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Abstract: A detailed approach into electronic effects of ligands on gold-alkyne interactions has been carried out in the gas phase using tandem
mass spectrometry. A semi-empirical method coupled to DFT calculations was used to quantify ligands effects on Au-CC bond strength. To
this end, the critical energies of 16 [L-Au-hex-3-yne]* complexes with different L ligands were determined through collision induced
dissociation. It was observed that electron-rich ligands destabilize the gold-alkyne bond, whereas phosphites and carbenes strengthened it.
The influence of alkyne electronic effects on the gold-alkyne bond has also been studied by dissociation in tandem mass spectrometry on
four different alkynes. In an original approach, two successive ion-molecule reactions within the mass spectrometer were used to measure
the relative affinity of gold to an alkyne by exchange reactions. The result is that the more electron-rich the alkyne, the stronger the gold-
alkyne bond.

Introduction

The activation of alkynes by gold complexes is a widely used method for the formation of C-C bonds under mild conditions,
allowing the use of a wide structural variety of organic precursors.™! From this activation it is possible to engage a broad
variety of nucleophiles, which can condense intermolecularly or intramolecularly, leading in the latter case to complex
cycloaddition products.? The activation of an alkyne by Au(l) results from the electron depletion of the triple bond following
its coordination with the metal, making it more reactive towards a nucleophile (Scheme 1a).B!
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Scheme 1. a) Triple bond activation by gold(l) cationic complexes toward nucleophile; b) influence of both ligand L and alkyne (R1-=-R2) in bond

dissociation energy

In this work, we wanted to investigate two aspects that condition/direct the metal-alkyne interaction:

i) The influence of the electronic properties of the ligands L on the ability of Au(l) to increase the electrophilicity for an
identical alkyne to which it coordinates;

ii) The influence of the electron-rich or electron-poor nature of the alkyne on the coordination efficiency for the same ligand
L.

To study the influence of the ligand L on this activation with Au(l), we need access to an experimental value of an "indicator"
that links the electronic properties of L to the ability of the metal, once coordinated to the unsaturation, to increase the
electrophilic character of the triple bond.[ The following assumptions are made: the more cationic the Au, the more its
coordination with the unsaturation induces an electronic deficit on the latter, making it more reactive towards a nucleophilic
reagent; the stronger the Au-(triple bond) interaction, the higher the dissociation energy of this interaction. It is therefore
reasonable to assume that a strong electron-donating ligand will reduce the cationic character of the gold, which will
consequently interact less strongly with the unsaturation and thus lower the dissociation energy of the gold-alkyne bond,
whereas a less electron-donating ligand will produce an opposite effect (Scheme 1b).

Following a similar line of reasoning, we can expect that in the case of an electron-rich triple bond, the dissociation energy
after coordination with gold will be greater than that observed with an electron-depleted triple bond for the same complex
L -Au(l).



In 2017, our research teams have already studied ligand effects in gold complexes used in catalysis, involving [L-Au-COJ*
species produced in situ in a homemade mass spectrometer, with CO playing the role of a thermometer ligand.! By
measuring the bond dissociation energy (BDE) corresponding to the dissociation [(L)Au-CO [* — (L)Au* + CO using
collision-induced dissociation (CID) in tandem mass spectrometry, we have shown that it is possible to correlate these
BDE values with the electronic properties of gold-coordinated ligands. In this work, we have followed the same
methodology by experimentally determining the BDEs corresponding to the dissociation [(L)Au-alkyne]* — (L)Au* + alkyne
as a function of the electronic properties of L and also as a function of the nature of the R1 and R2 substituents on the
triple bond (Scheme 1). In 2021, a similar approach was used by Roithova and coworkers in a study to investigate the
influence of the structure of unsaturated hydrocarbons coordinated to Au(l)-PPhz and Ag(l)-PPhs complexes!® Another
study by Gal and coworkers highlighted the influence of alkyne dissociation in JohnPhos(Au*), PPhs(Au*) and IPr(Au*)
complexes.[”

In this article, we report the study of 16 L-Au(l)-hex-3-yne complexes (1-16A) (Scheme 2),1! the diversity of which lies in
the choice of L ligands, by tandem mass spectrometry combined with a theoretical analysis. The experimental procedure
employed to measure the BDEs is presented first, followed by a detailed analysis of the results.

