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Energetics of key Au(i)-substrate adducts relevant
to catalytic hydroarylation of alkynes+

Matthieu Regnacg,?® Denis Lesage,® Marte S. M. Holmsen,“% Karinne Miqueu,
Didier Bourissou 2 * and Yves Gimbert*®f

(P,C)-cyclometalated Au(i) complexes have shown remarkable ability to catalyze the intermolecular
hydroarylation of alkynes. Evidence of an outer-sphere mechanism has been provided in a previous study
and is confirmed here by analysing the experimental data and DFT calculations. In this work, we propose
evaluation of critical energies of dissociation of Au(i) complexes with different substrates via energy-
resolved mass spectrometry (ERMS) experiments and kinetic modelling. The kinetic model is based on a
multi-collisional approach. On the one hand, the classification confirms the mechanism previously pro-
posed; on the other hand, it supports the collisional model and its application to particularly fragile

rsc.li/dalton adducts.

Introduction

Gold(m) catalysis has grown spectacularly during the last few
years. Cyclometalated Au(m) complexes were found to catalyse
novel reactions or to improve the yields and selectivity of
others."” These systems are very promising, but the mecha-
nisms of Au(m)-catalysed transformations are not well known
yet. Most of the work proposing mechanisms to rationalize
observed reactivities use theoretical chemistry sometimes
associated with experimental explorations involving isotope
labelling and/or NMR and X-ray crystallography.” In the
difficult task of elucidating and characterizing the key inter-
mediates in these reactions, studies of teams contributing to
the understanding of gold(ur) chemistry must be highlighted.
In this way, Fiksdahl et al. recently reported a systematic study
of the reactivity of Au(um) bis(pyridine) complexes used in a
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propargyl ester cyclopropanation reaction based on NMR and
crystallographic data, combined with DFT.> Using the same
joint approach, this team also investigated the mechanism of
1,6-enyne alkoxycyclization involving Au(ur) bidentate com-
plexes.? Still in the context of cyclization reactions, Hashmi
et al. recently presented a study on the differences in reactiv-
ities observed with Pt(i1) and Au(ui) carbenes in the annulation
of benzofurazans and ynamides.® Labelling experiments com-
bined with a DFT description enabled them to highlight the
importance of the cationic character of the M-carbene species,
which is more pronounced in the case of Au than Pt and is at
the origin of the different types of cyclization observed (by O
for Au and by N for Pt). Several teams have investigated the
coordination mode of alkenes and alkynes on Au(m) com-
plexes. Bochmann et al.>” sought to understand the influence
of metal-bearing ligands on this coordination. A DFT study of
M-alkyne bond lengths and the determination of binding
energies enabled them to assess the importance of the trans-
effect of ligands already present in the complex. Tilset et al.®
were able to show by labelling experiments combined with
DFT that in the acetylene trifluoroacetoxylation reaction, the
catalytically active form of Au(m) ligated by 2-(p-tolyl)pyridine
was not the initial complex LAu(OAc"), (OAc" = OCOCF;) itself
but a more advanced vinyl gold intermediate AuL(OAcF)
(CH=CHOAC"). The activation of alkynes by Au(ur) complexes
has also been studied theoretically in depth by Belanzoni
et al.® using charge-displacement analysis and also during the
hydration of alkynes.'”"" Studies have also been carried out on
Au(m)-CO carbonyl gold complexes, species with low stability
of which only a few examples have been isolated with specially
adapted ligands. Bochmann et al. reported the first synthesis
of an Au(m)-CO complex, which showed high reactivity to

