L_Au) is significant and comparable with our
findings for the nickel series. The C−O frequency presents a
spread of about 125 cm−1 along the gold series, ranging from
2061 cm−1 in Ph_Au (neutral complex) to 2186 cm−1 in
2F_Au (charged complex).
The CT values of Table 2 are always positive, indicating that

in all cases there is a net ligand-to-metal CT, and the back-
donation never prevails on the donation component of the
bond. This is related to the strong Lewis acidity of the charged
[Au(CO)]+ fragment, which is higher than that of the neutral
fragment [Ni(CO)3]. As an example, the PPh3 ligand gives a
CT of 0.40 and 0.08 e in the case of 2Ph_Au and 2Ph_Ni,
respectively. The enhanced Lewis acidity of [Au(CO)]+ is also
consistent with the value of the interaction energy, which, for
example, is 102 kcal/mol between 2Ph and [Au(CO)]+, and 23
kcal/mol between 2Ph and [Ni(CO)3]. In general, we see that
the interaction energies between L and [Au(CO)]+ are typically
four/five times larger than those in the corresponding
complexes of nickel (Table S2, Supporting Information).
A surprising and unexpected result of our analysis is that the

electronic donor power of the phosphine ligands, when
coordinated to the gold atom, is generally larger than that of
the NHC ligands. For instance, trimethylphosphine donates
0.33 e (complex 2Me_Au), whereas the prototypical NHC
carbene donates 0.24 e (complex 1N_Au). Actually, the
phosphines show CT values that are systematically larger
than those of other ligands. As we said earlier, this result is not
without precedent24 but contrasts with what happens in nickel
complexes, where 2Me_Ni and 1N_Ni show similar values of
CT: 0.09 and 0.07 e, respectively. We surmise that the effect of
the different charge of the metal carbonyl (+1 and 0 for gold
and nickel, respectively) is larger on the phosphorus than on
the carbon, because the former has a more polarizable lone-pair
(sp3 hybridized rather than sp2, and larger in size) than the
latter.
The plot of CT vs νCO for gold complexes appears very

scattered (Figure 2). For instance, 2Me_Au and 1N_Au,
having different CT values (0.33 and 0.24 e, respectively, Table
2), have almost the same νCO and C−O bond length, and vice

versa, Ph_Au and 2PhH_Au have a similar CT (0.37 and 0.35
e, respectively) but a ΔνCO of about 80 cm−1.
It is interesting to note that CT varies in the order 2Ph_Ni <

2Me_Ni < 2Bu_Ni ≈ 2Cy_Ni for nickel complexes and
2Me_Au < 2Ph_Au < 2Bu_Au < 2Cy_Au for gold ones. Also
in the series of complexes [(L)Cr(CO)5] the nucleophilicity of
the ligand increases in the order PMe3 < PPh3 < PCy3,

26 and in
the case of the complexes [(L)Ir(CO)2Cl], PMe(Ph)2 donates
slightly less electronic density than PPh3.

14 Such “inversions”
show that taking the net donor power of a ligand as an intrinsic
property of the ligand itself is of course just an approximation,
even within the same class of ligands, since it is finely tuned also
by the electronic properties of the acceptor metal fragment.
The carbene ligands also show a different behavior with the

two metals. As an example, even if the Δ(CT) between the
ligands 1I and 1S is the same in the nickel and gold series (0.01
e), the values of Δ(νCO) are 1 and 7 cm−1, respectively. It
would seem that the gold atom is able to amplify the differences
between the two carbenes, whose electronic properties are
usually considered very similar.21,71,72 Confirming this, the gold
complex bearing the carbene with an extended aromaticity in
the backbone of the ring, 1B_Au,73 shows a νCO value of 2107
cm−1, which markedly differs from those of 1I_Au and 1S_Au
by 22 and 15 cm−1, respectively. When we consider the nickel
complexes, the effect of the aromaticity on the CO frequency is
negligible (in 1I_Ni, 1S_Ni and 1B_Ni the spread of νCO is
below 1 cm−1). As also demonstrated by Gusev,71 the
introduction of an extended aromatic system on the carbene
backbone leads to a maximum Δ(νCO) of 3−4 cm−1 in the
nickel complexes, and variations of νCO of the order of 20 cm−1

can be obtained only through deep modifications of the carbene
(such as the introduction of fluorine atoms or the substitution
of nitrogen atoms with other heteroatoms). Also in the series
[(NHC)IrCl(CO)2], only profound modifications of the
carbene structure lead to a marked variation of νCO (30
cm−1, at most).21

