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1BF NMR monitoring shows that heating trans-[Au"Rf,l;]-
solutions (Rf = Cg¢F3Cl,-3,5) leads to formation of cis-[AuRf.l,],
[AuRfsl]- [AuRflz]- via between
isomerization and Rf/l scrambling. The system evolution is driven

and kinetic competition
by the easy Rf-I reductive elimination from [AuRfl;]- (forming also
[Aulz]"), which is faster than any of the Rf-Rf couplings from the
coexisting species,
thermodynamically preferred C-C coupling. A kinetic model where

hindering the commonly desired and

I- dissociation triggers both isomerization and transmetalation
steps is proposed, which fits well the experimental data. DFT
calculations support the ability of iodide to ease the C-X coupling
compared to other halides, presumably linked to the comparative
weakness of the Au"-1 bond. Consequently, it should better be
avoided in reactions looking for C-C coupling.

In the recent years, C—C cross coupling based on the Au'l/Au!
pair has become a hot topic as a potential alternative to
Pd"/Pd® chemistry.22 Efficient aryl-aryl coupling processes
mediated by gold systems,3 including one example of the more
challenging Arf-Arf (Arf = perhaloaryl group) reductive
elimination (RE) from well-defined Au(lll) complexes have
been reported.4> In this context we planned to prepare cis-
Au'Rf, adducts (Rf = CgF3Cl>-3,5) to study the C-C coupling
possibilities, as we did previously with cis-[Pd"Pf,L"] (Pf = CgFs)
species.® For this mechanistic study we use Rf aryl complexes,
which display simple and clean 1°F NMR spectra.

We recently reported that, trying to synthesize (u-Cl)2[AuRf;],,
an unexpected Rf/Cl scrambling process was observed
(Scheme 1, above).” There are just a few reported cases of aryl
scrambling phenomena involving Au(lll) complexes. Those
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reported by Luzuriaga® (Scheme 1, middle) and Nevado?®
groups (Scheme 1, below), have in common that they are only
detected when strong oxidants come into play, and are lacking
any mechanistic investigation.
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Scheme 1. Reported cases of aryl scrambling involving Au'' complexes.

In the case of our previous study (Scheme 1, above), the
scrambling occurs in more conventional conditions, and is
triggered by halide abstraction from trans-[AuRf,Cl;]- (1-Cl)
with 1 equiv. of AgClO,4. Evaporation of the solvent (specifically
Et,0) and dissolution in the non-coordinating CHCl; reverted
the scrambling forming the intended dimer (p-Cl)2[AuRf;]2.7
The reaction conditions precluded to obtain kinetic
information, but the drastically different outcome observed
when using cis-[AuRf,Cl;]- (2-Cl) (no scrambling detected)
supported satisfactorily our mechanistic proposal of kinetic
competition between isomerization and scrambling from the
unstable trans-[AuRf,Cl(solv)].” Moreover, it is worth noting
that, upon heating, solutions of 1-Cl led selectively to the cis
complex 2-Cl, which is reluctant to undergo coupling. On the
contrary, accessible Rf—Rf reductive elimination (RE) barriers
were observed for cis-[AuRf,CI(L)] (L = p-Cl, OEt;) derivatives,
while no traces of Rf-Cl (hypothetically resulting from a C-Cl
coupling) were detected in any case.”

In this context, here we study the surprising reactivity
displayed by solutions of the iodo-complex (NBug)trans-
[AuRfzlz] (1) in poorly coordinating solvents. Complex 1 was
obtained in excellent yield by oxidation of (NBus)[AuRf;],10
with |, (see details in ESI).
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The synthesis of cis-[AuPf,l;]- (Pf = CgFs), by heating the trans
complex in CH,Cl,, was reported long ago (without 1°F NMR
data), but we confirmed that a clean isomerization does not
occur in those conditions (see Figure ESI1).11 Similarly, the
behaviour of 1 in tetrachloroethane (TCE) solution is not
simple.12 Instead of leading selectively to (NBua)cis-[AuRf,l;]
(2), as it might be expected by analogy with the Cl complexes,
a mixture of several species bearing Rf groups was observed by
19F NMR (Fig. 1 and Fig ESI3).
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Fig. 1. Fouho region of the 1°F NMR spectrum recorded from solutions of 1 in TCE-
d, after heating at 323 K for 1 day. Assignment of the signals and corresponding
integrals.