This journal is © The Royal Society of Chemistry 2023
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nucleophilic attack.'” Belanzoni et al.'® then used the same
complex to describe the nature of the Au(ur)-CO bond (again
using the charge displacement method) and concluded that
the Au(ur)-CO coordination consists of a strong bond through
o-donation from CO to the gold center and an even stronger
bond through n-backdonation from the gold center to CO; this
rationalizes the behavior under nucleophilic attack of such
complexes. These Au(u)-CO complexes have also been the
subject of mechanistic studies by DFT involving nucleophilic
attack of water, causing the extraction of CO, combined with a
reductive C,H bond formation.'* Recently, (P,C)-cyclometalated
Au(m) complexes have shown remarkable efficiency in the
intermolecular, stereoselective and atom-economical hydroary-
lation of alkynes.'> Hydroarylation may be defined as the
addition of an aryl group and a hydrogen atom across an unsa-
turated moiety, here an alkyne, that yields a new Csp>-Csp>
bond (Scheme 1). Such a reaction is very advantageous com-
pared to classical cross-coupling processes, in which formal
hydroarylation products are derived from pre-functionalized
aromatic substrates. It has been shown by Bourissou and co-
workers that the reaction proceeds by an outer-sphere mecha-
nism,"® involving the nucleophilic addition of an electron-rich
arene to the n-coordinated alkyne in gold. The first evidence in
favour of this mechanism was the anti-addition of the arene to
the C=C triple bond. This study was supported by NMR and
mass spectrometry experiments, and by DFT calculations.
Mass spectrometry is a powerful tool for detecting reactive
ionic intermediates and sometimes even for decrypting full
reaction mechanisms.'”™*°

Au(m) complexes are usually tetracoordinated and adopt
square planar geometry. The removal of one OAc® from [(P,C)
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Scheme 1 Mechanism of the hydroarylation of alkynes catalyzed by (P,
C)Au(OACF).
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Au(OAcF),] is an endothermic reaction. It is favoured in the
presence of B(C4F5) (liquid phase) or by increasing the cone
voltage (gas phase). Mass spectrometry, DFT calculations and
low-temperature NMR spectroscopy experiments showed that
the active species holds one trifluoroacetate group OAc® and
suggested that it is k*-coordinated. This k> form is both stable
enough to prevent the catalyst from degradation and reactive
enough to allow catalysis. This type of species, well-balanced
between stability and reactivity, is highly suited for synthetic
processes. The transformation of the x> form to the three-coor-
dinate k' form allows the introduction of a substrate into the
coordination sphere of Au(m). It has been shown that both
diphenylacetylene (DPA) and 1,3,5-trimethoxybenzene (1,3,5-
TMB) can bind to the Au(i) center. According to MS and DFT,
the 1,3,5-TMB adduct is energetically favoured compared with
the diphenylacetylene (DPA) adduct. This is consistent with
the stable oc-arene intermediate (Wheland intermediate),
identified as a resting state, which was isolated and character-
ized by NMR spectroscopy. In the gas phase, the ternary
adduct [(P,C)Au(OAcF)(TMB)(DPA)]" has been observed. The
loss of DPA is not observed in the fragmentation spectrum of
the ternary adduct, suggesting that the alkyne is in the first
coordination sphere, while the arene enters the second one.

As a consequence, the outer-sphere reaction of hydroaryla-
tion involves a subtle balance between the stability of the
gold-arene adduct and the necessity to activate the C=C triple
bond (DPA needs to be in the first coordination sphere of
gold). In this work, the objective was to compare, at least quali-
tatively, the bond dissociation energies of adducts between the
[(P,C)Au™(OACF)]" active species and different alkynes and
arenes. It is of primary interest to determine how much the
Wheland intermediate (resting state) is stabilized compared to
the activated alkyne complex and the ease of carrying out cata-
Iytic hydroarylation.

Materials and methods

Mass spectrometry

The (P,C)-cyclometalated precatalyst [(P,C)Au(OAcF),] was syn-
thesized according to a previously published procedure'® and
was infused with 1 x 10™* M substrate in acetonitrile at 15 pL
min~". The substrates that have been used for this study are
presented in Fig. 1. The experiments were performed on a
home-modified triple quadrupole mass spectrometer (Quattro
11, Waters) equipped with an electrospray (ESI) source.*’ In
Fig. 2, the different distances that account for the kinetic mod-
elling are presented. The temperature of the source was fixed
at 100 °C. The signal corresponding to the [(P,C)Au(OAc")]" ion
significantly increased when a minimum cone voltage of 50 V
was applied. The substrates were introduced into the transfer
hexapole (HO) via tubing lines under vacuum. Some of them
were not volatile enough to be introduced directly into the
mass spectrometer under vacuum conditions. Thus, a heated
line was installed in order to allow the introduction of less-
volatile substrates into the transfer hexapole preceding the
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Fig. 1 Catalyst and substrates considered in this study. MB, DMB, and
TMB stand for methoxybenzene, di-methoxybenzene, and tri-methoxy-
benzene, while DMA denotes dimethylamine, and MesH is mesitylene.
The numbers designate the corresponding binary complexes.
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Fig. 2 General scheme of the ESI-triple quadrupole used in this study
(top). Simulated internal energy distributions of complex 15 [(P,C)Au
(OACH)(1,3-DMB)I* (Eo 16.5 kcal mol™) and complex 19 [(P,C)Au(OAc")
(1,3,5-TMB)I* (Eo 21.8 kcal mol™), at different places of the instrument
(bottom). The pressure of Ar was set to 1 x 10~ mbar and V.o (acceler-
ating voltage) was set to 10 V.