In summary, Figure 2 clearly demonstrates that, for gold
complexes, the relationship between the donor power of L and
νCO is not as simple as in the case of nickel, and the stretching
frequency of CO cannot be used to unequivocally rank the net
donor abilities of the ligands. Two complexes with the same
frequency can have very different donor abilities and vice versa.
Before concluding this section, it is worthy of note that the

remarkably different behavior of the Ni and Au complex series
cannot be revealed through the analysis of the CO frequency/
frequency correlation, which is typically used to compare

Figure 2. Trends of CT and νCO for complexes L_Au.
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different spectrochemical series in metal carbonyl complexes. In
Figure 3 we present the frequency/frequency plot for the L_Ni

and L_Au complexes. Despite the presence of some scattered
data, the quality of the correlation appears acceptable (r2 =
0.9106). Only the methyl group (1H), the hydride (H), the
trimesitylphosphine (2M), and the JohnPhos (2B) are
markedly out of the general trend. More importantly, no
systematic differentiation between phosphines and other
ligands emerges.
Looking at this frequency/frequency correlation, one would

be tempted to conclude that the trend of the L−M bond
properties is quite similar for gold and nickel complexes, with
only some minor discrepancies. But, in light of the different
effects of the L → M net donation on νCO in these complexes,
which we have demonstrated above, one must conclude that
this interpretation would be misleading. In other words, the
interpretation underlying the TEP concept (the frequency of
the carbonyl is correlated to the net donor power of L) is true
for nickel complexes, but not for gold ones. Moreover, this
inconsistency is not easily revealed by the comparison of the
corresponding spectrochemical series. This may also be the case
of other metals carbonyls and have general relevance.
With the aim to understand why the donor ability of a ligand

correlates linearly with the CO stretching frequency in L_Ni
complexes but presents a much more complex pattern in the
L_Au series, in the following section we shall present a detailed
theoretical investigation precisely addressing this interesting
question.
DCD Components: [PH3−Ni(CO)3] vs [PH3−Au(CO)]+.

In order to give a plausible explanation for the differences
found between gold and nickel complexes (Figures 1 and 2),
we present a detailed analysis of the electronic structures of
these systems. If both the complex and its constituting
fragments belong to the same symmetry point group, it is
convenient to decompose Δρ into contributions from different
irreducible representations.
As a case study, we consider the ligand PH3 (2H) and

analyze its bonding mode with the metal in 2H_Ni and 2H_Au
complexes. Both complexes present C3v symmetry with the
symmetry axis passing through phosphorus and the metal.
Hence, Δρ can be decomposed into three contributions, related
to the A1, E1 and E2 irreducible representations.

For the 2H_Ni complex, the A1 contribution involves a
charge depletion on the ligand and a charge accumulation
between the phosphorus and nickel that correlates with orbitals
possessing σ symmetry, consistently with a ligand-to-metal σ
donation, and a charge accumulation on the carbonyl moieties
(Figure 4a). The shape of the latter resembles that of the

unoccupied π* orbitals of free CO (Figure S5, Supporting
Information), the repopulation of which weakens the CO bond
and decreases its stretching frequency.
On the other hand, the E1 and E2 contributions involve a

charge accumulation on the ligand and a charge depletion on
the carbonyl moieties, again with π symmetry, relatable to the π
metal-to-ligand back-donation (Figure 4b). Therefore, the E
contributions tend to depopulate the π* orbitals, enforce the
CO bond, and increase νCO.
A quantitative analysis of the Ni−L bond (Figure S6,

