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Coordination of azol(in)ium dithiocarboxylate
ligands to Au(in): unexpected formation of a novel
family of cyclometallated Au(in) complexes, DFT
calculations and catalytic studiest
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A series of cyclometallated gold(i) complexes 21-27 of general formula [Au(dppta)(azdtc)Cl] (dppta =
N,N-diisopropy!-P,P-diphenylphosphinothioic amide-xC,S; azdtc = azol(in)ium-2-dithiocarboxylate-S)
were prepared and characterized by spectroscopic and diffractometric techniques. Treatment of
[Au(dppta)(azdtc)Cl] complexes with methanol led to their quantitative transformation into a novel family
of (CAS, SAS)-cyclometallated gold(i) complexes of general formula [Au(dppta)(azmtd)] (azmdt = azol(in)
ium-2-(methoxy)methanedithiol-x°S,S) 28—34. All the [Au(dppta)(azdtc)Cl] complexes 21-27 catalyzed
the alkylation of indoles, whereas [Au(dppta)(azmtd)] complexes 28—-34 were inactive. Among the syn-
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Introduction

Gold chemistry has attracted considerable attention in the
past few years due to the potential applications in medicine,
optoelectronics and catalysis." These studies have mostly
focused on Au(i) complexes, with considerably less attention
being paid to Au(m) complexes. However, recent studies have
put Au(m) complexes on the spotlight as hot topic of research
because of their potential interest as antitumor and antibacter-
ial agents,” their application in the development of lumines-
cent materials® and their ability to activate unsaturated groups
in diverse catalytic processes.”” One of the mayor disadvan-
tages of Au(m) complexes is their inherent instability, due to
their tendency to undergo reduction.® To avoid reduction, an
interesting approach is the stabilization of the Au(m) centre by
coordination to a cyclometallated ligand to render complexes
of the general formula [AuX,(C-Y)], where C-Y represents a
bis-coordinated ligand with a Au-C c-bond and a coordinate
bond through N, P or S donor atom (Fig. 1).”
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These Au(ur) complexes have a square planar geometry with
four coordination sites around the metal centre and through
rational ligand design, the reactivity of the complexes can be
modulated “a la carte”. For instance, the properties of Au(ui)
complexes can be tuned to achieve a right balance between
stability and reactivity and obtain perfect candidates for their
use as catalysts in various organic transformations.

In that sense, N-heterocyclic carbene (NHC) ligands are well
known in gold chemistry due to their easy tuneability, elec-
tron-rich nature and steric bulk.**® Related to NHC ligands,
zwitterionic dithiocarboxylate azol(in)iums can coordinate to
metals as monodentate, chelate bidentate or bridging biden-
tate (Fig. 2).” Even though the potential of these ligands has
been studied with a certain number of transition metals,'° the
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Fig. 1 Some relevant cyclometallated gold(in) complexes.
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Fig. 2 Bonding modes of azol(in)ium-2-dithiocarboxylate ligand to
metal centres.

presence of coordination complexes of dithiocarboxylate
azolium ligands and gold in the literature is very limited. The
first report dates back to 1987, when Borer et al. described the
formation of Au(r) complexes by reaction of dithiocarboxylate
azolium ligands and NaAuCl,-2H,0."" Later on, Wilton-Ely and
co-workers reported an in-depth study of the coordination of
these zwitterionic ligands to Au(), as well as their suitability
for an efficient stabilization of gold nanoparticles."” In this
same vein, these authors subsequently studied the chemisorp-
tion of dithiocarboxylate azolium ligands on solid gold
substrates."

Here we report the synthesis of a novel class of cyclometal-
lated Au(m) compounds bearing azol(in)ium-2-dithiocarboxy-
late k'S-donor ligands as auxiliary ligands. Moreover, their
unprecedent  transformation into  x”S,S-azol(in)ium-2-
(methoxy)methanedithiolate cyclometallated gold(u) com-
plexes was also achieved. Additionally, catalytic performance
of all the synthesized complexes was studied for the alkylation
of indoles.

