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Ligand electronic effects in gold(l) chemistry have been evaluated by means of the experimental determination of M-CO
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bond dissociation energies for 16 [L-Au-CO]* complexes, bearing L ligands widely used in gold catalysis. Energy-resolved

analyzes have been achieved using tandem mass spectrometry with collision induced dissociation. Coupled to DFT

calculations, this approach enables the quantification of ligand effects based on the LAu-CO bond strength. Further energy

decomposition analysis gives access to detailed insights of this bond’s properties. Whereas small differences are observed

between phosphine- and phosphite-containing gold complexes, carbene ligands are shown to stabilize much more

efficiently the gold-carbonyl bond.

Introduction

Homogeneous gold catalysis is a valuable tool for the
straightforward preparation of a wide array of complex and
structurally well-defined molecules from simple raw
materials.! The nature of the catalytic system plays an
important role in enabling control of chemio-, regio- and
stereoselectivities in synthesis. In particular, the ancillary
ligand bound to the gold center is known to be a key
parameter. Indeed, many examples reported in the literature
highlight the fact that steric and electronic properties of
ligands have direct impact upon the outcome of Au(l)-
catalyzed reactions.? Ligand effects in such catalytic reactions
are usually discussed on the basis of electronic properties (e.g.,
a phosphine is considered to be electron rich, versus a
phosphite, taken to be electron poor). However, the ability of
gold to transmit electronic effects induced by a ligand is still
under debate because C-O stretching responses3 observed on
known [LAu-CO]* complexes seem intriguing. Indeed, whatever
the electronic nature of the ligand L, the C-O stretching
responses in [L-Au(l)-CO]* complexes (vco), are systematically
higher than the stretching frequency of free CO (Vifree-co) =
2143 cm)45 This feature was interpreted as a manifestation
of the inability of the metal atom to contribute to CO n-back-
donation. The presence of intermolecular Au-Au interaction
especially for ligands with little steric hindrance was also
highlighted as a plausible explanation for this feature.® In fact,
V(co) values alone are not sufficient to conclude that m-back-
bonding makes a negligible contribution to the M-CO bond. A
theoretical description can also be used to refine the analysis
of the M-CO bond. Thus, computational modelling, developed
by Frenking et al.,”@ and more recently by Tarentelli and co-
workers,’”? has shown that the Au-CO bond can be described
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by three distinct contributions: electrostatic attraction, CO o-
donation and a significant Au m-back-donation. The fact that
the observed v(co) frequency is higher that of free CO is mainly
due to the electric field generated by the cationic metal moiety
on the polarization of the C-O bonding orbitals.® This
polarization leads to such large changes in IR frequencies
(hypsochromic effect) that it completely masks a possible
back-donation contribution, making IR analysis delicate in this
case. Thus, even though several improved theoretical tools
have emerged in recent years,? it would be nonetheless highly
desirable to have a complementary experimental approach to
IR that could reliably measure electronic properties of a ligand.

If the electronic environment of the metal center
(modulated by the ligands) can affect the strength of a C-O
bond through a balance between o-donation and m-back-
donation, clearly it also modifies the strength of the M-CO
bond. It is therefore reasonable to expect changes in the bond
dissociation energy (BDE) values,’® obtained for CO linked to
the metal center, according to the electron-donating
properties of the other ligand present. In this study, the first
measurements of BDE’s for CO loss from [L-Au-CO]* complexes
are presented, where L represents various phosphines,
phosphites and carbenes ligands. Such complex was selected
for the following reasons: (i) the particular example of L-Au(l)
complexes is of interest because experimental data are
noticeably missing from the literature; (ii) the cationic nature
of Au(l) complexes is perfectly adapted to charged species
detection by mass spectrometry, (iii) the linear geometry of
Au(l) complexes minimizes the influence of steric hindrance
effects and (iv) the linear geometry also favours minimal re-
arrangement of the complex upon dissociation. In this work,
we have thus investigated the relation between the LAu-CO
bond strength and the ligand electronic effects for a series of
16 Au(l) complexes (Chart 1). The experimental procedure
employed to measure the BDEs is first presented. Results are
then discussed and rationalized with the help of density
functional theory (DFT) electronic structure calculations and
energy decomposition analysis (EDA).
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Chart 1 Gold(l) carbonyl complexes studied in this work