The influence of the electronic properties of the alkyne on the dissociation energy of the gold-alkyne bond was carried out
on 4 complexes by replacing the hex-3-yne (A) with 3 other alkynes (B-D). We also present exchange reactions in the gas
phase between alkynes according to the electron density present in the unsaturation influenced by the nature of the R?,
R? substituents.

@ ® ® ®
t-BuzP—Au CysP—Au i-PrsP—Au Et;P—-Au
1-tBu 2-Cy 3-iPr 4-Et

@ ©] ® ®
MesP—Au Me,PhP—-Au MePh,P—-Au  PhsP—-Au

5-Me 6-Me,Ph 7-MePh, 8-Ph
MeO - u Fs;C !
t Bu,—P— Au
9-pOMe 10-pCF3 11-biPh
t-Bu
® ® o] ®
(MeO);P-Au  (PhO);P—-Au P-Au
12-OMe 13-OPh t-Bu 3
14-OtBuPh
i- Pr
i- Pr
N \/ N i Pr
i-Pr AU i-P
i-Pr AU
15-IPr 16-MIC
Alkyne = A Et———Et
B Me CO,Et
C MeO,C—==—CO,Me
D F;C—==—CO,Et

Scheme 2. Gold(l) complexes 1-16 and alkynes A-D studied in this work

Results and Discussion

Although the isolation of gold-alkyne complexes has been achieved,® the development of a method for obtaining and
manipulating these complexes in solution, whatever the ligand carried by the gold, is not straightforward. For our gas-
phase study, it would have been possible to form these complexes in the liquid phase by activating [L-Au-Cl] with a silver
salt to form L-Au* ions in solution after precipitating Ag-Cl, then adding an excess of alkyne to obtain the desired complex.[”!
However, the reactivity of the complexes formed with methanol - the solvent of choice for species solubility, electrospray



ionization and signal stability - leads to a rapid decrease in the signal intensity of the studied complex. This is why we
decided to produce the cationic gold complexes directly in the gas phase, as we had done in our study of gold-carbonyl
complexes, through ion-molecule reaction between [L-Au]* (1-16) and the alkyne (A-D) during ion transfer (Scheme 2).19
Although this process is extremely efficient and very general for stable complexes, it does have one limitation: the vapor
pressure of the alkyne must allow it to be introduced directly into the gas phase.

The desired ions were selected in the first quadrupole and then dissociated in the collision cell by collision on argon.

Semi-empirical critical energy measurements on gold-hex-3-yne complexes.

The TCID (Threshold Collision Dissociation) is a robust and well-known mass spectrometric technique allowing the
absolute measurement of binding energies under collisional processes. However, it is difficult to implement because it
requires a perfect control of the kinetic and internal energy distributions of the precursor ions.*2 Furthermore, the single-
collision processes involved are rare for the fragmentation of large systems!*®l and comparing the fragmentation of systems
of different sizes is still difficult.*

Having developed a method enabling the relative critical energy comparison with a good level of confidence of complexes
that are extremely different in terms of size (degree of freedom, DoF) and mass, we wished to enlarge this method to gold-
alkyne complexes, in our case gold-hex-3-yne A complexes with the same ligand series as used in our previous work.
Hex-3-yne, A was used for the following reasons: 1) It is perfectly symmetric, so only one conformation is possible when
coordinating with gold, and minimal rearrangement is favored by symmetric dissociation; 2) Hex-3-yne is volatile, so
formation of the desired complexes is straightforward, regardless of the ligand.