Results and discussion
Synthesis of the azol(in)ium dithiocarboxylate ligands

The most convenient procedure to synthesize the azol(in)ium
dithiocarboxylate zwitterionic ligands is by means of the
deprotonation of azolium salts and subsequent addition of
CS,. Thus, we treated commercially available benzimidazolium
7, imidazolinium 8, and imidazolium 9-13 salts with Cs,CO;
in acetonitrile for 30 minutes and then we added carbon di-
sulfide. After stirring the resulting mixture at r.t. for 4 hours,
compounds 14, 15 and 20 were obtained in almost quantitative
yields (Scheme 1). However, this protocol was unsuccessful for
N-alkyl substituted imidazolium salts, which need a stronger
base for the deprotonation step. Therefore, treatment of imida-
zolium salts 9-12 with ‘BuOK in THF for 30 minutes and sub-
sequent addition of carbon disulfide, afforded the corres-
ponding azolium dithiocarboxylate zwitterionic ligands 16-19
as orange-red solids (Scheme 1). Ligands 14, 15 and 20 were
previously reported in the literature,’®/ whereas ligands 16, 17,
18 and 19 have been prepared and characterized for the first
time in this work. The "*C{"H} NMRs of all these ligands show
a characteristic signal around 224 ppm which correspond to
the carbon atom of the CS, core. In general terms, the data
obtained for ligands 14-20 fit with their zwitterionic nature
and agree with the data previously reported in the literature.®’
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Scheme 1 Synthesis of dithiocarboxylate azol(in)ium zwitterionic
ligands 14-20.

Formation of azol(in)ium dithiocarboxylate Au(m) complexes

Our recent studies on Au(m) complexes have focused on the
synthesis of (S*C)-cycloaurated compounds for the evaluation
of their chemical and biological properties.'* Taking into
account our previous experience, we decided to investigate the
complexation of (S*C)-cycloaurated dichloride complex 67 to
azol(in)ium dithiocarboxylate ligands.

Thus, reaction of stoichiometric amounts of the azol(in)
ium dithiocarboxylate zwitterionic ligands 14-20 with the Au
(u) precursor 6 in acetonitrile for 16 hours at room tempera-
ture and subsequent addition of aqueous KPF, afforded the
corresponding azol(in)ium dithiocarboxylate-x'S complexes
21-27 as red solids in good yields (54-82%) (Scheme 2).

The obtained dithiocarboxylate azol(in)ium complexes
21-27 were fully characterized by multinuclear NMR spec-
troscopy, MS, IR and, in several cases, X-ray diffraction studies.
Two sets of proton and carbon signals were observed, indicat-
ing the formation of the two possible isomers, cis or trans.
However, the isomers with the two S atoms in trans configur-
ation are preferentially formed in all cases (de 73-94%). This
is possibly due to the preferential mutual ¢rans disposition of
the ligand with the highest ¢trans influence (C) and the hardest
base (Cl) due to the antisymbiotic effect,'® a feature commonly
observed in gold(u) complexes.'® The "H NMR spectra of com-
plexes 21-27 show that proton ortho to the gold ion
(7.55-8.16 ppm) is shifted significantly upfield relative to the
precursor complex [Au(dppta)Cl,] 6 (8.47 ppm). On the other
hand, the "*C{'"H}-NMR spectra showed a upfield displacement
of the signal corresponding to the CS, moiety
(206.1-210.4 ppm) with respect to the free ligand
(224.6-224.7 ppm), which is in accordance with the examples

This journal is © The Royal Society of Chemistry 2024
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Scheme 2 Synthesis of azol(in)ium-2-dithiocarboxylate complexes
21-27.

of azol(in)ium dithiocarboxylate metal complexes reported so
far in the literature (205-225 ppm)."’

Fortunately, X-ray quality single crystals of the trans-isomers
of 22 and 27 were obtained from a saturated solution of the
compound in THF layered with hexane. The molecular struc-
tures of 22 and 27 showing the atomic numbering scheme are
depicted in Fig. 3. Diffraction studies revealed a mononuclear
compound and confirmed the coordination of the dithiocar-
boxylate ligand in a k'S-monodentate mode, so that both co-
ordinated sulfur atoms are in a mutual trans-disposition. The
S1-Aul and S2-Aul distances are very similar (~2.31 A and
~2.33 A, respectively). On the other hand, in contrast with the
free ligand, the S3-C19 distance (~1.63 A) is slightly shorter