Results and discussion

Semi-empirical critical energy measurements

Very few experimental data are available concerning [L-Au(l)-
CO]* complexes, mostly due to the fact that such compounds
are not easy to prepare and are not easy to store. Thus, only a
few well-defined gold(l) carbonyl complexes have already been
described in the literature.l? All of them are bearing a bulky
ligand, but are nevertheless found to be extremely sensitive to
moisture and temperature (must be stored below -20 °C). The
notable absence of reports describing gold(l) carbonyl
complexes with ligands that do not sterically hinder CO
association/dissociation raises the question of the feasibility to
synthesize and store a wide range of such complexes. For
these reasons, we decided to produce complexes of interest
inside the mass spectrometer,
starting from a precursor allowing a large variety in the choice
of possible ligands.

Inspired by previous work of Colton et al. on cationic Au(l)
phosphine complexes,'? we determined that it was possible to
produce [L-Au]* ions in the electrospray ionization (ESI) source
starting from an initial solution of [L-Au-Cl]. Just after the
source, these ions may then react with CO molecule in the
hexapole ion guide region (Scheme 1), leading thus efficiently
to gas- phase [L-Au-CO]* ions.23 In this work, gold-carbonyl
species were prepared in the mass spectrometer.

A set!® of [L-Au-CO]* cationic complexes 1-16 was
produced, mass-selected and then subjected to collision
induced dissociation (CID) experiments with argon. The CO
loss([L-Au-CO]* — [L-Au]* + CO) dissociation pathway was
observed and monitored. During the process, part of the
kinetic energy of the precursor ion is converted into internal
energy by collision with a neutral target gas. The survival yield

directly in the gas phase,

2| J. Name., 2012, 00, 1-3

ESI Source
L-Au-Cl | -

+ AgOTf \>

Solution

Collision Induced
Dissociation

lon Molecule
Reaction

AN ® COo @ Ar
L—Au —— L-Au-cO — L-Au®+cCO

Scheme 1 Production of [L-Au-CO]J* complexes directly in the gas phase inside the mass
spectrometer followed by collision induced dissociation on argon.

SY of the precursor ions is defined by equation 1 and is
obtained as a function of the energy uptake occurring during
CID where Ir+) is the abundance of the reactant ions and Zlp.)
is the sum of the abundances of product ions.1®

SY = Irs/[Ir+ + ZIp+] (1)

Although the threshold CID technique is usually employed for
BDE measurements,® in our case threshold measurements on
the latter complexes were not attainable. This was due to
minor amounts (< 5%) of highly fragile, readily dissociating [L-
Au(l)-N2]* complexes formed in the mass spectrometer (same
m/z as [L-Au(l)-CO]* species). Isotopic labelling experiments
were also performed using !3CO instead of CO. Those
experiment suggested the presence of highly fragile
isocarbonyl complexes [L-Au(l)-OC]* (For more details, see
supporting information). Instead, we worked under multiple-
collision conditions and for the 16 selected complexes,
sigmoidal curves of survival yield were obtained. In order to
take into account the size effect, the kinetic energy of the
reactant ion measured in the laboratory frame (Enb) was
converted into the center-of-mass energy Ecm using equation
2, 1 being the reduced mass (1 = M1/ (M1 + Mg)).

Ecm = 1 Eiab (2)

This center-of-mass energy defines the maximum energy
transferred during an inelastic collision where Mg and My are
the masses of the reactant ion and the neutral target gas,
respectively. For the 16 selected complexes, sigmoidal curves
of survival yield as a function of Ecm are shown in Figure 1a.
Because the studied complexes vary substantially in size
(degrees of freedom (DOF) from 42 to 330 and mass (M) from
301 to 871 Da), the shapes of the survival yield curves are
dramatically affected, and these new curves give only
incomplete qualitative information concerning the Au-CO BDE.
Thus, the use of kinetic model based on transition state theory
(Rice—Ramsperger—Kassel-Marcus (RRKM) theory)l” and
accurate knowledge of the amount of energy deposited during
the collision processes!® are necessary to extract the critical
energy (Eo) from the experimental data. Note that the critical
energy is the difference between the energy of formation of
the transition state for dissociation and that of the precursor
ion at 0 K whereas the BDE refers to the calculated change in
the enthalpy of dissociation reaction at O K. For fragmentation