Supporting Information), confirms that, in all the symmetries,
the electronic density goes from the ligand to the carbonyl
moieties (A1 symmetry) and vice versa (E1 and E2 symmetries).
It thus emerges that, in the nickel complex, the metal allows

all the ligand contributions to communicate with the π* orbitals
of the CO. Under this light, it is not surprising that a
correlation exists between νCO and the sum of donation and
back-donation (Figure 1).
A different pattern is observed when we consider the 2H_Au

complex (Figure 5). The 3D isodensity plot for the electronic
density difference related to the A1 symmetry shows again a
marked charge depletion (Figure 5a) at the PH3 (even larger
than for 2H_Ni), but this is now accompanied by a significant
charge accumulation at the metal center, consistently with an
electron donation from the PH3 lone-pair into the partially
empty sd(σ) orbitals of gold.
Also in this case the A1 contribution involves a charge

accumulation on the carbonyl, but here with a cylindrical
pattern and mainly located at the carbon of the CO. Its shape is
consistent with a repopulation of the corresponding HOMO
orbital of the free CO (Figure S5, Supporting Information),

Figure 3. Linear correlation between the CO frequency in L_Au and
L_Ni. The solid line represents the best fit, and its equation is
νCO(L_Ni) = (1.04 ± 0.07)νCO(L_Au) − (220 ± 160)(r2 = 0.9106).

Figure 4. Three dimensional contour plots of the symmetry
components of the electron density difference. (a) A1 component.
(b) E1 and E2 components for 2H_Ni. Gray isosurfaces identify where
the electron density is depleted, blue ones where it is accumulated.
The density value at the isosurface is ±0.0022 e/(u.a.)2.
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which is mainly located on the side of the carbon facing the
gold atom. Since the HOMO of the CO is a “weak bonding”
orbital,69 its repopulation is expected to cause only a small
variation of the CO bond strength and, consequently, also of
the CO stretching frequency (see later).
It is noteworthy that the three-dimensional plot of the A1

contribution conveniently sums up the three-center-four-
electron σ-hyperbond concept, often used to describe the
Au−L ligand:74−76 since CO and PH3 compete for donating
electronic density to the same and partially empty sd(σ) gold(I)
orbital, the formation of the Au−L bond (with the subsequent
L → Au σ donation) reduces the CO → Au σ donation (trans
influence), as evidenced by the repopulation on the CO.
The 3D maps related to the E1 and E2 symmetry components

of the bond (Figure 5b) show a significant charge accumulation
at the PH3 ligand region, in particular at the phosphorus site,
while at the gold site there is an electron density depletion that,
in shape, recalls the occupied atomic d orbitals of the metal.
The electronic density difference on the CO reflects a change of
population of the π symmetry orbitals, but, unlike the nickel
complex, where the ligand induced the same electron density
depletion at carbon and at oxygen sites, here an unsymmetrical
pattern can be evidenced. In fact, there is a depletion on the
carbon and a small accumulation at the oxygen of CO (inverse
polarization, see below).
To fully understand the relationship between the charge

shifts and the strength of the CO bond, it may be useful to
consider the CO bonding situation in the bare [Au(CO)]+ (our
reference metal fragment). Here, due to the presence of Au+,
the CO bond is strongly polarized toward the carbon end and
this polarization is the main cause of the large blue shift of the
CO stretching frequency (2181 cm−1 versus 2106 cm−1 of the
free CO) observed in [Au(CO)]+.69,70,77 The formation of a
bond between an ancillary ligand L and [Au(CO)]+ reduces
this polarization and induces a significant reverse charge shift
going from the carbon to the oxygen (inverse polarization).
The consequence of the inverse polarization is a lowering of the
stretching frequency with respect to the [Au(CO)]+, as indeed
is the case for all gold complexes considered here (see Table 2).
In the system under study, 2H_Au, the presence of the PH3
ligand reduces the CO stretching of about 15 cm−1, if compared
with the bare [Au(CO)]+.
According to our interpretation of the symmetry-separated

electron density difference, only the components related to the

metal-to-L π back-donation have an influence on the CO
stretching frequency. In order to verify this and explain the
scattering of data in Figure 2, a quantitative study of the ligand
effect is necessary and will be presented in the next section.

