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ABSTRACT: We have investigated the mechanism of cross-coupling reactions catalyzed by Br, F
gold(I) complexes without the assistance of chelating ligands. Following pioneering studies H,,*‘;)/\/Ph
by Kochi, gold(I) complexes with simple alkyl phosphines as ligands are considered. The HY
reaction between cinnamyl bromide and PhSnMe; is experimentally shown to take place in L-Au—Ph
the presence of a [Me;PAuCl] complex. However, our attempt to characterize
computationally, using density functional theory (DFT), a mechanism following a plausible g,
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gold(I)/gold(I1I) catalytic cycle unearths an unexpectedly complex situation, showing a large { .
range of energy values computed with different functionals. \ : A/
Ph '
b., } L-Au=Ph
LAuPh ! v Br
! Oxidative '
Addition
he oxidative addition of organic electrophiles R—X to Scheme 1. a) Oxidative Addition of Mel to Gold(I) and
LAu(I)X, where L is a monodentate PR, ligand, a Reductive Elimination.”” b) Gold(I)-Catalyzed Coupling of
common step in cross coupling with this type of d'° complexes, Allyl Bromide with PhB(OH),""
was computed to require high activation barriers, becoming a) Me
kinetically sluggish." In a ground-breaking discovery in this L—Au-Me + Me—I L—Au-Me
field, Bourissou reported in 2014 that the oxidative addition of }
aryl iodides to gold(I) was possible using chelation-assisted Me Me
strategies with ligands that can bind as bidentate to the L-Au-Me + L-Au-Me ————= L-Au-Me + L-Au—|
resulting gold(III) complexes.”’ The prevalent current I Me Me
strategies to achieve oxidative addition to gold(I) complexes L-Au-Me Me-Me + L—Au-Me

rely on the aforementioned chelation-assisted strategy or the

use of bidentate ligands with small bite angles,4 strain release,’ b) Me ,EIPF
as well as hemilabile ligands.’ PhoP™"PPh,
However, there is seemingly a contradiction with the fact PN ClAu ﬁ\uCI oh
that, already in the early seventies, Schmidbaur,” Kochi® and + —(Smol%) _ PN +Ph—Ph
Puddephatt’ reported the oxidative addition of alkyl halides to Ph-B(OH), Mecg,flcs%oo 1
simple alkyl phosphine gold(I) complexes such as
[Ph;PAuMe], which by C—C reductive elimination yielded
formally cross-coupled products (Scheme 1a).'” The proposed takes place by a photcl);r}i%tiated radical process that involves
mechanism was that the gold(IIl) complex emerging from gold(II) intermediates. ™

Given this situation, we decided to study in detail the
mechanisms behind the oxidative addition process when a
simple alkyl phosphine is the ligand to gold(I) complex.
During this research, which makes heavy use of density

oxidative addition undergoes ligand exchange with [LAuMe]
to form [LAuMe;], which undergoes reductive elimination to
form ethane. Reductive elimination from [Me,AuX] has also
been observed.®® These results had been, to a certain extent,
reproduced by Levin and Toste in 2014 in the context of a

cross-coupling of allyl bromides with boronic acids (Scheme Received: March 6, 2025
1b)."" In that report, however, the best results were obtained Revised: ~ May 23, 2025
with a bimetallic catalyst bearing a bis(phosphino)amine ligand Accepted:  May 27, 2025
that favored an oxidative addition to form binuclear Au(II) Published: June 4, 2025

intermediates. On the other hand, oxidative addition of
trifluoromethyl halides to gold(I) to form gold(II) complexes
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functional theory (DFT), we have found some unexpected
complications in terms of high sensitivity of the results with
respect to the specific functional.