This journal is © The Royal Society of Chemistry 20xx



Please do not adjust margins

Journal Name

a) ¢ 1tBu ™ 6-MePh
09 4 2-Ccy W 7-MePh,
4 3.pr ™ 8-Ph
08 - * 4-Ft u 9-pOMe
@ 5-Me ® 10-pCFy
07 1 [ 11-biPh
o ® 12.0Me
w06
5 ® 13-0Ph
Tos5 @ 14-OtBuPh
z A 15-IPr
A04 16-MIC

(=2
—

Mean Internal Energy <£,> {eV)

1 1.5 2
Ecw (€V)

Figure 1 a) Survival yield (markers show experimental data and lines, RRKM modelling)
and b) corresponding mean internal energy prior to decomposition (<E;,+>) of the CID
process for the 16 gold-carbonyl complexes as a function of the center-of-mass energy
(Ecm)-
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described for this truncated Maxwell-Boltzmann internal
energy distribution model,1°c1% we obtained regression lines
with slopes (Sceint>ecm) that showed dependence on the
masses of the reactant (Mg) (Figure 2a). Moreover, the origin
of these lines gives the mean internal energy at 0 V (<Eint>, ov)
which weakly depends on the DOF (Figure 2b), with a different
trend observed for alkylphosphines 1-5.2%

From these two empirical relations, general equations (3a)
and (3b) give the relation between the mean internal energy
and the center-of-mass energy and could be defined for
alkylphosphine gold complexes 1-5 (3b) and complexes 6-16
(3a).

<Eine> = (0.00790 DOF+0.564) + Ecu (0.00733 Mg — 1.093) (3a)
<Ein> = (0.00451 DOF+0.690) + Ecm (0.00733 Mg — 1.093) (3b)

Equations (3a) and (3b) enable to obtain the deposited

mean internal energy <Ein> for each complex according to Ecm.
These <Ei> are associated with corresponding characteristic
temperatures (Tchar) Which are internal energy distributions
prior to decomposition (see SI for detail). These Tchar VS. Ecm
values, obtained from this calibration, and the fit of the curves
(Figure 1) allow to determine the critical energies (Eo) for each
complex (Table 1).
Uncertainties in the critical energies for the 16 gold complexes
were estimated by varying parameters that influence the
relative difference between these critical energies (see SI for
detail). This calibration methodology, applied to 16 different

processes without reverse activation barriers and without a
kinetic bottleneck, these two values are very close and may be
considered to be approximately equal in value. In this
manuscript, BDE will refer to the calculated values and Ep to
the experimental measurements. The fact that the sizes of the
studied systems are very different is a great challenge for
critical energy measurements using mass spectrometric
techniques. Accordingly, we propose here the use of an
internal energy calibration to help measure critical energy
values. For collisional activation under high pressure, a
truncated Maxwell-Boltzmann internal energy distribution is
often used.!® This simple model presumes a fast activation
process and a slower kinetics of dissociation (for more details,
see supporting information).19. 19d \asskinetics software2® was
used for RRKM modelling (Figures 1 and 2). Reference BDE,
vibrational frequencies of the initial state, vibrational
frequencies of the transition state and decomposition time
inside the mass spectrometer were required inputs for these
simulations and are described in the supporting information.

Using sigmoidal curves presented in Figure 1la, the mean
internal energies prior to fragmentation (<En>) were
calculated and plotted as a function of center-of-mass energy
(Ecm) for the 16 complexes studied (Figure 1b). As already

This journal is © The Royal Society of Chemistry 20xx
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Figure 2 a) Slope of the calibration line (Sceints/ecv) (from Figure 1b) as a function of the
mass of the reactant (Mg) with linear regression (line); b) Mean internal energy at 0 V
collision (<Eint, ov>) as a function of the DOF of the 5 alkylphosphines gold complexes 1-5
with linear regression (dashed line) and 11 gold complexes 6-16 with linear regression
(solid line).
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complexes, allows comparisons of critical energy values with
good confidence concerning the range of the uncertainties.