Fig. 3 Molecular structure of compounds 22 (a) and 27 (b) with hydro-
gen atoms, solvent molecules and PFg~ anions omitted for clarity. (c) S—
Ph & interaction in complex 27.
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than the $S2-C19 distance (~1.70 A) which suggests a greater
n-contribution over the S3-C19 bond. However, both bonds are
in an intermediate situation between the values expected for
single and double C-S bonds (approx. 1.61 A for the S=C
bonds and approx. 1.75 A for the S-C bonds).'® The metalla-
cycle in complex 22 differ slightly from the planar geometry,
with the phosphorus atom puckered out the plane and the
plane S1-P1-C2 tilted 29.27° form the plane formed between
S1-Au1-C1. This effect is even more evident in complex 27, for
which this angle is even larger (46.6°), which seems to be due
to the presence of an S-r interaction between S3 and the cen-
troid of the aromatic ring facing it at a distance of 3.51 A
(Fig. 3c); this distance falls whithin the range described in the
literature for this type of S-x interactions.'® All these effects
translate into a geometry around the gold atom that deviates
slightly from the ideal square planar geometry, as indicated by
the structural parameter t,, with values of 0.06 and 0.09 for 22
and 27, respectively.”®

Surprisingly, the outcome of the reaction of the azol(in)ium
dithiocarboxylate ligands 14-20 with the gold precursor 6 is
strongly dependent on the solvent used. Thus, when the reac-
tion is carried out using methanol as solvent, a new family of
cyclometallated complexes 28-34 was obtained (Scheme 3). In
these new complexes, a methoxy group bonds to the dithiocar-
boxyl carbon atom, forming a azol(in)ium-2-(methoxy)metha-
nedithiolate which bonds to the Au(m) metal center in a k’S,S
coordination mode. The new complexes 28-34 were obtained
as yellow solids in good yields and characterized by multinuc-
lear NMR. Two chiral centers are present in the product of this
reaction; thus, there are two pairs of enantiomers possible
from this reaction. The 'H-NMR spectra of all complexes
showed two identical sets of signals in a 1:1 ratio which
correspond with the mixture of syn/anti-isomers with respect
to mutual orientation of the nitrogen atom of the N'Pr, and
the oxygen atom of the methoxide motif. The presence of two
singlets around 3-3.5 ppm (one for each isomer) confirm the
incorporation of the methoxy group. The *'P{'H}-NMR spec-
trum are also consistent with the formation of diastereomeric
complexes, showing two distinct signals at 70-80 ppm and a
septuplet at around —140 ppm which corresponds to the PFq
anion. Regarding the "C{"H}-NMR spectra, the most salient
feature is that the signal for the CS, moiety is around
91.4-93.3 ppm, which is significantly shielded when compared
to complexes 21-27. This shift to high field is in agreement
with the change of hybridization of the CS, carbon atom from
sp” to sp® upon incorporation of the methoxy group.

Single crystals of syn-34 suitable X-ray diffraction were
obtained from a saturated solution of the compound in THF
layered with hexane. The molecular structure displaying the
atomic numbering scheme is shown in Fig. 4.

X-Ray diffraction studies revealed a mononuclear com-
pound where the dithio ligand is now x>-S,S’ coordinated to
the gold centre; however, the involved distances S2-Aul and
S3-Aul are 2.347 A and 2.285 A, respectively, with difference
being attributed to the higher ¢rans-influence of the C¢H, aro-
matic ring when compared to that of the S=P moiety.

Dalton Trans., 2024, 53, 9433-9440 | 9435
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Scheme 3 Synthesis of azol(in)ium-2-(methoxy)methanedithiol complexes 28-34.

Fig. 4 Molecular structure of compound syn-34 (H atoms, solvent
molecules and PF¢™ anion are omitted for clarity).

Furthermore, the distance of the dative S1-Aul bond is
2.347 A, the same as the S2-Aul distance. As suggested by the
NMR data, the carbon atom of the CS, core has changed
hybridization from sp> to sp® during the reaction and has a
methoxy group attached. Analogous to complexes 21-27, the
metallacycle deviates slightly from the planar geometry, with
the phenylphosphinothioic amide ligand tilted to give a di-
hedral angle of 15.03°. The value of structural parameter t,
(0.10) suggest that the geometry around the gold atom is
pseudo-square planar.*’

To investigate the possible transformation of dithiocarboxy-
late into dithiolate complexes, compounds 21-27 were dis-
solved in methanol. After stirring the resulting mixture for a
few minutes, the solution turned from red to yellow,
suggesting the transformation of the starting azol(in)ium-2-
dithiocarboxylate complexes 21-27 into the azol(in)ium-2-
(methoxy)methanedithiolates 28-34. After 6 h (20 h for steri-
cally hindered complexes 22 and 27), the corresponding
dithiolate complexes 28-34 were isolated in almost quantitat-
ive yield (Scheme 4).