The two chemically inequivalent Fortho Signals in 2:1 ratio and
displaying multiplicity are consistent with (NBus)[AuRfsl] (3), a
square-planar species formed presumably by Rf/l scrambling.
The pseudo doublet and triplet multiplicities of the Fortho
signals reveal hindered rotation of the three Rf groups,13
conditioned by the bulky iodo group, since when fast rotation
is allowed, as reported for [AuRf3;(OH3)],” triplet and quintet
signals with relative integrals 2:1 are found. Complex 3 could
be selectively synthesized by reaction of [AuRf;(OHz)] with
(NBus)l and was fully characterized (details in ESI; see Fig ESI7
for its X-ray structure).

The Fortho resonance at —89.9 ppm (doublet, 2F) and the Fpara
signal at —108.1 ppm (triplet, 1F), correspond to the organic
Rf-1, which must be the result of C-I reductive elimination,
while no traces of Rf-Rf were observed. Interestingly, this C-I
coupling seems to be fast at 323 K in contrast with the
remarkably slow C-C RE observed for 2-Cl at 393 K in TCE. For
stoichiometry reasons, the concentrations of tris-aryl and
mono-aryl species must be identical, and consequently we
assign the signal at —-91.5 ppm (NBus)[AuRfls] (4). Finally, the
signal at —92.9 ppm corresponds to (NBug)cis-[AuRf;lz] (2). The
identity of the latter was confirmed by reaction of 2-Cl with
excess of Kl (details in ESI, see also Fig ESI4).

After prolonged heating of 1 for 2 days at 353 K in TCE, the
final products of the reaction were 3 + Rf-I, in 1:1 ratio, by 1°F
NMR. Obviously, some gold (specifically half of it) was missing,
but we were able to crystallize from the reaction the Au'
complex (NBug)[Aulz] (5) blind to 1°F NMR. This adjusts the
chemical balance (Scheme 2). It is worth noting that signals of
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both bis-aryl complexes 1 and 2 disappear, confirming the
scrambling completeness (Fig ESI5).
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Scheme 2. Final outcome of the reaction of 1 in TCE. Products are formed after
heating 2 days at 353 K.

For better understanding of this remarkable reactivity, the
evolution of 1 in TCE-d, at 338 K was monitored by 1°F NMR.
The concentration vs time data plot obtained for the different
species is shown in Fig 2 (dots are the experimental data). The
kinetics of the competitive processes occurring is not trivial.
Clearly, an induction period is observed in the disappearance
of 1, meaning that either an intermediate or a product is
catalysing the transformation. The addition of complexes 1, 5
or the organic molecule Rf-I did not affect the rate of the
reaction and the curve of complex (NBus)[AuRfls] (4) confirms
that it is thermodynamically unstable and behaves as the
intermediate that gives rise to Rf-l + (NBug)[Aulz] (5) by C-I
reductive elimination (Scheme 2).