Based on the work of Levin and Toste,'' we expected that a
coupling of cinnamyl bromide (2) with PhSnMe; (3) would
provide 4 (Scheme 2). Thus, after transmetalation of [LAuCl]

Scheme 2. Simplified Cycle for Gold(I)-Catalyzed Cross-
Coupling of Cinnamyl Bromide with PhSnMe;

a)
Ph ~_Ph MesP-Au-Cl Ph-SnMe; (3)
4 Transmetalation
Reductive
Elimination H/ Ph Me;3Sn-Cl
Megp—Alu_R Me3zP-Au-Ph (5)
6 Br
Oxidative
Addition
Ph \/\/Br
2
[Me3PAuCI]
b) (5 mol%)
Pho~_Br+ PhSnMe; — "%  Ph__~~_Ph
toluene-dg
2 3 110°C, 48 h 4 (33%)

Scheme 3. Mechanistic Pathway Submitted to DFT
Benchmarking®”

Br. —|t
Hugy S P |
, H/:,/\/

Br"ﬁ“'\"es—l L-Au—Ph
' v

Ph—|¢

L-Au—} TSoa . TSgre
Ph Rl By ——Ee
Br SnMes TSqy, T 270 ! . 280
o — : oy 1 (16.8) |
Au | 246 N H (17.0) 1 H \
L ! (11.1) \>>Me3SnBr i . .
E2_/ ' oBr : : ." ".
226 : , i Ph \
(101) ! A N o ':
' \ ! . ! Z
PhSnMes | L Ph \_/ L+ Au-Ph | ".
oo \ ' \ Broo  Ph
LAuBr ! LAuPh‘. ' Ea ! '
' v E3 e .
B 36 oA\
2.1 : '
0.0 3 '
(0.0) L=PMe; (3.0 (-8.5) v Ph
[
. Oxidative Reductive || AuBr
Transmetalation Addition Elimination EL;
—_—
-40.3
(-40.5)

“B3LYP-D3. Free Energy above; potential energy in parentheses in
kcal'mol™. SMD (toluene).

with organostannane 3, the resulting complex [LAuPh]
(5)'*" would undergo oxidative addition with 2 to form a
gold(III) intermediate 6, which could undergo reductive
elimination, closing a cross-coupling catalytic cycle to give 4
(Scheme 2a)." In the event, reaction of nonvolatile cinnamyl
bromide (2) (bp 212 °C) as the electrophile with organo-
metallic nucleophile 3, using S mol % of [Me;PAuCl], led to 4
in 33% yield after 48 h heating at 110 °C in deuterated toluene.
A control experiment conducted in the absence of the gold(I)
complex led to 9% yield of 4 under the same conditions,
meaning that a slow noncatalyzed background reaction might
be taking place.

Based on these results, the sgfstem was explored computa-
tionally with the B3LYP-D3'® functional, and a plausible
mechanism was found (Scheme 3). As the barriers seem quite
high for the reported conditions, we decided to further explore
the computational description. A batch of single point
calculations with different functionals was performed on
stationary points in Scheme 3, the results being reported in
the SL High variability of the data was observed, up to a
difference of 20.2 kcal-mol™".

Such a high range of computed energies was unexpected.
There have certainly been reports of sensitivity of relative
energies in transition metal chemistry associated with the
amount of Hartree—Fock exchange in the functional,'” but this
does not seem to be the key reason here. In the case of gold
chemistrgr, the role of reactant distortion has been high-
lighted,"® but this does not seem to apply to this case either. So
we carried out a further computational study with more
functionals and including a more accurate wave function
method such as CCSD(T), see Table 1. For this second
benchmarking exercise we moved from potential energies in
solution to potential energies in vacuum to avoid possible
distortions associated with the unbalanced consideration of
solvation effects in the different methods.'” We are aware that
it would be more desirable to make a comparison with reliable
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Table 1. Benchmarking in Relative Potential Energy (kcal*
mol™') in Gas Phase Including DPLNO—CCSD(T) as
Reference

Method E2 TSpy E3 TSo,, E4 TSz ES

B3LYP-D3 68 79 21 170 -92 157 —399
M06-L-D3%° 7.9 77 39 178 -89 149 —406
M06-D3 60 94 45 238 -56 168 —40.1
M062X-D3 67 131 55 313 —30 199 —435
MO06-HF-D3*! 52 9.1 40 327 —-94 175 —435
BMK-D3 -1.0 20 14 211 -169 133 —420
BP86-D3 26 —02 02 94 -176 67 =381
®wB97X-D 80 121 40 269 —62 198 —413
DPLNO-— 82 115 21 329 —11.1 208 —380

CCSD(T)

experimental kinetic data, but they are not available, and we
think that the comparison between different computational
methods is also informative.