Gold complexes were dissociated under multi-collisional conditions on argon. The loss of hex-3-yne was monitored to
obtain the survival yield (SY) as a function of the energy deposited within the collision cell (equation 1).5]

SY = Irs/[Irs + Zlp+] (1)
where Ir+) is the abundance of the reactant ions and I+ is the sum of the abundances of product ions.

The kinetic energy of the reactant ion measured in the laboratory frame (Eab) was converted to the center-of-mass energy
Ecwm to account for the size effect (equation 2).

Ecm = (M1/(MTt + MR)) Efab (2)

Where Mg and My are the masses of the reactant ion and neutral target gas, respectively. This center-of-mass energy
determines the maximum energy transferred during an inelastic collision.
Sigmoidal survival yield curves were obtained for the 16 chosen complexes (Figure 1a).
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Figure 1. a) Survival yield (markers show experimental data and lines, RRKM modelling) and b) corresponding mean internal energy prior to
decomposition (<Eine>) of the CID process for the 16 gold-hex-3-yne complexes as a function of the center-of-mass energy (Ecwm).

As expected, the surviving ion curves are dramatically affected by the size (DoF, from 84 to 372) and mass (from 355 to
925) of the dissociated complexes. To calibrate the amount of energy deposited during the collision,*®! a truncated
Maxwell-Boltzmann internal energy distribution model*”! based on transition state theory (RRKM theory)® was used and
the SY curves were simulated using Masskinetics software. !

The mean internal energies before fragmentation (<Eine>) were calculated and plotted as a function of center-of-mass
energy (Ecwm) for the 16 complexes studied using the sigmoidal curves shown in Figure 1la (Figure 1b). For the truncated
Maxwell-Boltzmann internal energy distribution model, we obtained linear correlation of the mean internal energies prior
to fragmentation ((Ein:)) plotted as a function of center-of-mass energy (Ecm). But at low energies, there may be artifacts,
such as the presence of other, more fragile forms of low abundance.®%4a Thus, for most complexes, linear regression lies
between 10 and 95% of fragmentation.

From the regression lines obtained for the 16 complexes, the slopes and y-intercepts were plotted against the mass of the
complexes (Figure 2a) and their number of degrees of freedom (DoF) (Figure 2b), respectively.
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Figure 2. a) Slope of the calibration line (S<ein-ecm) (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 (<Ein, 0v>) as a function of the DOF with linear regression.

The mass of the complexes correlates well with the slope of the mean internal energies. Although the trend between the
number of oscillators as a function of mean internal energy at OV is weaker, this is observed for all 16 complexes studied,
whereas complexes with an alkylphosphine ligand followed a different relationship in the case of gold-carbonyl complexes.
It should be noted, however, that the complex with a tricyclohexylphosphine ligand (2-Cy-A) is slightly offset from the
regression line (yellow diamond, figure 2b).

A general equation has been extracted from the two regression lines to define the relationship between mean internal
energy and center-of-mass energy.

<Eine> = (0.0097 DOF + 0.6077) + Ecm (0.0072 Mg - 0.3213) (3)

Equation (3) allows to obtain the deposited mean internal energy <Ei,> for each complex according to Ecy. These <Ein>
are associated with corresponding characteristic temperatures (Tcnar), Which are internal energy distributions prior to
decomposition (see Sl for details). The critical energies (Eo) (Table 1) for each complex can be determined from these
Tehar VS. Ecm values obtained from this calibration and the fitting of the curves (Figure 1).

Table 1. CID experimental critical energy Eo, Computed BDE and selected calculated bond lengths at PBE0O-D3BJ/def2-TZVP level.