The isomerization in gold(lll) systems has been proposed to
follow a topomerization
Transmetalation reactions (scrambling is one of them) typically
require in square-planar complexes.15
Interestingly, addition of substoichiometric amounts of (NBuy)l

dissociative + mechanism.14

ligand dissociation

to solutions of 1, specifically 20 mol% in identical conditions to
the experiment in Fig 2 (TCE-d2, 338 K, 15 h), suppresses the
reactivity. The latter, supports a dissociative mechanism,
where the I~ sequesters low concentration intermediates.16

The reaction evolution was satisfactorily fitted using COPASI
software (see microkinetic details in ESI) and the simplified
kinetic model depicted in Scheme 3, which
dissociative steps. Only six elemental reactions were needed to

involves

reproduce the experimental data precisely (see continuous
lines in Fig 2).
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Fig. 2. Concentration vs time plot of experimental data (dots) obtained by
BFNMR monitoring and COPASI-fitted values (continuous lines) of the
fluorinated-species observed when heating complex 1 in TCE-d, at 338 K.
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Scheme 3. Kinetic model used for the non-linear fitting shown in Fig 2. Elemental reactions are labelled with letters (A-F).

The pair of reactions A/B in Scheme 3 accounts for the
induction period observed in the disappearance of 1 (orange
trace, Fig 2). We propose that iodide dissociation from the
reactant, forming an unobservable tricoordinate species /1,
triggers the process. 17 Obviously, the first equilibrium A is very
disfavoured thermodynamically. On the contrary,
isomerization from the trans-intermediate /1 leading to a more
stable cis tricoordinate species labelled as 12 must be
exergonic, attending to trans influence reasons (step B). The
latter, 12, reacts with the initial complex 1 catalysing its
consumption forming the scrambling species 3 and 4 by Rf/I
transmetalation (Scheme 3D, dark and light green lines in Fig
2).18 It is worth remarking that the preferred reactivity
combining trans with cis 3- and 4-coordinated species was also
proposed in our previous report.”

Scheme 3C shows the capture of 12 by iodide coordination
forming the cis anionic complex 2, which kinetically competes
with the scrambling shown in reaction D. At long reaction
times, complex 2 slowly disappears (grey line in Fig 2) by
reaction with the minute amount of /1 present in solution
(reaction E). This plausible scrambling process leads as well to
3 + 4, similarly to the 1 + /12 reaction.

The last reaction of the kinetic model (step F) is the irreversible
C-I coupling from 4, producing Rf-I (yellow line in Fig 2) + 5.
This reductive elimination step is the driving force bringing the
reaction, at longer times or higher temperature, to the final
products shown in Scheme 2, which is satisfactorily
reproduced by our kinetic model (see Fig ESI12). The key role
of iodide dissociation in the model is fully supported by the
lethal effect of addition of substoichiometric (NBuys)l on the
reactivity.

Although there are several other potential sources of Rf-I
coupling in the mixture (1, 2, 3), the good COPASI fitting of the
model supports that the only Rf-I reductive elimination
energetically accessible in the experimental conditions (338 K)
occurs on [AuRfls]~ (4). On the other hand, complexes 2 and 3
have Rf groups in cis arrangement that could undergo Rf-Rf
coupling, but this biphenyl was not observed in any case.

For further support of the kinetic conclusions, we performed
DFT calculations (see ESI for details). The thermodynamic (AG)
and kinetic (AG*) computational results of the possible C-I and
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C-C RE processes from complexes 1-4 and selected data from
the Cl analogues 2-Cl and 4-Cl for comparison, are given in
Table 1.

Table 1. Thermodynamic data (AG) of the possible C-X (X = I, Cl) and C-C couplings
from [AuRf Xs.n]- complexes with their activation energies (AG*) in kcal mol-..

Entry Comp. RE type Products AG AGH
1 1 C—l Rf—I + [AuRfl]~ -3.0 +37.3
2 2 C—l Rf-I + [AuRfl]~ -1.6 +35.4
3 3 C—l Rf-I + [AuRf,]~ +6.4 +48.3
4 4 Cc-l Rf—1 + [Aul,]~ -9.6 +22.8
5 2 c-C Rf-Rf + [Aul,]- -35.0 +26.6
6 3 c-C Rf-Rf + [AuRfl]~ -29.9 +35.0
7 4-Cl c-Cl Rf—Cl + [AuCl,]- -12.0 +31.5
8 2-Cl c-C Rf-Rf + [AuCly]~ -31.1 +29.0