first quadrupole.'® The strategy involves forming the adducts
in the gas phase by ion-molecule reactions in the hexapole
that precedes the first quadrupole, before colliding them with
gas in the collision cell while increasing the collision energy. A
Pirani gauge was used to measure the pressure in the collision
cell. The determination of bond dissociation energies (as seen
in many examples in the literature, even with gold com-
plexes®!) is based on the principle of energy-resolved mass
spectrometry (ERMS) experiments. The size effect was taken
into account by converting the kinetic energy of the precursor
ion, Ejp, into center-of-mass energy, Ecom, Using Ecom =
J-Erap, where g is Mgao/(Mgas + Mion). The survival yield (SY) is
defined as the intensity of the precursor ion divided by the
sum of the intensities of the precursor ion and all its fragment
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ions. The fragment yield (FY) is defined as the intensity of the
main fragment ion divided by the sum of the intensities of the
precursor ion and all its fragment ions.

Molecular modelling

Geometry optimizations and frequency calculations were
carried out using Gaussian16>” at the B97D/SDD+f(Au),6-31G**
(other atoms) level of theory in the gas phase for each
complex. DLPNO-CCSD(T) calculations were carried out using
ORCA 5.0*° based on the optimized geometries obtained with
DFT. The cc-PVTZ basis set was used for all atoms except for
gold where cc-PCTZ-PP was employed. The SK-MCDHF-RSC
electron-core potential was added for gold. When several
isomers exist on the potential energy surface (PES), only the
most stable have been considered. The following equation was
used to determine the bond dissociation energy:

BDE = (ECCSD(T) + ZPEDFT)AL\-K2 + (ECCSD(T) + ZPEDFT) Sub
— (Eccsp(r) + ZPEDET) gquer + BSSEccsn(r)

where Au-x”, Sub and Adduct designate the [(P,C)Au(OAc")]" ¥
precursor ion, the substrate, and the [(P,C)Au(OAcF)
(substrate)]" adduct, respectively. ZPE is the zero-point energy
correction, calculated at the DFT level of theory, and BSSE is
the basis set superposition error, calculated at the CCSD(T)
level of theory.

Kinetic modelling

MassKinetics®* (Version 2.1.2.696) was used to fit the experi-
mental SY and FY curves. The critical dissociation energies E,
of these gold complexes were determined. A loose transition
state was defined by reducing the five lower frequencies*>*® to
obtain a logarithm of the pre-exponential factor equal to 17.
The temperature of the ions was set to the temperature of the
source (373 K). The efficiency of collisions was set to 0.25,
which is in the interval of recommended values.>* The energy
transfer function proposed by F. Muntean and P.B. Armentrout®”
was used. Uncertainties are mainly based on the collision gas
pressure (+1 x 10~* mbar), the temperature (+10 K), the logar-
ithm of the pre-exponential factor (+1.0), the efficiency of the col-
lision (+0.05) and the collision cross-section, CCS (+10.0 A%). The
CCS was estimated, thanks to IMoS 1.10 software*® and the
TML]J method. Default Lennard-Jones parameters were used.
Argon (or xenon) was set as the gas and the temperature of the
gas was set at 298 K. In order to check if the model is acceptable,
a5 x 107 M gold complex solution in excess B(CgFs); was
injected into a TIMS-TOF instrument (Bruker). A difference of
3% was observed between the experimental and calculated
values for the precursor [(P,C)Au(OAcF)]" ion.