Chicr B GoEn auem AWCO® G
1-tBu-A 2.04+0.17 191 2.310 2.250/2.253 1.229
2-Cy-A 2.01+0.18 1.87 2.302 2.253/2.254 1.229
3-iPr-A 1.96+0.15 1.95 2.302 2.253/2.254 1.229
4-Et-A 1.97+0.17  2.00 2.291 2.253/2.255 1.229
5-Me-A 2.07+0.21  2.07 2.287 2.253/2.253 1.229
6-Mez2Ph-A 2.03+0.16  2.05 2.290 2.250/2.251 1.229
7-MePh2-A 1.93+0.14 1.99 2.287 2.245/2.248 1.230
8-Ph-A 1.98+0.13  1.95 2.290 2.246/2.249 1.229
9-pOMe-A 1.86+0.12 1.81 2.291 2.248/2.251 1.229
10-pCFs-A 2.12+0.11  2.08 2.289 2.246/2.247 1.230
11-biPh-A 1.73+0.11 1.73 2.310 2.240/2.257 1.229
12-OMe-A 2.00£0.19  2.07 2.277 2.261/2.264 1.229
13-OPh-A 2.15+0.15 2.17 2.266 2.241/2.250 1.230

14-OtBuPh-A 2.21+0.06 2.20 2.268 2.236/2.245 1.230

15-1Pr-A 2.25¢0.11  2.38 2.008 2.212/2.212 1.231



16-MIC-A 2.16+0.10 2.23 2.011 2.211/2.212 1.231

[a] Energies in eV. [b] bond length in A

By varying the parameters affecting the relative difference between these critical energies (see Sl for details), the
uncertainties in the critical energies for the 16 gold complexes were estimated. This calibration method has been applied
to 16 different complexes. It allows critical energy values to be compared with good confidence in the range of
uncertainties. It's worth noting that relative errors between molecules (particularly between similar molecules such as 8-
Ph-A, 9-pOMe-A and 10-pCF3-A (which have a triarylphosphine ligand) are much smaller.

Ligand effect on Gold-hex-3yne bond dissociation

To assist in the interpretation of the experimental results, DFT calculation were performed. Calculated bond dissociation
energies (BDEs) were performed at the PBEQ-D3BJ?Y level of calculation with the def2-TZVPRU basis set using
Gaussian09 D012 for geometry optimizations, frequencies and single point energy calculations. Energy decomposition
analysis (EDA) were also conducted to gain a better understanding of the nature of the gold-hex-3-yne bond at the BP86-
D3BJ/TZ2P level of theory with the ADF package.®® Relativistic effects were considered via the zero-order regular
approximation (ZORA) Hamiltonian.?4 The EDA scheme allows the interaction energy to be divided into four terms
resulting to the total interaction energy (AEin) as shown in equation (4):

AEint = AEelect + AEpauii + AEoi + AEdisp. (4)

With AEeec, the electrostatic interaction between the unperturbed charge distribution of the fragments, AEpaui, term
corresponds to the quantum repulsive Pauli interaction, AE.; the covalent component of the bond, accounts for electron
pair bonding, charge transfer and polarization and AEgisp, the D3BJ dispersion correction (Table 2).12%

Experimental critical energies (Eo) are compared with theoretical calculations (BDEs) (Figure 3a). The BDE is the
calculated change in the enthalpy of dissociation reaction at 0 K, while the critical energy represents the difference between
the energy of formation of the transition state for dissociation and that of the precursor ion at 0 K. As fragmentation is
achieved without reverse activation barriers, these two values are very close and may be considered to be approximately
equal.l>d
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Figure 3 a) Correlation plot between the BDEs and Eo (values given in Table 1). b) Correlation plot between the BDEs and bond interaction energy
AEint on the basis of the values given in Table 1.

Although the correlation coefficient is only 0.83 between theoretical and experimental values, there is indeed a correlation
between calculated and experimental values. The correlation is very slightly better than in the case of gold-carbonyl
complexes (0.81).1%3 What's more, the difference in dissociation energy between the weakest and strongest complexes is
relatively small (from 1.73eV to 2.38eV), so even a small error on the strongest complex will result in a significant variation
in the slope. The calculated difference between the weakest bond for 11-biPh-A and the strongest bond for 15-IPr-A is
0.65 eV. This difference is more pronounced than in the case of the gold-carbonyl complexes (0.51 eV) and the dissociation
energies of the gold-alkyne bond are also on average 0.5 eV higher.[¥ This stabilization reflects the greater affinity of
gold(l) complexes for hex-3-yne compared with carbonyl.