In order to gain more insight on this unusual transform-
ation, we monitored this transformation by *'P-NMR. Thus, an
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Scheme 4 Transformation of azol(in)ium-2-dithiocarboxylate com-
plexes 21-27 into azol(in)ium-2-(methoxy)methanedithiol complexes
28-34.

NMR tube was charged with 27 and deuterated methanol was
added; *'P-NMR spectra were recorded at ten-minute intervals
(Fig. S56 and S57, ESIt). Formation of significant amounts of
34 is evident after just 10 min of reaction and the complete
disappearance of the starting dicarboxylate complex 27 takes
4.5 h. Interestingly, a new resonance appears after ca. 10 min
of reaction in a intermediate position between the resonances
of the parent chloride and those of the cyclometallated deriva-
tive 34 (5p = 69 ppm), and it completely disappears after ca.
5 hours. This new signal must be attributed to the formation
of a long-lived reaction intermediate and can be tentatively
assigned to a putative Au(m) complex derivative formed after
metathesis of the chloride ligand by a methoxy (vide infra).
Aiming to shed some light into the transformation of
2-dithiocarboxylate complexes 21-27 into (methoxy)methane-
dithiolate complexes 28-34, we decided to explore the mecha-

This journal is © The Royal Society of Chemistry 2024
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nism for such process by means of DFT calculations. To that
end, we have used as model compound the 1,3-bis(2,6-diiso-
propylphenyl)-1H-imidazol-3-ium derivative 27. According to
our calculations, the first step of the reaction would be a Cl to
OMe ligand metathesis whereby a new gold methoxide
complex (I1) is formed after formal HCI elimination (Fig. S58,
ESIt). This substitution takes place through a transition state
(TS1, Fig. 5) of moderate activation energy (ca. 10 kcal mol™*
above the starting chloride trans-27), and is preceded by the
formation of a methanol adduct (trans-27-MeOH), in which
the solvent molecule is bound by a strong MeOH---Cl hydrogen
bond (dy_ci = 2.38 A), an interaction not altering significantly
the coordination sphere of the gold atom. The gold centre in
TS1 displays a five-coordinate distorted trigonal bipyramidal
geometry which agrees with a classification of the overall
process as an associative interchange mechanism (Z,), in
which Au-Cl bond has been significantly elongated (ca. 0.6 A)
with concerted Au-O bond formation (day o = 2.34 A). Similar
mechanisms have been proposed on the basis of compu-
tational studies for related chloride ligand substitution reac-
tions at Au(m) complexes.

%\

g

>

Fig. 5 DFT computed structure of TS1 with most hydrogen atoms
omitted for clarity.
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The gold methoxide intermediate I1 can be, tentatively,
identified as the experimentally observed intermediate during
the NMR monitoring experiments. Several potential pathways
have been explored computationally to account for the trans-
formation of this methoxide I1 into the final (methoxy)metha-
nedithiolates 34. According to our calculations, the most likely
mechanism would imply the participation of a second mole-
cule of MeOH in the process in an essentially outer-sphere
mechanism by which the gold atom is not directly involved in
the process (Fig. 6). Thus, in first place the imidazoliumdithio-
late group swings so that the sulfur atoms of the CS, group
exchange its positions to form intermediate I1', a process with
a small energy penalty (ca. 6 keal mol™") occurring through an
energetically accessible TS2 located only +11 kcal mol™" above
I1. Then, addition of MeOH occurs in an exergonic manner
(ca. —2 kcal mol™) rendering the formation of I1-MeOH
adduct, in which the incoming solvent molecule binds to the
Au bound methoxide group through a conventional strong
hydrogen bond interaction (do...y = 1.692 A), while an almost
perfect orientation of the oxygen atom of the methanol mole-
cule to accomplish the nucleophilic attack to the carbon atom
of the CS, group is attained (do...c = 3.031 A). NBO analysis of
the charges in this intermediate also provides additional
support for the nucleophilic attack (go = —0.682e, gc =
+0.445¢), which occurs through transition state TS3 which is
located ca. 19 kcal mol™ above the parent methoxide I1.
Interestingly, the formation of the new C-O bond in TS3 (dco =
2.029 A) occurs in a concerted manner with a proton transfer
from the former methanol to the gold bound methoxide, with
the hydrogen atom being, in fact, more tightly bound to this
latter group (don = 1.082 and 1.412 A, respectively).