DCD Components: Ligand Effect in [(L)Au(CO)]+/0. The
integration of the symmetry separated contributions of Δρ (CD
analysis) was demonstrated to be a useful and reliable tool to
quantitatively characterize the L-metal bond in terms of its
DCD constituents.49,51,64 Applying this analysis to the 2H_Au
complex analyzed before, three CDFs are obtained, correspond-
ing to the three irreducible representations shown before and
closely related to the 3D maps analyzed in the previous section.
Since the curves relative to E1 and E2 are completely
overlapping, they can be summed up in only one CDF (Figure
6). The third curve is the sum of all of three components
(total), and it corresponds to the total electron density
difference (Δρ).

In the case of 2H_Au, the total CDF is positive throughout
the whole complex (Figure 6), which is an indication of a net
charge shift from L to the carbonyl. But this shift is the sum of
two components. The CDF related to the A1 symmetry is
positive throughout all the molecular region, too (Figure 6),
and provides a quantitative picture for the PH3 → [Au(CO)]+

σ donation component of the bond (0.32 e at the isodensity
boundary). Despite the large value of CDF in the P−Au
bonding region, this component dramatically decays at the
carbonyl site, assuming a very small and almost constant value
within the C−O bond (below 0.03 e). This pattern is consistent
with the fact that the interaction between the PH3 and the
metal fragment induced a repopulation of the CO HOMO,
which is located mainly on the carbon (see above).
On the contrary, the CDF curve relative to E1 + E2 is

negative in the whole region between the metal and the
phosphorus and, at the isodensity boundary, its value is −0.06
e. The negative sign indicates that the corresponding charge
shift is from the gold to the ligand (π back-donation). The
behavior of the CDF at the CO site is very interesting and
reflects the pattern observed in the isodensity plot seen earlier.
It assumes positive values in the whole region of CO, and
starting from the left side of the oxygen, it increases, reaching a
maximum close to the midpoint of the CO bond and then
starts to decrease, crossing the zero axis in the C−Au region.
The curve gives a quantitative measure of the inverse
polarization induced by the presence of the ligand.

Figure 5. Three dimensional plots of symmetry-separated electron
density difference. (a) A1 component. (b) E1 and E2 components for
2H_Au. Gray isosurfaces identify where the electron charge is
depleted, blue ones where electron charge is accumulated. The density
value at the isosurface is ±0.0022 e/(u.a.)2.

Figure 6. Symmetry-separated charge displacement curves for 2H_Au.
The black dots represent the z coordinate of the atoms. The vertical
band identifies a suitable boundary between the metal and ligand 2H.
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The same method has been applied to other representative
complexes, having suitable molecular symmetry and conven-
iently covering the whole range of possible values of νCO. In
particular, we chose three complexes bearing phosphines
(2Me_Au, 2F_Au and 2Bu_Au) and either neutral (Ph_Au,
CN_Au and H_Au) or cationic (1I_Au and 1E_Au) carbon-
based complexes. A C3v symmetry has been used for the
complexes bearing phosphine ligands, while C2v symmetry was
used for the others. For C2v symmetric complexes, Δρ can be
decomposed into four contributions, relative to A1, A2, B1, and
B2 symmetries.49 In particular, the A2 symmetry (which
correlates with atomic d orbitals that do not participate in the
bond) has not been considered, since the contribution of this
component to the overall Δρ is negligible.49