Figure 3b shows the correlation plot obtained between calculated BDEs and AE;, from EDA. As expected when fragments
are slightly rearranged during dissociation, excellent correlation (R2 = 0.99) is obtained excluding the 11-biPh-A complex,
which undergoes deformation during alkyne dissociation. This case will be examined in detail below. Steric interactions
(AE® = AEeiect + AEpaui) destabilize the Au-alkyne interaction with positive values (Table 2). The presence of strong Pauli
repulsion in gold cationic complexes implies destabilization of the gold-alkyne interaction due to steric repulsion.

Table 2. EDA results of the Au-CC bond complexes 1-16@

Comple
0 N Cé]* AEin AEdex AEpaui AEq AE® AEdisp
14Bu-A -2.15 -4.52 5.51 -2.65 0.98 -0.49



2-Cy-A -2.07 -4.50 5.50 -2.61 1.00 -0.46

3-iPr-A -2.16 -4.46 5.36 -2.63 0.90 -0.43
4-Et-A -2.25 -4.43 5.24 -2.65 0.81 -0.41
5-Me-A -2.34 -4.41 5.12 -2.68 0.71 -0.36
6-Me2Ph-A -2.32 -4.46 5.22 -2.68 0.76 -0.39
7-MePh2-A -2.24 -4.60 5.50 -2.72 0.91 -0.43
8-Ph-A -2.18 -4.62 5.60 -2.71 0.98 -0.44
9-pOMe-A -1.99 -4.72 5.88 -2.70 1.15 -0.45
10-pCFs-A -2.32 -4.61 5.51 -2.78 0.91 -0.44
11-biPh-A -2.26 -4.63 5.76 -2.67 1.14 -0.73
12-OMe-A -2.30 -4.35 5.13 -2.68 0.77 -0.39
13-OPh-A -2.46 -4.64 5.62 -2.78 0.98 -0.66
14-OtBuPh-A -2.45 -4.75 5.85 -2.81 1.10 -0.73
15-1Pr-A -2.70 -4.94 5.88 -2.88 0.95 -0.78
16-MIC-A -2.52 -4.92 5.87 -2.83 0.95 -0.64

[a] Energies in eV.

To support the discussion, the results are analyzed by series.

[Triakylphosphine-Au-A]* (1-5-A)

Complexes with a triakylphosphine ligand (1-5-A) dissociate with critical energies very close to each other within the
uncertainty range, and the theoretical evolution of BDEs is not observed (Cy < tBu < iPr < Et < Me). The PR3 global ability
to increase electron density on a metal by inductive effect of the R group is represented by the electrostatic interaction
with Me < Et < iPr < Cy < tBu. However, as mentioned above, the Pauli repulsions overcome the electrostatic interaction
and perfectly reflect the steric repulsion of the ligand on the Au-alkyne bond: tBu = Cy > iPr > Et > Me. It appears that the
inductive donor effect of trialkylphosphine ligands does not dominate the strength of the gold-alkyne bond, but that steric
repulsions are more important. The increase in calculated P-Au bond lengths from 2.287 A to 2.310 A for 5-Me-A and 1-
tBu-A respectively (Table 1, entry 5 and 1 respectively) reflect this steric repulsion due to ligand hindrance.
[PMes.nPhn-Au-Al* (5-8-A)

For complexes 5-8-A bearing PMes.,Ph, (n = 0-3) ligand, BDE decrease monotonically in the order PMe; > PMe,Ph >
PMePh, > PPh; and critical energies follow the same trend, except for 8-A which is slightly higher than the calculated
value. In this series, the electrostatic interaction is stabilized as the number of phenyl substituents on the ligand increases,
and this effect is reflected. However, the increase in the n-donor-acceptor ability of phosphine due to the addition of the
phenyl substituent is overshadowed by the Pauli repulsion.