Results and discussion
Binary adducts

Internal energy distributions have been simulated with
MassKinetics at different points of the triple quadrupole

This journal is © The Royal Society of Chemistry 2023
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instrument (ESI source: 0.0 cm, end of HO: 28.0 cm, end of Q1:
53.2 cm, end of collision cell H2: 68.4 cm, end of Q3: 93.6 cm)
and are presented for two complexes, 15 and 19 (Fig. 2).
According to their calculated BDE, 19 is more difficult to break
than 15 (see Table 1, most stable isomers). These figures,
especially the one for 15, show that the complexes are partially
broken a few centimeters (so, a dozen microseconds) after
their formation in the first hexapole. This can be related to
thermal decomposition or to fragmentation caused by col-
lisions, since there is residual N, gas from the ESI source. The
internal energy distribution curves appear as truncated distri-
butions. Simulations have shown that only a few centimeters
of flight are efficient enough to obtain these truncated internal
energy distributions. Thus, in the case of weak adducts, like 15
[(P,C)Au(OAcF)(1,3-DMB)]", only ~10% of the ions pass
through hexapole HO. We note that all adducts that have a
BDE below 15 kcal mol™" do not yield exploitable SY curves
(no signal, wide variations of the signal and/or of the SY curve,
or impossibility to fit the curves in an acceptable way). The
complexes are so fragile that they are mostly fragmented in the
HO0-Q1 sequence. Mainly background noise is isolated with the
first quadrupole. Thus, complexes 7, 8, 9, 12, 16 and 20 have
not been treated. The internal energy of the ions before/after
the MSMS step is indicated in red/green in Fig. 2. They corres-
pond to collisional excitation and fragmentation in H2. The
complexes were formed by ion-molecule reactions in the hexa-
pole preceding the first quadrupole. Different alkynes and
arenes were tested (Fig. 1). Their electron-rich & systems grant
them a particular affinity for high-valent Au(m), as observed in
the condensed phase.

Indeed, some Au(ur)-t complexes have already been charac-
terized.>® Also, arenes are expected to form Wheland com-
plexes before possible proton transfer.'®*° First, we studied
the simple gold(m) alkyne or arene adducts, and tried to deter-
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mine their critical energies of dissociation. Then, we investi-
gated the formation and fragmentation of ternary adducts [(P,
C)Au(OAcF)(alkyne)(arene)]. In Fig. 3, the experimental SY
plots and their associated simulated curves are plotted. The
curves were fitted in search of the best compromise with the
SY axis set at normal and logarithmic scale (Fig. S41). Note
that at low collision voltages, the measured experimental SY is
sometimes far from the calculated SY. This is due to two
reasons. First, the gas pressure prevents certain ions from
reaching the detector. The ions are, so to say, stopped in the
collision cell and not transmitted. On the other hand, the
kinetic energy distribution around the collision energy value is
relatively wide.*" The E, parameters used to fit the SY plots are
reported in Table 1. It appears clearly that complex 2 (with pyr-
idine) is the strongest complex, followed far behind by 19, 13
and 3. The critical energy of dissociation of complex 3 [(P,C)Au
(OACH)(PhCCH)J" is not in accordance with the BDE calculation
result. This outlier is discussed separately below. Then come
the other trimethoxybenzene complexes, 17 and 18 (due to the
electron density brought by the methoxy groups). Adducts 5,
10 and 11 can also be considered moderately strong.
Complexes 4, 6, 14 and 15 are the most fragile that can be
treated.

Comparison of our model with the TCID technique

The threshold CID (TCID) technique is one of the gold-stan-
dards for the determination of bond dissociation energies
(BDE),**”*° as well as the BIRD technique.’” We have estimated
the critical energy of dissociation (E,) for some complexes
(complexes 4 and 19, as shown in Fig. 4; 2 and 6, as shown in
Fig. S5f) by TCID. For each complex, the estimated E, was
found to be close to the calculated BDE. However, the com-
plexes considered here are so fragile (except 2) that the slight-
est collision energy is enough to break up large parts of the