The outcome of this step is the formation of a new inter-
mediate (12) placed ca. +12 kcal mol™" above I1 and displaying
a fully formed (methoxy)methanedithiolate group which is
bound to the gold centre in a k'S-monodentate mode, while
the former methoxide group also remains coordinated to the
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Fig. 6 DFT computed reaction profile for the 11 — anti-34 transformation.
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metal now converted into a methanol molecule. From here,
the system would evolve by methanol replacement by the non-
coordinated sulfur atom of the dithiolate group, leading to the
formation of the reaction product displaying an anti configur-
ation (anti-34). This ligand substitution occurs through an
energetically accessibly TS4 (ca. +16 kcal mol™), and also
follows an associative interchange mechanism, with concerted
elimination of methanol (da,o = 2.434 A) and formation of Au-
S bond (daus = 2.896 A). Considering the complete mechanism,
the rate determining step for the I1 to anti-34 transformation
would correspond to the nucleophilic attack of the methanol
oxygen atom to the carbon atom of the CS, group with an
overall reaction barrier of ca. 19 keal mol™, which is kineti-
cally accessible at room temperature. In order to account for
the formation of the corresponding syn-34 isomer, a similar
mechanism has been computationally verified (Fig. S59, ESIf)
with the main differences then being that the initial coordi-
nation of the methanol molecule would take place directly at
the methoxide I1 and that the overall energetic barrier would
be slightly higher (AAG* = +1.6 kcal mol™?), yet remaining
compatible with a room temperature transformation, and
accounting for the experimental observation of formation of
both syn- and anti-isomers of 34.

Catalytic activity of the synthesized Au(m) complexes

As mentioned before, one of the most relevant applications of
Au(m) complexes is as catalysts in the activation of unsaturated
bonds. To this end, it is of the uttermost importance to reach
the right balance between stability and reactivity. In this
regard, we hypothesized that cationic (S*C, S*S)-cyclometal-
lated gold(m) complexes might be able to stabilize the cationic
Au(m) center while maintaining catalytic activity. In order to
evaluate the catalytic performance of k'S-azol(in)ium-2-dithio-

carboxylate complexes 21-27 and «°S,S-azol(in)ium-2-

Table 1 Screening of conditions for the synthesis of alkylated indoles

Au cat. (2.5 mol%) Me o
Me Ny AgPF¢ (5.0 mol%)
/\/ * N N
HO \ CH2C|2, rt., 2h
Me N\
35a 36a 37a Me
Entry Au catalyst (mol%) Ag catalyst (mol%) Yield® (%)
1 21 (2.5) AgPF; (5) 94
2 22 (2.5) AgPF, (5) 97
3 23 (2.5) AgPF; (5) 78
4 24 (2.5) AgPF; (5) 80
5 25 (2.5) AgPF; (5) 85
6 26 (2.5) AgPF, (5) 88
7 27 (2.5) AgPF; (5) 84
8 28 (2.5) AgPF; (5) 6
9 29 (2.5) AgPF; (5) 8
10 22 (2.5) — 0
11 — AgPF; (5) 6

“ Determined by "H NMR using 1,3,5-trimethoxybenzene as an internal
standard.

9438 | Dalton Trans., 2024, 53, 9433-9440

View Article Online

Dalton Transactions

(methoxy)methanedithiolate complexes 28-34, we focused on
the Au(mi)-catalyzed preparation of 3-substituted indoles,>?
important structural motifs found in many natural products
and pharmaceuticals.”?