[pX-PhsP-Au-A]* (8-10-A)

The addition of electron-donating or electron-withdrawing substituents in the para position of the triphenylphosphine phenyl
allows us to assess the electronic influence on the gold-alkyne interaction, free from interference from steric effects.
Experiments and theory clearly show that the more electron-rich the ligand, the weaker the Au-hexyne bond (9-pOMe-A
< 8-Ph-A < 10-pCF3-A). As expected, no geometric variations are observed, and the dispersion values are identical for
all 3 complexes. Here again, Pauli repulsions dominate the interaction energy, and the complex with the most electron-
rich ligand (9) has the lowest dissociation energy.

[tBu-JohnPhos-Au-AJ* (11-biPh-A)

As mentioned above, the complex bearing the JohnPhos ligand is particularly interesting due to the presence of the biaryl
group, which causes deformation during hexyne dissociation and stabilizes the cationic gold complex by T interaction.
Compared to similar sized compounds (Table 2, entries 2, 9 and 10) the dispersion term AEgisp is much higher (Table 2,
entry 11). Thus, coordination of the alkyne to gold prevents the biaryl group from stabilizing the cationic gold by
interaction. The shortest distance between biphenyl and gold is 3.1 A in the 11-biPh-A complex, while itis 2.4 A in the 11-
biPh complex and the Au-P-C(biaryl) angle decrease by 12° (from 115° to 103°) after alkyne dissociation (Figure 4).



Figure 4. Optimized geometry of 11-biPh-A (left) and 11-biPh (right) complexes at PBE0-D3BJ/def2-TZVP level of calculation with the shortest Au-
C bond length and the Au-P-C(biaryl) angle (highlighted in yellow and hydrogens are omitted for clarity).

Compared to the 1-tBu-A complex, complex 11-biPh-A, in which a tert-butyl substituent has been replaced by a biaryl
group, significantly destabilizes the Au-alkyne bond by 0.18 eV thus, having the lowest critical energy of the series. This
result can be compared with the work presented by lacobucci et al. who noted a large difference between complexes
bearing a triphenylphosphine or tert-butyl JohnPhos ligand.[ In our study, the experimental Eq difference between the 2
complexes is 0.25 eV, which is in perfect agreement with the reported results.

[Phosphite-Au-A]* (12-14-A)

In the series of complexes bearing phosphite ligands, a very good correlation between critical energies and BDEs is found
in the order 12-OMe-A < 13-OPh-A < 14-OtBuPh-A. The dissociation energy can be linked to the length of the Au-CC
bond (the shorter the Au-CC distance, the more stable the dissociation energy) in inverse proportion to ligand size. The
results obtained by EDA indicate a reduction of Pauli repulsions (AEpaui) of around 0.7 eV for [phosphite-Au-A]* 12-14-A
complexes compared with [phosphite-Au-CO]* complexes, resulting in the stabilization of the Au-CC bond.
[Carbene-Au-A]* (15-16-A)

Interestingly, in our previous study, carbenes (IPr and MIC) stabilized the gold-carbonyl bond by more than 0.31 eV
compared with other ligands (phosphines and phosphites).5® This stabilization is limited to 0.03 eV between 16-MIC-A
and 14-OtBuPh-A, and 0.18 eV between 15-IPr-A and 14-OtBuPh-A (Table 1, entry 14 to 16). From the calculated
geometries, the Au-CC bond is shorter in the case of complexes with a carbene ligand, but is not stabilized. The
electrostatic interaction is identical for MIC and IPr (Table 2, entre 15 and 16), whereas IPr is known to be less of a donor
than MIC. Due to the minimal variation observed in the EDA results, interpreting these findings in a rational manner
proves to be quite challenging.

