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Abstract: N-Heterocyclic carbenes (NHCs) are nowadays one of the most widely employed ligands
in organometallic chemistry and homogeneous catalysis due to the inherent stability of the metal-
carbene bond and the ease of modification of the backbone as well as the N-wingtips substituents of
these ligands. The functionalization of NHCs with hydrophilic groups offers the possibility of using
NHC-metal complexes in aqueous catalysis, a hot topic within the Green Chemistry context due to
the positive implications associated with the use of water as a reaction medium. In line with the
enormous interest aroused by gold complexes in catalysis, significant efforts have been directed in
the last years to the design and application of hydrophilic NHC-gold catalysts. This review is aimed
to summarize the research in this area. The catalytic applications of water-soluble gold nanoparticles
stabilized by hydrophilic NHCs are also covered.

Keywords: N-heterocyclic carbenes; water-soluble ligands; hydrophilic ligands; gold complexes;
aqueous catalysis

1. Introduction

Organometallic catalysis in aqueous systems has attracted enormous interest during
the last two decades, both from an academic and an industrial point of view [1-5]. Un-
doubtedly, the successful development of the Ruhrchemie /Rhéne-Poulenc aqueous-phase
Rh-catalyzed hydroformylation process in 1984 [6] represented a major cornerstone in the
field and substantiated the progress of this creative research area. In addition to environ-
mental concerns, accessibility and cost, metal catalysis in water or in biphasic aqueous
media offers additional advantages when compared with classical processes performed
in organic solvents, such as the simplification of the separation of the catalyst from the
products, thus favoring the recycling of the former, the improvement of the reaction rates
(hydrophobic, H-bonding and polarity effects [7]) and, in some cases, the observation of dif-
ferent selectivities to those shown in purely organic environments [1-5,7]. The introduction
of hydrophilic ligands in the coordination sphere of a transition metal is probably the most
popular strategy for designing water-soluble catalysts, with phosphines functionalized
with ionic groups (sulfonate, ammonium, carboxylate, etc.) or neutral ones capable of
establishing H-bond networks with water playing a leading role [8-14].

N-Heterocyclic carbenes (NHCs) offer some advantages over classical tertiary phos-
phines, such as higher electron donation and complex stability, which has led them to rank
among the most popular ligands currently employed in homogeneous catalysis [15-19]. In
addition, NHCs have also found application as stabilizers of metal nanoparticles (NPs),
some of them featuring relevant photophysical, biomedical and catalytic properties [20-24].
In 1997, Herrmann and co-workers reported the preparation of the first transition-metal
NHC complexes featuring water solubility, A and B in Figure 1, by introducing hydrophilic
carboxylate substituents on the N-atoms of the carbene ligand [25] and, since then, research
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on the synthesis and applications in catalysis and biomedicine of water-soluble NHC
transition metal complexes has grown considerably [26-31].
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Figure 1. Structure of the first water-soluble NHC-metal complexes reported in the literature.

On the other hand, throughout the last two decades, gold catalysis has emerged as
a powerful tool in synthetic organic chemistry [32—41], a research field in which substan-
tial progress has been achieved by making use of Au-NHC complexes owing to their
enhanced stability, versatility, high catalytic activities and selectivities [42—-47]. Similarly,
significant attention has also been paid to the use of Au NPs stabilized by N-heterocyclic
carbenes in catalysis [23,48,49]. In this review article, the application in the aqueous-phase
catalysis of gold complexes and nanoparticles stabilized by hydrophilic NHC ligands is
comprehensively discussed.

2. N-Heterocyclic Carbene Ligands Functionalized with Ionic Groups
2.1. Sulfonate-Tagged NHC Ligands

The introduction of sulfonate groups is the most reliable and popular strategy for the
preparation of water-soluble ligands [8,9,12,14] and, in line with this, the most frequently
employed method for rendering NHCs and their metal complexes soluble in water [26-31].
The synthesis of the first gold complexes with sulfonated NHCs was reported by Jo6 and co-
workers in 2010, employing the imidazolium sulfonate zwitterions 1a-f as starting materials
(Scheme 1) [50]. Transmetallation from the corresponding bis-carbene silver(I) complexes
2a-f, generated by reacting 1a-f with AgyO, to [AuCl(tht)] (tht = tetrahydrothiophene),
led to mixtures of the mono-carbene complexes 3a-f and the bis-carbene derivatives 4a-f
(please note that 3f was not observed at all and only 4f was formed).

N B N Na®
= 1) Ag,0 (1 equiv.) R” Y ~ > s0f
® H,0/rt./35h
N__N ©) 2 ®
- b Ag
R™NZ Tt so; 2) NaCl (1 equiv.) o )\
- 0,5 R
1a-f 3 \6/)n/\N N/
\—/
2a-f
1) [AuCI(tht)] (2 equiv.)
HO/rt./3h 2) NaCl (1 equiv.)