Computational details

Geometry optimizations, frequencies and single point energy
calculations were carried out at the PBE0-D3BJ22 level of
calculation with the def2-TZVP23 basis set using Gaussian09
D01.%* Single point energy calculations were also performed at
the DLNPO-CCSD(T)?> (domain based local pair-natural orbital
coupled-cluster) using ORCA 4.0.12¢ with the corresponding
correlation consistent basis sets “CC-PVTZ-PP”27 and for Au the
relativistic ECP of the Stuttgart type was used.?® These level of
calculations were chosen following the benchmark work of
Kang et al. and Cavallo and co-workers?® (See supporting
information for more details).

To gain more insight into the nature of the chemical bond
between [LAu]* and [CO], we used the energy decomposition
analysis (EDA) with the ADF package3? with BP86-D3BJ/TZ2P
level of theory. Relativistic effects were taken into account via
the zero-order regular approximation (ZORA) Hamiltonian.3?

The EDA scheme allows the interaction energy to be
divided into three terms as shown in equation (4):

AEint = AEelect + AEpauli + AEoi = AE® + AEoi. 4)

The first term, AEeec, corresponds to the classical
electrostatic interaction between the unperturbed charge
distribution of the fragments and the second, AEpaui, term is
the quantum repulsive Pauli interaction due to the
antisymmetrization of the product of the wavefunctions of the
fragments. The sum of the electrostatic interaction and the
Pauli repulsion, AE9 allows an evaluation of the “ionic”
contribution of the Au-CO bond.32 The last term, AE,;, that can
be identified as the covalent component of the bond, accounts
for electron pair bonding, charge transfer (e.g., HOMO-LUMO

Table 1 CID experimental critical energy Ep,® Computed BDE? and selected calculated
bonds? at PBE0-D3BJ/def2-TZVP level, cone angle #¢ for [L-Au-CO]* complexes 1-16.

Complex £ Comp. Au-P Au-(CO) Au(C-0) o
[L-Au-COJ* BDE Au-C

1-tBu 35.2+1.5 335 2.341 1.990 1.118 182
2-Cy 33.3+1.0 334 2.334 1.991 1.118 170
3-iPr 33.5+1.2 33.7 2.331 1.994 1.117 160
4-Et 33.2+1.3 343 2.325 1.997 1.117 132
5-Me 37.7£2.0 35.6 2.320 1.997 1.116 118
6-Me;Ph 36.311.6 347 2.321 1.994 1.117 122
7-MePh; 35.7+1.6 343 2.323 1.992 1.117 136
8-Ph 33.5+1.4 33.7 2.324 1.989 1.117 145
9-pOMe 31.4+1.7 31.8 2.325 1.988 1.118 145
10-pCFs 34.8+1.1 35.1 2.322 1.993 1.116 145
11-biPh 34.0+1.7 31.9 2.336 1.977 1.119 -
12-OMe 33.8+2.1 35.7 2.308 2.003 1.116 107
13-OPh 34,9 +1.5 35.7 2.308 1.992 1.116 128
14-OtBuPh  36.9+1.4 354 2.310 1.983 1.117 175
15-1Pr 419 1.6 43.6 2.023 1.948 1.119 -
16-MiIC 40.6 £1.8 42.9 2.021 1.946 1.129 -

a All energies are in kcal/mol, ® bond lengths in A, ¢ Tolman cone angle in degree.3
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interactions between fragments) and polarization
(empty/occupied orbital mixing on one fragment due to the
presence of another fragment). It can be decomposed using
ETS-NOCV analysis (extended transition state-natural orbitals
for chemical valence).33

This analysis reveals that only the first four components
have significant eigenvalues. The first one corresponds to the o
donation from the carbonyl to the gold fragment with charge
depletion to the carbonyl and charge accumulation to gold and
ligand (o1). The next two components show depletion on the
metal fragment and accumulation on the carbon of the
carbonyl. It corresponds to 1t back-donation from the d orbital
of the gold to an unoccupied nt* orbital of the CO (rt; and my).
The last one could be considered as the o back-donation and is
of less importance in our discussion due to small variations on
the 16 studied complexes (o). lllustration of this analysis can
be seen on figure 4.