Based on all this data, several conclusions can be drawn. On the one hand, a relationship can be established between
the electronic environment of the metal and the BDE of the gold-alkyne bond, since the difference observed experimentally
between the least stable complex (11-biPh-A) and the most stable (15-IPr-A) is 0.52 eV. On the other hand, it is possible
to classify ligands into general series. Complexes with electron-rich phosphines (complexes 11, 9, 2, 4 and 1) have the
lowest dissociation energies. In contrast, aryl phosphites and carbenes stabilize the gold-alkyne bond (complexes 13-16).
The remaining eight complexes show small variations in dissociation energy, with values ranging from 1.95 to 2.08 eV.
The very close values obtained for carbene IPr and phosphites, which exhibit very different reactivities in
catalysis, ¥ highlight the importance of not limiting the study to a single reaction step in order to understand all the
subtleties of cationic gold-catalyzed reactions.

Influence of electronic properties of alkyne on dissociation of gold-alkyne complexes

Several studies have already been carried out to investigate the influence of the alkyne on the gold-alkyne bond." In our
study, the hex-3-yne was then replaced by 3 symmetrical and asymmetrical alkynes possessing methyl, CF; or ester
groups, in order to study the influence of the alkyne on the gold-alkyne bond in the 9-pOMe complex.

After ion-molecule reaction between gold cationic complex generated in the ESI source and the alkyne of interest introduce
in the transfer hexapole, the ion of interest is selected and then dissociated to obtain survival yield curves. The collision
energy was then converted to center-of-mass energy as before (Figure 5).
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Figure 5. a) Survival yield (dots show experimental data and lines, RRKM modelling) of the CID process for the 4 9-pOMe-A (blue), 9-pOMe-B
(yellow), 9-pOMe-C (orange) and 9-pOMe-D (grey) complexes as a function of the center-of-mass energy (Ecw).

In this case, the number of oscillators (183 for the 4 complexes) and the mass of the complexes do not vary significantly
(m/z from 631 to 715). Energy calibration is not required for comparison, and the curves for surviving ions/complexes can
be directly compared with the energy for 50% dissociation (Ei.2). The dissociation energy of the complexes increases in
the order D < C < B < A for Ey; values of 0.29, 0.33, 0.53, 0.70 eV and the trend is in perfect agreement with the calculated
BDE (1.23, 1.33, 1.55, 1.81 eV respectively). In line with literature results, the energy of the Au-C=C bond is strongly
impacted by the alkyne carried by the gold complex, and the more electron-rich the alkyne, the stronger the bond. Thus,
hexyne A, which has two o donor alkyl groups, is more strongly bound to gold than ethyl butynoate B, which has one
electroacceptor ester group. Similarly, alkyne C with two ester groups destabilizes the Au-CC bond compared to alkynes
A and B, and alkyne D with a strong electron-withdrawing CF3 group is the least tightly bound to gold.

Exchange reactions

As the affinity of alkynes for gold complexes is strongly linked to their electron content, is it possible to substitute an alkyne
with a more electron-rich one directly in the gas phase? In the collision cell, a volatile molecule can be introduced, enabling
a second ion-molecule reaction (IMR) to occur in the mass spectrometer. We therefore decided to test whether the alkyne
exchange reaction is possible in our experimental setup.

To achieve this, the 5-Me and 9-pOMe complexes were ionized in the source, then an IMR with the alkynes B, C and D
in the transfer hexapole lead to the corresponding complexes. The latter were selected and subjected to a second IMR in
the collision cell by introducing hexyne A at 10 mbar (Scheme 3).