Table 1 Experimental critical energies (Eg in kcal mol™) and bond dissociation energies (BDE.,c in kcal mol™) calculated at the DLPNO-CCSD(T)
level of theory. Gold—substrate (Au—Sub) distances are given in A. Isomers with substrates trans to the P atom have been found to be more stable.
When different isomers have been optimized (O vs. C or C=C adduct), the different binding modes are also indicated. Diverse meaningful structures

have been tested: only the most stable isomer of each kind is presented

Substrate Distance Au-Sub BDE_,1c E, Substrate Distance Au-Sub BDE_,|c E,
1 CH;CN Au-N 2.17 17.4 16.7 +3.3 11 EtCCEt Au—(CC) 2.40 19.0 18.7 £ 2.6
2 Py Au-N 2.17 31.0 30.0 £2.5 12 MB (anisole) Au-C 2.44 14.5 —
Au-0 2.26 10.3
3 PhCCH Au-(CC) 2.27 13.0 21.9+£2.5 13 N,N-DMA Au-N 2.33 21.5 20.8 £2.3
Au-C 2.38 19.5
4 PhCCMe Au-(CC) 2.33 18.3 16.6 + 3.3 14 1,2-DMB Au-0 2.37 17.6 15.5+3.3
Au-C 2.40 12.6
5 PhCCnBu Au-(CC) 2.30 20.5 18.7 + 2.6 15 1,3-DMB Au-C 2.33 16.5 16.1+3.4
Au-0O 2.25 12.5
6 PhCCPh Au-(CC) 2.37 19.4 17.3+2.9 16 1,4-DMB Au-0 2.25 13.9 —
Au-C 2.43 11.7
7 HCCCO,Me Au-0 2.21 9.5 — 17 1,2,3-TMB Au-0 2.24 19.5 18.9+3.1
Au—(CC) 2.44 5.2 Au-C 2.35 16.2
8 HCCCO,Et Au-0 2.21 11.1 — 18 1,2,4-TMB Au-C 2.34 18.5 18.4 £ 2.7
Au-(CC) 2.44 6.2 Au-0 2.36 16.0
9 MeCCCO,Me Au-0 2.20 12.8 — 19 1,3,5-TMB Au-C 2.29 21.8 21.7£2.3
Au—(CC) 2.35 11.0 Au-0O 2.27 11.6
10 PhCCCO,Et Au-0 2.17 19.6 18.9 + 2.7 20 MesH Au-C 2.39 12.7 —
Au-(CC) 2.23 14.4

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Fragmentation curves of the different adducts. Plots and curves are reported according to the Ecom scale. Experimental data points and cal-

culated fits are presented on a linear SY scale.
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Fig. 4 Comparison of TCID (orange) and CID (green) experiments for
complexes 4 [(P,C)Au(OACT)(PhCCMe)l* and 19 [(P,C)Au(OAc)(L,3,5-
TMB)]*. TCID conditions: 6 x 107> mbar of Xe in the collision cell. CID
conditions: 1 x 10~° mbar of Ar in the collision cell.

ions (see below). Thus, the threshold measure becomes
unclear because the dynamic range of fragmentation is too
narrow. This is why we chose to work under multiple-collision
conditions. The argon pressure was set to 1 x 10~ mbar in the
collision cell. Relatively good agreement was found between
the TCID and CID experiments.

Special case of the PhCCH adduct

According to its low BDE, the critical energy of dissociation of
the phenylacetylene adduct 3 should be much lower. In con-
trast, it appears to be almost as strong as that for 19 (Fig. 3).
The acetylenic proton of PhCCH is acidic and it is highly likely
that the corresponding acetylide species is involved in the dis-

13532 | Dalton Trans., 2023, 52, 13528-13536

15 [Au(P,C)(CCPh)]" + HOAC®
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H

Fig. 5 Energy profile for the formation of acetylide in the particular
case of phenylacetylene. Energies (A(E + ZPE) in kcal mol™) are calcu-
lated with CCSD(T) (uncorrected for BSSE), on the geometries optimized
at the B97D/SDD+f (Au),6-31G(d,p) (other atoms) level of theory.

sociation process, as supported by the appearance of a minor
peak corresponding to the loss of HOAc" (—114 Da, or —115 Da
when PhCCD is used). The existence of such species has
already been established for Au(1)*® as well as Pd(u) and Pt
(m).*° The acetylide structure was calculated to be 0.7 kcal
mol ™" slightly less stable than the ;> form (Fig. 5; the energy
values presented here are CCSD(T) values). The transition state
(TS) connecting the ;> and acetylide forms (proton transfer
from the terminal carbon atom to the OAcF group) is only