Moreover, we used the D3BJ dispersion correction,3* that is
added to the interaction energy leading to the total interaction

energy shown in equation (5):
AEint = AEelect + AEpauii + AEoi + AEdisp (5)

The energy decomposition procedure was carried out on all
the complexes described in this article and all ETS-NOCV
results are detailed in the Sl for this article.

Ligand effect on Gold-carbonyl bond dissociation

Figure 3a shows the correlation plot obtained between semi-
empirical Eg and calculated BDEs. A rather good agreement is
obtained between these two sets of data (r? = 0.81). The BDE
values of the Au-CO bond span over 11.8 kcal/mol between
the weakest and the strongest bond (Table 1, for complexes 9-
pOMe and 15-IPr, respectively) and reflect the variety of
electronic effects of the set of studied ligands, which are
ideally coordinated trans to the CO.3> Rationalization of these
effects was done with the help of the EDA analysis and a very
good agreement could indeed be found between BDE and AEjn:
(figure 3b), which is consistent with a slight deformation of the
fragments upon dissociation of the CO. An exception is
observed for complex 11 bearing a biphenyl moiety that can
allow a second and close interaction with gold and deform the
linear L-Au-CO torsion angle from 180° to 175° and increase
the dispersion term, AEgisp (Table 2, entry 11). This interesting
case will be discussed later.

In order to gain insight into the Au-CO bond dissociation,
we decided to analyze our results along the ligand series:
trialkylphosphines 1-5, PMes,Ph, (n = 0-3) 5-8, para-
substituted triphenylphosphine 8-10, phosphite P(OR); 12-14
and carbene 15,16. Using experimental Ep, theoretical BDE,
calculated geometrical properties and EDA, some trends that
strengthen the Au-CO bond are rationalized and the new
approach presented in this work is evaluated.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3 a) Correlation plot between the Au-CO BDEs and E, (values given in Table 1).
b) Correlation plot between the LAu-CO BDEs and LAu-CO bond interaction energy
AE;, on the basis of the values given in Table 1.

The electronic influence of trialkylphosphines (PRs
complexes 1-5) was first studied. The PR3 global ability to
increase electron density on a metal is expected to be directly
related to the relative electron-donating abilities by inductive
effect of the R groups, i.e. Me < Et < jPr = Cy < tBu. However,
when ranking these ligands according to the BDE of the M-CO
bond dissociation (Table 1, complexes 1-5), a different trend is
observed: tBu = Cy = iPr < Et < Me. From the Ej values obtained
by CID MS/MS experiments, no clear difference is observed,
with the exception of 5-Me, whose Eg is higher than the others
in agreement with calculated BDE. It seems that the PMes
ligand is the most capable of the series to reinforce the
strength of Au-CO bond. This agrees with calculated P-Au bond
lengths: the shortest in the PR; series is found for 5-Me (2.320
A, table 1).36 Here, one might expect a correlation between
larger BDE and shorter Au-(CO) bond length, but this
relationship was not observed,3” as attested by a calculated
value of 1.997 A for PMes; versus 1.990 A for PtBus. An
analogous unexpected result was obtained for the Au(C-O)
bond: we expected a higher bond length for 5-Me (1.116 A)
than for 1-tBu (1.118 A), but this was not found.

These results could be compared with those reported by
Tyler et al. in a recent article concerning the steric and
electronic influences of Buchwald-type alkyl-JohnPhos
ligands.38 In that work on LCr(CO)s complexes, it was shown
that the net electron-donating ability of a phosphine is a