The A1 curves show a very wide range of values at the relative
isodensity boundaries (gray band in Figure 7, CTA1 in Table 3),

but, as seen before for 2H_Au, all of them decay in the region
between the gold and the carbonyl to very small and similar
values (0.02−0.04 e). Actually, all the curves almost overlap
each other in this region. The picture that emerges is clear. The
similarity and the small amplitude of the A1 charge displace-
ments observed in the CO region show that this symmetry
cannot contribute significantly to the polarization of the CO
bond and, anyhow, all the ligands are expected to produce the
same effect on νCO.
Conversely, the electronic charge flux of π symmetry (CT′,

defined as the sum of B or E components for C2v- or C3v-

symmetric systems, respectively) assumes a wide range of
values both at the isodensity boundary (CT′ goes from −0.10
to 0.05 e, Table 3) and in the CO region. The presence of the
ligand induces the same trend in the two regions and
considering the midpoint of the CO bond as reference, the
lower is the CT′, the lower is the value that assumes the CDF
of π symmetry at the CO bond.
Particularly relevant are the cases of 1I_Au and 2Bu_Au,

which have very different values for CTA1, 0.27 and 0.40 e,
respectively (Table 3), and very similar values for CT′, −0.01
and 0.00 e, respectively (Table 3), due to their poor π-acceptor
properties. The relative CDF π curves almost overlap in the CO
region, giving the same polarization of the carbonyl and,
coherently, the same νCO, 2122 and 2123 cm−1, respectively.
Given all these observations, we explored the possibility, for

gold complexes, of a correlation between νCO and CT′ (Figure
8). Notably, only one system, specifically H_Au, does not fit

well in the correlation, as if the CO polarization would be
affected by an additional contribution. Such a contribution can
likely be related to the electrostatic effect of the hydride ligand,
which is expected to be the strongest one among the
considered ligands. In fact, beyond the negative charge on L,
the Au−H distance is particularly short and certainly
significantly reduces the effective charge at the gold site

Figure 7. Symmetry-separated CD curves for all the systems studied of suitable symmetry. The black dots represent the approximate position on the
z axis of the atoms in the considered complexes. The gray band represents the boundary between the two fragments. Panel on the left: A1
component. Panel on the right: E1 + E2 (if the molecular point group is C3v) or B1 + B2 (C2v).

Table 3. CTA1, CT, and CT′ Components (in e) for Different
L_Au Complexesa

L CTA1 CT CT′ νCO

Ph 0.32 0.37 0.05 2061
CN 0.27 0.29 0.02 2100
H 0.31 0.300 −0.01 2081
1E 0.30 0.23 −0.08 2169
1I 0.27 0.26 −0.01 2122
2H 0.32 0.26 −0.06 2166
2Me 0.37 0.33 −0.05 2145
2Bu 0.40 0.40 0.00 2123
2F 0.31 0.21 −0.10 2186

aCT′ is defined as E1 + E2 for systems of C3v symmetry and as B1 + B2
for systems of C2v symmetry. In the last column, the corresponding
values of νCO (in cm−1) are reported. Figure 8. Linear correlation between of CT′ (the sum of B1 and B2

contributions for C2v systems and the sum of E1 and E2 contributions
for C3v systems) and νCO for L_Au complexes (black squares). The
solid line represents the best fit, and its equation is CT′ = −(1.26 ±
0.09) × 10−3νCO + (2.6 ± 0.2) (r2 = 0.9650). The complex H_Au (red
circle) has been excluded from the fitting (see text for details).
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contributing to the inverse polarization. As a confirmation,
H_Au shows a CT′ close to zero, −0.01 e (the hydride cannot
accept back-donation), but the CDF at the CO site is
significantly larger than those of 1I_Au and 2Bu_Au, for
which the CT′ is close to zero, too. On the other hand, other
anionic ligands fit well in the correlation (Figure 8) and the
electrostatic effect seems to be less relevant. Probably it is
because the negative charge they host is, on average, farther
from the metal than in the case of H_Au.
Excluding H_Au from the correlation, all other ligands can