This journal is © The Royal Society of Chemistry 2023
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7.0 keal mol™" higher in energy, and is thus easily obtained.
Concerning kinetic modelling, the MassKinetics model used
in this study does not take into account well the equilibrium
between the ;> and acetylide forms. Therefore, we have devel-
oped a new model, which is described in the ESL{ This model
is no longer based on collisions but on thermal activation (due
to the multi-collisional regime), by attributing a temperature
value to a collision voltage. This model better takes into
account the equilibrium between the 7*> and acetylide forms
and gives a reliable E, value (14.1 kcal mol™) for the dis-
sociation of PhCCH from [(P,C)Au(OAcF)(PhCCH)]", which is
close to the calculated one. The model has been tested suc-
cessfully on other complexes (Fig. S37).

Correlation between experiments and theory

Fig. 6 is a plot of the experimental critical energies E, extracted
from the SY curves by kinetic modelling against the calculated
bond dissociation energies. At values below E, = 15 kcal mol ™,
no experimental data points were obtained, except in the par-
ticular case of PhCCH. This “no point’s zone” is a consequence
of the fragmentation in the transfer hexapole or in the first
quadrupole of the most fragile adducts.

In some cases (10, 13, 14, 15, 17, 18, and 19 are concerned),
different coordination types can be envisioned (Fig. 7). They
cannot be distinguished on the basis of the MS/MS spectrum
(same fragments), but critical energy values may enable doing
so. In the source, there is an equilibrium between the different
isomers that favors the most stable one. However, the most
fragile isomers are more likely to easily transition towards the
ground-state structure or to fragment in the transfer hexapole.
It is clear then that the most stable conformer is present at
much higher yields in the collision cell.

The set of E, values determined experimentally by MS
matches well with the BDE values computed by DLPNO-CCSD

34
32

10

304 y =0.937 x + 0.66 e  1CH3CN
5 R2=0.944 o 2py
3 PhCCH
< 26 - //' 7 4 PhCCMe
g 24 ] A A 5pPhCCnBu
= P A 6PhCCPh
S 221
Lo )/ ¢ 10 PhCCCO2Et
=~ 201 W 4 11 EtCCE
o 18 ] P ) * 13 N,N-DMA
4l *  1412-DMB
16 4 w g L v 1513-DMB
14 4 pd J v 17123-TMB
J/ * 18124-TMB
12 ©  1913,5TMB

10

12

T T T T T T T T T T 1
14 16 18 20 22 24 26 28 30 32 34

BDE /kcal.mol’

Fig. 6 Eo vs. BDE (in kcal mol™) plot. The error bars indicated on the
graph are not uncertainties calculated from experimental variations, but
biases established in the kinetic model. They include the bias on the
pre-exponential factor (17.0 + 1.0), on the pressure in the collision cell
(1 x 1073 + 1 x 10~* mbar), the temperature of the source (373 + 10 K),
the collision cross-section (+10 A?) and the coefficient of inelasticity
(0.25 + 0.05).
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Fig. 7 Optimized structures of complex 10 involving O and C=C
coordinations. Some H atoms were removed for the sake of clarity. Au:
yellow, P: orange, C: black, F: light blue, O: red, and H: grey.

(T) calculations. For most of the complexes, the computed
BDE value falls within the margin of error of the E, determi-
nation value determined experimentally upon kinetic model-
ling. The slope of the linear regression and the intercept are
0.94 and 0.66, respectively, which are close to the ideal coeffi-
cients of 1 and 0. A pretty good agreement is found between E,
and BDE (R> = 0.944). These three parameters are the indi-
cators of good correlation between E, and BDE. Based on the
consistency of the calculations, we can assert that the kinetic
model used in this study is well adapted to these kinds of
fragile compounds. Nonetheless, there are some limitations in
the use of this model. First of all, the signal used to calculate
the SY needs to be high enough. The pre-exponential factor
was also considered to be 17.0 (reflecting a loose TS), which is
just a primary approximation justified by the fact that no TS
associated with the decoordination of the substrate was found
on the PES, suggesting that the process is barrierless.