This journal is © The Royal Society of Chemistry 20xx

balance between the intrinsic o-donation and steric
interactions. These contributing forces led to a ranking
(determined by IR measurements) of the electron-donating
ability of R-JohnPhos ligands: tBu-JohnPhos < Et-JohnPhos <
iPr-JohnPhos < Cy-JohnPhos « Me-JohnPhos. In other words,
it is not sufficient for a ligand to be electron rich, it also needs
to be sufficiently close to the metallic center for an optimal
transmission of the effects. Our results seem to point in the
same direction; however,
interaction, the explanation is different for gold cationic
complexes. The decomposition of the interaction energy AEint
between [LAu]* and [CO] fragments into different
contributions according to equation 4 could give some insight
into the strengths of the metal-carbonyl bonds. The relative
electron-donating abilities of the phosphine by inductive effect
of the alkyl groups from Me to tBu stabilized the electrostatic
interaction of the Au-CO bond, AEgjet, from -110.1 to -115.5
kcal/mol (Table 2, entries 1-5). However, in contrast to the
protodeauration step study by Belanzoni and co-workers,3° the
electrostatic contribution is quenched by the destabilizing
Pauli repulsion term, going from 148.0 and 137.2 kcal/mol for
1-tBu and 5-Me respectively, and spanning an energy range of
10.8 kcal/mol. The positive value of the “ionic” contribution
(AEO = AEgject + AEpayi) from 27.1 to 32.8 kcal/mol for 1-Me and
4-Cy and respectively) indicates that the interaction between
the gold cationic moiety and CO is destabilized due to steric
repulsion (AEp,ui) and corresponds approximately to one half
of the covalent component (AE,; = -66 kcal/mol).

Another illustration of our approach is given in a second set
of experiments comparing the behavior of complexes 5-8. In
this series, Me groups are successively replaced by Ph groups
forming ligands (L) of the type: PMes.,Ph, (n = 0-3). Both semi-
empirical Ep and theoretical BDE values pertaining to the Au-
CO bond of [L-Au-CO]* complexes decrease monotonically in
the order PMesz>PMe,Ph>PMePh,>PPh; (see Table 1,
complexes 5-8), and despite the small variations recorded,

due to a strong electrostatic

Table 2 EDA results of the Au-CO bond complexes 1-16.7

Complex AEint AEelect AEpauii AEoi AE° AEdisp
[L-Au-COJ*

1-tBu -37.3 -115.5 148.0 -67.0 324 -2.8
2-Cy -36.7 -115.5 148.3 -66.9 32.8 -2.7
3-iPr -37.8 -113.3 144.1 -66.0 30.8 -2.6
4-Et -38.7 -111.3 140.3 -65.3 29.0 -2.4
5-Me -40.2 -110.1 137.2 -65.1 27.1 -2.2
6-MezPh -39.0 -112.8 142.4 -66.3 29.7 -2.3
7-MePh; -38.2 -114.6 145.9 -67.2 31.4 -2.4
8-Ph -37.2 -117.0 150.6 -68.4 33.7 -2.5
9-pOMe -34.5 -120.3 158.4 -70.1 38.1 -2.5
10-pCFs -38.8 -114.3 145.6 -67.5 31.2 -2.5
11-biPh -40.0 -121.2 155.3 -69.3 34.1 -4.8
12-OMe -40.0 -108.5 135.1 -64.4 26.6 -2.3
13-OPh -39.2 -114.6 145.2 -66.9 30.6 -2.9
14-OtBuPh -40.1 -118.7 151.2 -69.5 324 -3.0
15-1Pr -48.9 -110.8 132.7 -68.0 21.9 -2.8
16-MIC -47.6 -125.0 152.9 -72.7 27.9 -2.8

a All energies are in kcal/mol.
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calculations are in very good agreement with experiments.
From a steric point of view, the size of the ligand increases, as
attested by the evolution of 6. Logically, the Au-P bond length
slightly increases following the same trend, while the Au-(CO)
distance is slightly shortened (see Table 1). As previously seen,
the Au(C-O) bond length seems minimally affected, and there
is no obvious correlation between this inter-atomic distance
and the BDE of the Au-CO bond.37 But the Au-P bond distance
in this series is not the only parameter influencing the
electronic effect. Indeed, in addition to the steric effect, if a
phosphine with three Me groups is considered to be a -donor
and a very weak m-acceptor, upon introduction of at least one
aryl group on P the situation changes, allowing the phosphine
to exhibit m-donor-acceptor properties. The progressive
replacement of Me by Ph groups from 5 to 8 stabilizes the
electrostatic interaction but, as observed previously for alkyl
phosphine, the Pauli repulsion term overtakes those effects
and the ionic contribution, AE°, have a good correlation with
AEint-