N/:\N N N/_\N o ga® 3alda ratio = 89:11
' al4a ratio = N

R™ Y “tn ~sof R Y "8 3b/4b ratio = 83:17
Au * Au® 3cl4c ratio = 82:18
| ) )\ R 3d/4d ratio = 80:20

cl O3S ~n""N" 3elde ratio = 91:9
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Scheme 1. First examples of gold complexes with sulfonated NHC ligands.
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The lower solubility of the minor bis-carbene products 4a-e in alcohols allowed the
easy purification of complexes 3a-e just by precipitation of 4a-e from a concentrated aque-
ous solution of the mixtures by the addition of a small amount of methanol. In addition, 4a-e
could be prepared in pure form by reacting equimolar amounts of the silver(I) bis-carbenes
2a-e and [AuCl(tht)]. Jo6 and co-workers also found that the mono-carbene Au(I) chloride
complexes 3a-e are active catalysts for the selective Markovnikov hydration of pheny-
lacetylene in a refluxing H,O/MeOH mixture (Scheme 2), the turnover frequencies (TOF)
reached (13-16 h™!) being comparable to those previously reported with water-soluble
Au(I)-phosphine catalysts [50]. The authors explored the effect of different additives (Bren-
sted acids and silver(l) salts) on the hydration of phenylacetylene by complex 3a, observing
an increase in the reaction rate when 10 mol% of H,SO,4 was added to the reaction medium
(TOF = 102 h~!). Conversely, the addition of silver(I) salts turned out to be detrimental,
drastically decreasing the acetophenone yield.

o}

3a-e (2 mol%)
N/ H,0 / MeOH (1:1 viv)
reflux/3 h

(61-92% yield)

Scheme 2. Markovnikov hydration of phenylacetylene catalyzed by complexes 3a-e.

In a subsequent study, the same group described the preparation of sulfonated analogous of
the well-known gold(I) complexes [AuCl(IMes)] (IMes = 1,3-bis(2 4,6-trimethylphenyl)imidazol-
2-ylidene) and [AuCl(SIMes)] (SIMes = 1,3-bis(2 4,6-trimethylphenyl)-4,5-dihydroimidazol-2-
ylidene), 8 and 10, respectively (see Scheme 3) [51]. As exemplified for 8, the corresponding imi-
dazolium chloride precursor 6 was synthesized in high yield by direct sulfonation of [[MesH]Cl
5 with fuming sulfuric acid. Subsequent treatment of a methanolic suspension of 6 with
Ag>0O under refluxing conditions afforded the isolable silver(I)-bis-carbene 7, from which
the complex 8 was easily generated by carbene transfer to [AuCl(tht)]. Complex 10 was
obtained from [ISMesH]Cl 9 by following the same reaction sequence.

) c® 1) fuming H,SO,4
® 0°C /20 min a Na
N_ N o
A ﬁ\ 2) NaOH(q) 0,8 50§
(72% yield)
5

Ag,0 (1 equiv.)
MeOH / reflux / 6 h
(93% vyield)

Na® S Na®
9038 N N SO? [AuCl(tht)] (2 equiv.)
Y MeOH / acetone )\
Alu rt./72h 303
Cl

(84% yield)

! c® Na® [\ ® |
. [ \g .5 N_ _N so®
! NVN —_— 3 \( 3 '
! Au |
| 9 | i
! cl !
. 10 !

Scheme 3. Synthesis of the sulfonated NHC-gold(I) complexes 8 and 10.
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The authors also explored the catalytic behavior of 8 and 10 in alkyne hydration reac-
tions. Compared to the sulfoalkyl-substituted Au(I)-NHC derivatives 3a-e just commented,
they turned out to be more effective for the Markovnikov hydration of terminal alkynes
HC=CR (R = Ph, 4-C¢HsMe, 4-CcH,OMe, CH,OH) showing high catalytic activities in
methanol-water mixtures or in purely aqueous solutions at low catalysts loadings (down
to 0.07 mol% or 97 ppm; refluxing conditions). They performed well even in the absence
of an acid co-catalyst (e.g., TOF values of 760 and 600 h~! were reached in the hydration
of 4-ethynylanisole with 8 and 10, respectively, under acid- and silver(I)-free conditions)
and showed to be stable on air for long periods. Hydration of the internal alkyne dipheny-
lacetylene was also attempted obtaining markedly poorer results (TOF up to 3.6 h~! with
H,S0Oy as co-catalyst).

Complexes 11-14, generated from the corresponding imidazolium salts and [AuCl(tht)]
through the silver oxide route, are additional examples of sulfonated NHC-gold(I) com-
plexes whose biological and catalytic properties were evaluated by Silbestri’s group
(Figure 2) [52-56]. The application of the silver oxide route was crucial to obtain these
complexes in a selective manner; the direct reaction of the imidazolium sulfonate zwitte-
rions with [AuCl(tht)] in the presence of a base leading to mixtures of the [AuCl(NHC)]
derivatives 11-14 and the corresponding bis-carbenes [Au(NHC),]*. As in the precedent
cases, all of them were stable in air in the solid state and could be stored for long periods
when protected from light. However, regarding their stability in aqueous solution, complex
12 was found to evolve rapidly into the corresponding bis-carbene [Au(NHC),]*, with
concomitant generation of colloidal gold nanoparticles (NPs), even at room temperature.
In contrast, 11, 13 and 14 were found to be stable, and decomposition was only observed
when the solutions were heated at 100 °C [52].