IMR IMR
R4 R, Et
® R—=R, ® . Et——=—ft ®__ ..
L—-Au ——> L*AU\‘ _— LfAu\‘ + LfAu\‘
B,CorD
Ry R, Et
lon transfer Collision cell % Ex
Complex % Ex Complex % Ex
9-pOMe-B 88 5-Me-B 71
9-pOMe-C 94 5-Me-C 84
9-pOMe-D 95 5-Me-D 87

Scheme 3. Exchange reactions realized in homemade triple quadrupole by two consecutive ion-molecule reactions (IMR).

The collision energy was set at OV to limit dissociation of the complex by collision and maximize reaction time within the
cell. The percentage of gold-hexyne ion issue from the exchange reaction (% Ex) is calculated identically to the surviving
ions (equation 4):

% EX = l-auv-ay/[lL-au-a) + ZIrH]*100 (4)

where I-au-a) is the abundance of the gold-hexyne ions and Zlr+) is the sum of the abundances of reactants ions.

All the alkynes were exchanged in satisfactory yields (Scheme 3) and the possibility of IMR within the collision cell is
therefore validated. Furthermore, at OV only traces of cationic gold were observed (2% maximum), whereas L-Au-X (where
X =B,C or D) are present up to 29% for the 5-Me-B complex. This suggests that the energy deposited in the collision cell

10



is too low to induce complex dissociation, and is in line with the results obtained for the dissociation of gold-alkyne
complexes, which undergo few, if any, decompositions at this energy. The formation of the L-Au-A complex is indeed the
result of an exchange reaction. It is possible to rank the alkynes in order of exchange, with alkyne D being the most easily
exchanged, followed by C and then B, as observed above. The difference in critical energies of the gold-alkyne bond
observed for complexes 5-Me-A and 9-pOMe-A is reflected by exchange percentages that are higher for complex 9-
pOMe, the least stable, whatever the alkyne associated with gold (Scheme 3, %EX-pove-s) = 88 /| %EX(5-me-8) = 71).
Moreover, an excellent correlation is observed between the exchange percentages of complexes 5-Me and 9-pOMe (see
supporting information).

This method can easily be used to evaluate the relative affinity of ligands in the gas phase.

Conclusion

In this work, we have taken an in-depth approach to gold-alkyne interactions in the gas phase using a modified triple
guadrupole. The influence of the ligand carried by the gold was studied on 16 complexes formed in-situ by ion molecule
reaction through experimental determination of the dissociation energy obtained by a semi-empirical method. As the
complexes studied are widely different in terms of size and mass, the truncated Maxwell-Boltzmann internal energy
distribution model combined with transition state theory (RRKM theory) previously used for gold-carbonyl complexes has
been successfully re-used to obtain dissociation energies with good confidence.

Interestingly, the relationships calibrating the amount of energy deposited during the collision (as a function of the mass
and degree of freedom of the complex), used for gold-hexyne complexes are identical to those already used for gold-
carbonyl complexes, demonstrating the validity of our hypotheses and the reliability of our methodology.

This method is easy to implement when you want to compare molecules with identical dissociation mechanisms and large
differences in mass and/or oscillator. However, in order to achieve an effective calibration, it is necessary to perform the
study on a sufficiently large cohort to improve its accuracy.

From a chemical point of view, it appears that the most electron-rich ligands - bulkytrialkylphosphine, phosphine with
electrowithdrawing substituent or JohnPhos with the biaryl group - destabilize the gold-alkyne bond, while phosphites and
carbenes (MIC and NHC) increase the bond's dissociation energy.

The influence of the alkyne carried by the gold was also investigated by varying the electronic environment of 4 alkynes
through the addition of electron-withdrawing groups using two tandem mass spectrometry experiment methodologies. We
first carried out direct comparisons of dissociation energies at 50% survival yield by CID, then two successive reactions
within the mass spectrometer enabled us to carry out alkyne exchange reactions within the collision cell. The decrease in
electron density on the triple bond clearly destabilizes the gold-alkyne bond.

These experimental results, although obtained in the gas phase, provide a better understanding of metal-ligand interaction
in the case of cationic gold(l) complexes.
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