Next, we sought to evaluate the influence of electron
density on the aromatic ring of triphenylphosphine by
introduction of electron donating (OMe) and electron
withdrawing (CFs) groups on para-position (complexes 9-
pOMe and 10-pCF3, respectively) in order to compare our
results with the CO probe which is often used to investigate
the electronic properties of ligands by observation of vco of
metal-carbonyl complexes. For example the vco frequencies
reported for P(C5H4—p—OMe)3, Pphg, P(C6H4-p—CF3)3 in
complexes FeCp(SnPPhs)(CO)(PR3)* are 1903, 1904 and 1914
cml, respectively, indicating that P(CgHs-p-CF3); is the most
electron poor ligand of this series.*! By comparison with this
probe, we would expect a higher BDE for the 9-pOMe
complex, bearing an electron rich phosphine which could offer
electron density to the metal and allow higher nt-retrodonation
to CO, compared to the 10-pCF; complex, an electron poor
phosphine. However, the computed BDE values go exactly in
the opposite way, 31.8 kcal/mol for the 9-pOMe complex,
against 35.1 kcal/mol for the 10-pCF3 complex. The
experimental CID measurements corroborate this difference,
31.4 vs 34.8 kcal/mol. The 8-Ph complex, in relation to BDE
and Eo, lies between 9-pOMe and 10-pCF; (BDE of 33.7
kcal/mol, Eo of 33.5 kcal/mol), following a logical trend: the
more electron rich the ligand is, the lower the BDE is.

Clearly the explanation is not to be found in a steric
hindrance effect, as evidenced by a similar cone angle value of
145° for each of them. However, the explanation can be found
using EDA. The electrostatic interaction is quite strong and
follows the expected trend: the 9-pOMe complex bearing an
electron-rich phosphine has a higher stabilizing contribution
DEgiect (-120.3 kcal/mol), than the 10-pCFs complex bearing an
electron-poor phosphine (-114.3 kcal/mol) (Table 2, entry 9
and 10 respectively). However, the “ionic” contribution is
destabilized due to the steric repulsion (AEpaui increases from
145.6 to 158.4 kcal/mol for 10-pCF3 and 9-pOMe, respectively)
that overcomes the electrostatic contribution and a direct
correlation between AEC and AE.: nicely explain the Au-CO
bond strength.
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Considering the tBu-JohnPhos (11-biPh), by comparison
with PtBus (1-tBu) we observe that upon replacing a tBu group
by a biaryl one, a small decrease of E; and BDE values results.
The augmented electron density offered to the metal by the
biaryl group induces a stabilization of the electrostatic
interaction by 5.7 kcal/mol compared to 1-tBu. The
participation of the biaryl group on the dissociation of the Au-
CO bond explains the dispersion value (-4.8 kcal/mol, table 2,
entry 11), which is the lowest among the 16 complexes
studied, and the modification of the PAuC angle from 180 to
176° (see Sl for details). However, the biaryl group is also
responsible for the increase of AEp,u, and again the steric
repulsion overcomes this stabilization, resulting in an overall
weakening of the Au-CO bond.

Complexes incorporating phosphite ligands (12-14) have
also been subjected to CID experiments. It is interesting to
note that the computed BDE values for the loss of CO in [L-Au-
COJ* is similar for 5-Me (L = PMe3s; 35.6 kcal/mol) and 12-OMe
(L = P(OMe)s; 35.7 kcal/mol). The small size (only 42 and 51
degrees of freedom for 5-Me and 12-OMe respectively) could
explain a difference in the experimental Ep values, but this
difference becomes acceptable when uncertainties are taken
into account. The energy decomposition analysis gives similar
results with a small stabilization of the electrostatic interaction
of the Au-CO bond with -110.1 and -108.5 kcal/mol for
phosphine and phosphite complexes, respectively, that
indicates a small difference in the ability to transfer electron
density to gold (trimethylphosphine vs. trimethylphosphite).

The situation is quite different with aryl substituents. The
triphenylphosphine stabilizes the electrostatic interaction by
2.5 kcal/mol compared to triphenyphosphite (from -117.0 to -
114.6 kcal/mol for 8-Ph and 13-OPh respectively). However,
the Tolman cone angle indicates a larger degree of steric
hindrance for the phosphine than for the phosphite, and as
already observed in the EDA results, the Pauli repulsion
overcomes the electrostatic interaction and is higher for 8-Ph
than for 13-OPh (Table 2, entry 13 and 8). It results in a
stabilization of the Au-CO bond for the less donating ligand
and the 13-OPh complex bearing a phosphite (35.7 kcal/mol)
appears to be more stable than 8-Ph bearing a phosphine
(33.7 kcal/mol).