Within the series of methoxy-substituted benzenes, the
greater the number of methoxy groups, the higher the critical
energy of dissociation, the smaller the Au-C distance and the
higher the electronic density on the aromatic ring, especially
at the ortho and para positions (NPA charges on arenes are pre-
sented in Fig. S1}). Calculated bond dissociation energies
support this observation. It is obvious that the CH(arene) posi-
tions of 1,3,5-TMB are particularly electron rich because they
are all at ortho- and para-positions of the OMe groups, in con-
trast to 1,2,3-TMB and 1,2,4-TMB in which unfavorable meta
positions also exist.

Within the series of alkynes, the BDEs and critical energies
of 4, 5, 6, 10 and 11 are so close that it appears more difficult
to reveal a general trend. The strength of alkyne coordination
most likely depends on several factors, i.e., the electron density
and polarization of the CC triple bond, as well as the steric
hindrance induced by substituents.
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The case of CO,R-substituted alkynes also deserves com-
ments. The ester group lowers the electron density of the C=C
triple bond to such an extent that O coordination is favored,
also underlying the oxophilic character of Au(m)*>*' (Fig. 7). In
the gas phase, no ternary adducts were detected when
PhC=CCO,Et was used as the alkyne and 1,3,5-TMB as arene:
only the binary adducts 10 and 19 were observed. An expla-
nation can be offered by considering the differences in BDE
observed for 10 (Table 1, entry 10), which indicates that in the
gas phase, alkyne coordination takes place preferentially via O
(19.6 vs. 14.4 keal mol™" for coordination via the C=C bond).
This coordination via the O atom seems to be specific to the
gas phase (which induces kinetic control), because in solution,
the use of PhCCCO,Et leads to the reaction product.’®

Ternary adducts and protodeauration process

We generated several ternary adducts in the gas phase, by
introducing both the alkyne and the arene at the same time
into the first hexapole. When the two substrates are not very
volatile, they were both introduced through the heated line.
The line temperature was set to a temperature for which we
can systematically ensure the presence of the binary adducts
with the alkyne and with the arene, before looking for the pres-
ence of the ternary adduct. In the gas phase, only ternary
adducts with 1,3,5-TMB as the arene have been observed,
although in solution, hydroarylation was also done with other
arenes.'® Therefore, only 1,3,5-TMB as an arene seems to be
nucleophilic enough to react with activated rn-alkyne complexes
in the gas phase. This underlines once again the electron-rich
and activated nature of 1,3,5-TMB as substrate. The alkynes
used are PhCCH, PhCCMe, PhCCnBu, PhCCPh, PhCCCO,Et
and EtCCEt. Noticeably, all attempts to form and characterize
the ternary adduct [(P,C)Au(OAc”)(PhCCCO,Et)(1,3,5-TMB)]"
remained unsuccessful.

CID-MS/MS spectra of the ternary adducts have been
recorded (Fig. S6f). The fragmentation spectrum of
[(P,C)Au(OACF)(PhCCPh)(1,3,5-TMB)]" (m/z 899) shows m/z 731
[(P,C)Au(OAcF) (PhCCPh)]" and m/z 553 [(P,C)Au(OAcH)]" (see
the ESIt), which may correspond to the loss of the hydroaryla-
tion product (styrene derivative) or to the concomitant (and
consecutive) losses of 1,3,5-TMB and PhCCPh, in this order.
The loss of PhCCPh from m/z 899 is not observed, which is
additional evidence for the outer-sphere mechanism. All the
MS/MS spectra are similar to the spectrum obtained with
PhCCPh as the alkyne. The CID-MS/MS spectrum of m/z 803
(ternary adduct [(P,C)Au(OAcF)(EtCCEt)(1,3,5-TMB)]*) does not
show the loss of 1,3,5-TMB (168 Da) or EtCCEt (82 Da) but
does show the loss of 250 Da (168 + 82 Da), corresponding to
the loss of the hydroarylation product and/or the concomitant
losses of 1,3,5-TMB and the alkyne. Unfortunately, we were not
able to record fragmentation curves of [(P,C)Au(OAcF)(alkyne)
(1,3,5-TMB)]" ions due to the low intensity of the corres-
ponding peaks.