The results obtained in the second benchmarking exercise in
the gas phase follow the same trend as the ones in the first
benchmark including solvation. Moreover, we can now
evaluate the accuracy of the different functionals by comparing
their performances to CCSD(T). To quantify the comparison,
we computed the root mean-square deviation (RMSD) of the
differences in the predicted potential energies of each
functional and DPLNO—CCSD(T), see SI. The best func-
tionals according to the lowest RMSD values are wB97X-D
and MO06-HF-D3, while the worst functioning methods are
BP86-D3 and BMK-D3.

Once we had established that the energetics for this system
strongly depend on the specific functional, we decided to
investigate how general this behavior is. With this goal, we
examined another system involving gold catalysis. For an
alternative gold system, we carried out a DFT benchmark
(shown in the SI) on the oxidative addition of PhI to
[MeDalPhosAu(SbF,)] to form a gold(III) complex reported

https://doi.org/10.1021/acs.organomet.5c00081
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by Bourissou in 2017,”* which is the basis for the development
of other catalytic systems based on gold(I)/gold(IH).B_25
Again, the range of the computed potential energies for the
oxidative addition step is up to 16 kcal-mol™", which is a similar
range as observed for the system outlined in Scheme 3 (up to
23.1 kcal-mol™).

Our hypothesis for the origin of this high diversity in
computed values for the energies is that it arises from
something fundamental related to having different oxidation
states’® gold(I) and gold(III). The first hint is that if we
observe closely the results in Table 1, we see that with
[Me;PAuCl] as reference, the energy differences of the
gold(III) species, transition states as well as intermediates,
vary a lot, although the range of the relative energies of the
gold(I) species is not converging to more or less the same
values. We admit here that a clarification of the microscopic
origin of this difficulty of DFT in dealing with this problem
goes beyond the scope of this manuscript.

A last question that we need to answer is whether the results
of the functionals giving results closer to DLPNO—CCSD(T)
can reproduce the expected low free energy barrier in our
systems of interest. This is not the case. The values in Table 1
may seem only slightly above expectations, with the highest
barriers around 30 kcal-mol™. However, these values
correspond to potential energies, without entropic effects.
When these are added to the CCSD(T) potential energies, the
relative Gibbs energy (AG*) of the oxidative addition
transition state using CCSD(T) becomes 44.0 kcal'mol™" in
the gas phase. The values in solution, more difficult to
estimate, lie in the same range. We also computed the original
Kochi system,” which covers the reaction of Mel with
[Me;PAuCl]. The corresponding CCSD(T) gas phase value
for the TS was also calculated (see SI), finding a free energy of
36.3 kcal-mol ™, which is too high for the reaction to take place
at 25 °C. Therefore, these reactions should occur by a different
mechanism. Remarkably, the corresponding DLPNO—CCSD-
(T) free energy barrier for the system developed by Bourissou
is 17.7 kcal'mol™" thus matching the reported experimental
results obtained.

In conclusion, cross-coupling can take place between
cinnamyl bromide (2) and PhSnMe; in the presence of a
simple gold(I) catalyst with monophosphine ligands. The
process, following the proposal by Kochi in the 1970s, can take
place in both catalytic and stoichiometric conditions. Our
attempts to characterize computationally the mechanism of the
process have led to the identification of a complex problem
with the DFT description of these systems. There is a high
discrepancy, up to 23.1 kcal'mol™, in the computed energies
with widely used functionals in computational homogeneous
catalysis. This divergence is most probably associated with the
gold(I)/gold(III) conversion, as confirmed by calculations on
another related system. A benchmark of the DFT results vs a
DLPNO—-CCSD(T)/def2-TZVP calculation indicated that the
best results are obtained with @B97XD and M06-HF-D3. This
work suggests caution about reaching mechanistic conclusions
in catalytic reactions that involve gold(I)/gold(III) when using
only one functional.
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