For the three phosphite complexes 12-14, including the
sterically hindered phosphite involved in 14- OtBuPh, the BDE
and Eo values are almost similar. The evolution of @ perfectly
reflects the steric hindrance of the phosphite, but the Au-P
bond distance is constant for the three complexes. Even if
Pauli repulsion quenches the electrostatic interaction and
destabilizes the Au-CO bond, on the contrary to other P
containing ligands, no correlation between AE° and AEiy: is
observed.

In a last series, the case of ligands of the carbene family
(complexes 15-IPr, 16-MIC), the influence on the dissociation
energy of the Au-CO bond has been studied. BDEs as well as Ep
values differ significantly from those of the phosphorous
ligands, being higher by more than 5 kcal/mol for computed
values and 4 kcal/mol for experimental ones. This clearly
shows the ability of these ligands to exchange electron density

This journal is © The Royal Society of Chemistry 20xx



with gold, which has a visible effect on the lengths of Au-CO
bonds. Indeed, in the case of carbenes, the Au-CO bond is
shorter by 0.04 A (ca. 1.94 A), compared to the phosphorous
ligand series (ca. 1.98 A). In considering the elongation of the
CO bond that might be expected, in fact, this is less
pronounced. Nonetheless, with 16-MIC ligand (1.129 A), the
elongation is appreciable compared with what is observed in
the phosphine series (ca. 1.117 A); this shows the strong o-
donating ability of this ligand. The 16-MIC complex also
exhibits the lowest value of electrostatic interaction for the
complete series that confirms the high donation potential of
this ligand. On the contrary, the 15-IPr complex bearing the IPr
carbene is not a strong o-donor ligand with a
stabilization of electrostatic interaction than 1-tBu*? (AEeject = -
115.5 and -110.8 kcal/mol for complexes 1-tBu and 15-IPr
respectively). However, the 15-IPr complex is less destabilized
by Pauli repulsion with only 132.7 kcal/mol which explains the
strength of the Au-CO bond. The ETS-NOCV analysis shows the
ability of carbene complexes to stabilize the nt back-donation
components with lower values than phosphorus containing
complexes and this is particularly true in the case of the 16-
MIC complex (see Sl table S8).43

lower

Conclusions

To summarize, we reported herein the formation of 16
complexes of the form [LAu-CO]* inside a modified triple
quadrupole mass spectrometer from readily available LAuCl
complexes. The decomposition of these complexes was
investigated using high pressure CID. An empirical calibration,
taking into account degrees of freedom and masses, was
developed in order to allow comparisons of relative values
with a good level of confidence. Experimental tendencies,
albeit exhibiting only small differences in relative energies
(critical energy differs by 10.5 kcal/mol between the least
stable electron-rich phosphine complex 9-pOMe and the most
stable carbene-containing complex 15-IPr), are in very good
with  theoretical BDE This
demonstrates the accuracy of the measurements carried out

agreement calculations.
by CID on LAu(l)-CO complexes. From a chemical point of view,
thanks to energy decomposition analysis of the Au-CO bond,
some interesting trends can be drawn. 1) electron-donating
phosphines stabilize the electrostatic interaction of the Au-CO
bond but it is overcome by Pauli repulsions thereby leading to
the following conclusion: the less the phosphine is electron
rich, the more the Au-CO bond is strengthened. Il) no great
BDE differences are observed between phosphines and
phosphites. Thus, the dissociation of gold carbonyl complexes
should not be used as the only descriptor to explain ligand
effects observed in homogenous gold catalysis. Ill) The
electronics properties of gold carbonyl complexes bearing
carbene ligands differ significantly from phosphorus containing
complexes, resulting in a strong stabilization of the Au-CO
bond. In conclusion, although the experimental measurements
of the absolute BDEs values for ligands is typically investigated
by Blackbody Infrared Radiative Dissociation,** we find that the
relative BDE (Au-CO) difference between [L-Au-CO]* complexes

This journal is © The Royal Society of Chemistry 20xx

appears to be a good descriptor to classify the ligands
according to their global electronic properties. This novel MS
approach will be extended to other families of Au(l) ligands
using CO, and also to other probes.
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