Fig. 8 shows the full hydroarylation pathway computed in
the gas phase for the reaction between reactants PhCCPh and
1,3,5-TMB promoted by the [(P,C)Au(OAcF)]" complex. The
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Fig. 8 Full outer-sphere mechanism computed in the gas phase for the
hydroarylation between PhCCPh and 1,3,5-TMB promoted by the [(P,C)
Au(OACH]* complex (R = iPr) and OAcF cis to P. The E + ZPE energies
have been calculated at the B97D/SDD+f (Au),6—31G(d,p) (other atoms)
level of theory, in the gas phase. Some H atoms were removed for the
sake of clarity on TS structures. Au: yellow, P: orange, C: black, F: light
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hydroarylation mechanism is composed of two main steps: the
formation of the C-C bond ([k*-(P,C)Au(OAcF)]" — intermediate
A), followed by protodeauration (A to C). The PhCCPh coordi-
nation is not competitive energetically with that of 1,3,5-TMB
(=35.6 kcal mol™" against —44.5 keal mol™"), in line with our
experimental observations. However, the nucleophilic addition
of 1,3,5-TMB to the z-activated alkyne complex is very much
favored energetically (—66.5 kcal mol™") and is a barrierless
process (no TS localized on PES in the gas phase). The depro-
tonation of 1,3,5-TMB by the OAc® group followed by the proto-
deauration step (migration of the proton from HOAc® to the
styrene product) is not too energetically demanding. The pro-
todeauration might be seen as the replacement of Au(m) by a
proton (that comes from the arene moiety), to allow the

This journal is © The Royal Society of Chemistry 2023
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decoordination of the hydroarylation product. The proton
transfer from the arene moiety to OAc™ requires 24.3 kcal
mol™" (A — TS AB) in the gas phase. This energy barrier is
lower than the one needed to decoordinate 1,3,5-TMB
(30.9 keal mol™). Moreover, the fragment peak corresponding
to the loss of the styrene derivative (m/z 553) is always more
intense than that corresponding to the loss of 1,3,5-TMB. The
last step of the mechanism is the back migration of the proton
from HOACF to the carbon atom (B — C). This step needs only
a little bit of energy to be completed (B — TS BC, 4.6 kcal
mol ™). The ensuing n-alkene complex E is 10.7 kcal mol™*
lower in energy than the ternary adduct A. Similar profiles
were computed for the reaction of 1,3,5-TMB with the other
alkynes (the energies of the key intermediates and transition
states are collected in Table S17).

Conclusions

To conclude, we conducted a systematic study of alkyne and
arene coordination with a (P,C)-cyclometalated Au(u) complex
in the context of catalytic hydroarylation of alkynes.
Fragmentation curves from CID-MS/MS experiments were
obtained. The kinetic modelling of these curves was carried
out using MassKinetics, and critical dissociation energies E,
were extracted from the collision model with a confidence
interval of approximately 3 kcal mol™'. We obtained a very
good correlation between the experimental E, and the calcu-
lated BDE values. In turn, this suggests that the kinetic model
used in this study, with collision gas at high pressure, is rather
consistent, even if it is not a standard method to determine
critical energies of dissociation/bond dissociation energies. It
seems well adapted to relatively fragile complexes to obtain a
broader dynamic range of fragmentation to fit. The experi-
mental MS data supports the calculations previously made by
Bourissou and co-workers. Indeed, the electron-rich arene
1,3,5-TMB is a better ligand towards Au(m) than any alkynes.
However, outer-sphere nucleophilic addition of the arene to
the m-activated alkyne is energetically favoured over the
coordination of the arene alone, and the formation of the
C(alkyne)-C(arene) bond stands as a sizeable driving force.
We have established the full hydroarylation pathway: it is rela-
tively easy to obtain the styrene product. Only the proton
transfer from 1,3,5-TMB to OAc® requires a little amount of
energy, which is lower than the energy required to break the
C-C bond between the arene and the alkyne (decoordination
of 1,3,5-TMB). This study marks significant progress in
different respects. First, it completes the panoply of methods
for the determination of critical energies by the determi-
nation of BDEs for relatively fragile complexes. This work also
permits discrimination of coordination modes in some cases
(at least qualitatively) and determines absolute critical ener-
gies of dissociation. Finally, mass spectrometry once again
shows that it can be used to elucidate complex molecular
mechanisms and may be used for others, as long as they
involve reactive ions.

This journal is © The Royal Society of Chemistry 2023
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