be described with only one good correlation (r2 = 0.9650),
without the complex pattern present in Figure 2. This
unexpected result explains most of the previous oddities: the
A1 component of the CD curve, related to the L → Au σ
donation, is the most important in determining the amount of
net charge transferred to the metallic fragment, but it has a
negligible role in influencing νCO. On the other hand, the π
component of the bond has a marked and selective effect on the
polarization of the CO bond and on νCO. Among others, the
case of couple of complexes 1I/2Bu is eye-catching. Despite the
significant difference in net CT to [Au(CO)]+ (Figure 2), these
systems present a very similar stretching frequency. Now, it is
clear that this is because of their almost identical π components
of the L−Au bond. Actually, all the difference between these
two ligands relies on the σ donation component A1 component,
which is markedly different (0.27 and 0.40 e, respectively) but it
does not affect the observable.
Our findings have an additional and interesting implication:

it seems that the Au → L back-donation could be estimated
simply from the IR spectrum (experimental or computed) of
the [(L)Au(CO)]+ complex. Considering the difficulties
generally present in the experimental disentanglement of
Dewar−Chatt−Duncanson components,51 this result is partic-
ularly promising and deserves to be explored in detail in the
near future.

■ CONCLUSIONS
In conclusion, our study fully confirmed, once again, the
hypothesis underlying the Tolman electronic parameter,
demonstrating that the net donor power of the ligand in the
complex [(L)Ni(CO)3]

−/0, evaluated through the Charge
Displacement analysis of the Ni−L bond, well correlates with
the A1 stretching frequency of the CO moieties, irrespectively
of the nature of the ligand. The decomposition of either the
electronic density change or the CDF curves in contributions
with different symmetry led to the conclusion that both σ
donation and π back-donation components are effectively
transmitted to the π* orbitals of the CO moieties. For this
reason, the CO stretching frequency depends on the net L →
Ni donation and the donation/back-donation components
cannot be disentangled in TEP. But since CT depends also on
the L−Ni−CO angle, if such an angle is influenced by the steric
hindrance of L, as it happens for bulky carbene ligands, the
correlation is worse, as the TEP is influenced by both steric and
electronic properties of the ligand.
The same study conducted for linear gold complexes

[(L)Au(CO)]+/0 led to a very different conclusion, and the
correlation between the net CT and νCO appears more
complex. In this case, an accurate analysis of different symmetry
constituents of the DCD bonding component reveals that the
A1 component of the Au−L bond, responsible for the L→ Au σ
donation, is very important in determining the net CT, but it
influences mainly the population of the HOMO of the

carbonyl, which is known to be not important for the νCO.
Moreover, such repopulation seems constant with all the
ligands analyzed here. On the other hand, the π electronic flux,
which is an estimation of the π acidity/basicity of the ligand, is
readily transmitted to the carbonyl, polarizing the CO bond
and actually determining the ligand effect on νCO. The
electrostatic factor influences the CO, too, but its effect
seems relevant only in the case of the hydride ligand.
For this reason, the Au-to-L π component of the bond could

be, in principle, experimentally accessible just by a series of IR
data for different ligands. Given the scarceness of reliable
experimental data on [(L)Au(CO)]+, with L possessing the
appropriate symmetry and a large steric hindrance to prevent
Au−Au interactions, at the present this study is possible only
with DFT-generated νCO data.
Finally, it is methodologically important and of general

interest to note that taking into account only the IR frequencies
(measured or computed) of gold and nickel complexes would
have led to the inaccurate conclusion that the trend of different
L−M bonds is about the same in the two series. Only an in-
depth theoretical analysis of the bond has been able to make
the differences emerge. With this work, we demonstrated that
the frequency−bond correlation can be much more compli-
cated, especially if complexes with different geometries are
compared.
Among the results of this work, we would like to stress the

difference between the phosphine and carbene. If they are
coordinated to the nickel, their donor properties are similar
(0.07 and 0.08 e for a model carbene and the prototypical
triphenylphosphine, respectively), but on the contrary, their
abilities to donate electronic density to the gold are very
different (0.24 and 0.40 e for the same carbene and phosphine,
respectively), despite their very similar νCO values (2145 and
2132 cm−1, respectively). In general, we found that phosphine
ligands donate much more electronic density to the gold than
carbene ones, even if only a part of this donation can be
transmitted to the ligand in the trans position. Such a result is
unconventional, even if not without precedents24 and will be
important to better rationalize the ligand effect in catalysis.
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