With the aim of investigating the catalytic activities of k"S-
azol(in)ium-2-dithiocarboxylate complexes 21-27 and ¥°S,S-
azol(in)ium-2-(methoxy)methanedithiolate complexes 28-34 in
the gold-silver cooperative dual catalytic alkylation of indoles,
the reaction of alkynyl alcohol 35a with indole 36a was used as
a model. The results of the catalytic studies are given in Table 1.

Using 2.5 mol% of azol(in)ium-2-dithiocarboxylate com-
plexes 21-27 (2.5 mol%) with AgPF, (5 mol%), alkylated indole
37a was obtained in good yields in all cases (entries 1-7).

In contrast, azol(in)ium-2-(methoxy)methanedithiolate
complexes 28-34 displayed very poor catalytic activity (entries
8 and 9). This result is in agreement with the findings
obtained by DFT calculations, which show a high stability of
the Au(u) centre in the azol(in)ium-2-(methoxy)methanedithio-
late complexes. Therefore, the monocyclometallated Au(m)
center in the azol(in)ium-2-dithiocarboxylate complexes can
effectively activate the alkyne moiety, whereas the cyclometal-
lated Au(m) center in the azol(in)ium-2-(methoxy)methane-
dithiolate complexes is too stable to undergo any type of reac-
tion. The best results were obtained with complex 22,
affording alkylated indole 37a in an excellent 97% yield (entry
2). In general terms, the catalytic activity increases with
increasing size of the side chain in the azol(in)ium moiety.
This trend could be related to differences in the geometry of
the complexes, since bulkier ligands somehow distort the
square planar geometry of the metal center. In this regard, it
has been reported that distorted square planar geometry in Au
() complexes is associated with enhanced catalytic activity.>**
In the control experiments (entries 10 and 11), only low yields
were observed when a single metal catalyst was used.

Table 2 Gold(n) complex-silver catalyzed cyclization—addition reac-
tions of alkynyl alcohols 35 and substituted indoles 36

R1
HO Z
" Au cat. (2.5 mol%) R'— g Me
35 AgPFg (5.0 mol%) X (o)
X * CH,Cly, rt., 2h N3 \
Ty { '
N 37af R 37g Me
36 R?
Entry 35 R' n 3 R R X 37 Yield* (%)
1 a Me 1 a Me H H a 97
2 b Et 1 a Me H H b 95
3 c Bu 1 a Me H H c 91
4 a Me 1 b Me H Br d 95
5 b Et 1 b Me H Br e 98
6 a Me 1 c H Me H f 71
7 d Me 2 a Me H H g 89

“ Determined by '"H NMR using 1,3,5-trimethoxybenzene as an internal
standard.
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Using the optimized conditions, we investigated the sub-
strate scope of the dual metal catalysis for indole alkylation.
Thus, a solution of alkynyl alcohol 35 and indole 36 in CH,Cl,
in the presence of a 2.5 mol% of complex 22 and a 5 mol% of
AgPF¢ was stirred at r.t. for 2 h.

According to the results compiled on Table 2, alkynyl alco-
hols of different chain lengths 35a-d and indoles with
different substituents 36a-b afforded alkylated indoles 37a-e
with good to excellent yields (71-97%) and total regio-
selectivity. The reactivity and regioselectivity observed for the
indole alkylation reaction were consistent with those reported
in the literature.?***

Conclusions

In conclusion, we have described the preparation and charac-
terization of a novel family of Au(m) cyclometallated k'S-azol
(in)ium-2-dithiocarboxylatecomplexes. = These  derivatives
undergo a fascinating rearrangement in the presence of
methanol to afford the corresponding Au(m) cyclometallated
¥>-S,8"-azol(in)ium-2-(methoxy)methanedithiolate complexes, a
family of Au(m) compounds that have no precedent in the lit-
erature. In addition, this transformation was thoroughly inves-
tigated by the means of NMR studies and DFT calculations,
allowing us to propose a plausible mechanism.

Furthermore, the catalytic behavior of both families of Au
() complexes in the alkylation of indoles has been explored.
In this regard, k'-S-azol(in)ium-2-dithiocarboxylate complexes
display excellent performance, providing alkylated indoles in
good to excellent yields and total regioselectivity. On contrary,
k-S,58"-azol(in)ium-2-(methoxy)methanedithiolate  complexes
showed poor catalytic activity, consistent with their high stabi-
lity, as predicted by the DFT calculations.
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