Entries 1-4 contain the computed data for the possible C-I RE
processes from the mixture of species in Fig 1, revealing that
the coupling from complex 3 is thermodynamically disfavoured
(AG = +6.4 kcal mol-1).19 Besides, Rf-I extrusion is only scarcely
exergonic from 1 and 2 (entries 1-2). Remarkably, the
concerted C-I RE from the electron poorest species,2? namely
[AuRflz]~ (4), is both the most thermodynamically favoured Rf-
I coupling (i.e —9.6 kcal mol-1, it may indeed be considered
irreversible) and, more importantly, the fastest process in
Table 1 (AG* = +22.8 kcal mol1). The stabilizing effect of [Auly]-
(5) + Rf-1 formation drives the equilibria in Scheme 3 to
scrambling completeness. The remaining non-used groups
make up [AuRfsl]- (3), and the outcome shown in Scheme 2.
The Rf-Rf coupling, which is by far the most
thermodynamically favoured (entries 5 and 6) is absent of the
reaction for kinetic reasons: the AG* values computed for the
Rf—Rf coupling processes from 2 and 3 (the only species with Rf
groups arranged cis) are clearly higher than C-I from 4 (i.e
+26.6 kcal mol-1in entry 5), or inaccessible (entry 6).21 Fig ESI8
shows the associated transition states optimized for both
competing processes.

Replacing | by Cl (entries 7-8), the significant kinetic preference
for Rf-I vs Rf—Rf coupling is reverted. While both AG and AG*
values for Rf-Rf formation from cis-[AuRf,Cl;]- (2-Cl) are
similar to those found from the I-analogue 2, the activation
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barrier for the C—Cl coupling from a hypothetical [AuRfCls]- (4-
Cl) is clearly higher (AG* = +29.0 vs +31.5 kcal mol?)
highlighting the key role of the halide. Besides, the deep
stability of complex 2-CI makes the eventual scrambling
thermodynamically  highly disfavoured. The required
elongation of the Au""-X bond for reaching the C—X coupling TS
is more demanding for the stronger Au""-Cl bond (c.a. 9 kcal
mol-1 AG* difference between entries 4 and 7).21a22

We also confirmed experimentally that the behaviour of 1-Br is
analogue to 1-Cl, and isomerizes to 2-Br (that eventually
undergoes Rf-Rf coupling under harsh conditions), while no
traces of Rf/Br scrambling are detected (see ESI for details).
Finally, the narrow energy difference between trans-[AuRfl;]~
(1) and cis-[AuRf,l,]~ (2) isomers (i.e —1.4 kcal mol-1) contrasts
with the selective isomerization observed for the Cl analogue
(AG for 1-Cl/2-Cl conversion is —10.5 kcal mol-1). The latter is a
reminder of the participation of opposite influences in simple
isomeric structures: attending to the transphobia concept a cis
arrangement should be preferred for both halides,?? but the
bulkiness of the iodo ligand plays an important destabilizing
role on the cis isomer 2,24 making the Rf/l scrambling
thermodynamically accessible in our case. In fact, for the less
hindered tricoordinate species, the cis isomer 12 is more stable
than the trans 11 by 9.3 kcal mol-1, obeying the trans influence
rules. This analysis warns that both crowding repulsive effects
and electronic aspects need to be taken into account to
rationalize some complex reactivity patterns.

In conclusion, the nature of the halide in [AuRf;X;]- complexes
(X = ClI, Br, 1) plays a decisive influence on the evolution of
these species in solution. While the iodide compound
undergoes Rf/l scrambling and feasible Rf-I coupling (as a
consequence of the comparative weakness of the Au'—I bond),
selective trans/cis isomerization and challenging Rf-Rf is found
for Cl and Br derivatives. This potentially problematic kinetic
competition should be considered in the development of new
Au catalysed C—C cross-coupling processes.
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