— Na(;a9 2
HNYN\/\/SO3 YNWSO

Alu

Cl Cl

11 12

a@

'PrY 'Pr @

13 14

Figure 2. Structure of the water-soluble NHC-Au(I) complexes 11-14.

The catalytic studies with 11-14 focused again on the hydration reactions of alkynes.
Thus, in a preliminary work, Silbestri and co-workers found that complexes 12 and 14, when
combined with the halide abstractor KPFg, are more effective than their non-sulfonated
analogs in the Markovnikov hydration of phenylacetylene, being capable of operating at
80 °C in a water/methanol solvent mixture in the absence of acid (using a metal loading of
1 mol%, the quantitative conversion of phenylacetylene to acetophenone was reached after
12 h of heating; 55-60% conversion with the non-sulfonated analogs under identical condi-
tions) [52]. In addition, they showed high levels of recyclability, i.e., up to 9 consecutive
runs until total inactivation of the catalysts. This fact was quite unexpected, particularly
for complex 12, since, as we have just commented, it decomposes rapidly in an aqueous
solution. Transition electron microscopy (TEM) measurements indicated the absence of col-
loidal Au NPs at the end of the reactions, suggesting enhanced stability under the catalytic
conditions employed. In a subsequent study, the catalytic behavior and scope of these
NHC-Au(I) complexes were explored in depth, and 14 turned out to be the most effective
of all, not requiring most of the alkynes employed the use of methanol as co-solvent or the
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presence of a chloride abstractor (see Scheme 4); mandatory in the case of 11-13 to reach
good conversions [54]. Density Functional Theory (DFT) calculations indicated that the
lower effectiveness of complexes 11-13 vs. 14 is associated with their lower electrophilicity
(the computed atomic charges for gold in 11 and 14 were +0.07 and +0.55, respectively)
and stronger steric hindrance on the gold center exerted by the 3-sulfonatepropyl chain
folds (the flexibility of the 3-sulfonatepropyl chain allows the intramolecular interaction
between the sulfonate group and the metal center) [55]. An additional study from the same
group also demonstrated that the use of microwave (MW) and ultrasonic (US) irradiations
contributes to the improvement of the catalytic process, shortening the reaction times
required under classical thermal conditions [56].

o)
R — 14 (1mol%) )J\
H,0/100°C /1-2 h R

(96-99% yield)

(R =Ph, 4-CgHyMe, "Pr, n-CsHs1, C(Me)=CHy, 1-cyclohexenyl |

HO AgSOFs (1 mol 2
pemm— gobFs (1 mol%e) Ho\e)k
H,O0/60°C/2h n
N2 (99% yield)

N/ 14 (1 mol%)
/ — H,0/100°C/6h *

o)
(63% yield; 1:2 ratio)

Scheme 4. Hydration of alkynes catalyzed by the sulfonated NHC-Au(I) complex 14.

Very recently, Guérard-Hélaine and co-workers developed an efficient chemoenzy-
matic approach for the production of monosaccharides 19 using propargyl alcohol 17 and
different aldehydes as the starting materials (Scheme 5) by combining the ammonium
salt of the sulfonated NHC-Au(I) derivative 14, i.e., complex 16, with the aldolase FSA
(fructose-6-phosphate aldolase) [57]. Complex 16, generated by reacting the zwitterionic
imidazolium salt 15 with [AuCl(tht)] and aqueous ammonia, catalyzed the initial hydration
of propargyl alcohol 17 into hydroxyacetone 18 in pure water at 60 °C. After the hydration
step was finished, the pH of the solution was adjusted to 7, and the corresponding aldehyde
and the enzyme FSA were added to the medium, leading to the aldol adducts 19 in good
yields, and with complete stereoselectivity, after 5-24 h of stirring at room temperature.

iPr /T \g'Pr [AUCI(tht)] (1 equiv.)

]
NH® N\%N NH3(aq) (20 equiv.) NH

4 iPr ; EtOH/rt./3h 4 'Pr
[©) Pr So@

3 (77% vyield)

15
16
0 o OH
S 16 (0.75 mol%) RC(=O)H (1 equiv.) / FSA )K/\
_—m
H,0/60°C/2h rt/524h/pH7 g
OH OH OH
17 18 19
(R =H, Et, "Pr, CH,OH, CH,CH,OH) (68-91% yield)

Scheme 5. One-pot, two-step synthesis of optically pure monosaccharides 19.
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The application of sulfonated NHC-gold complexes in other catalytic transformations
in aqueous environments has also been described. A relevant example is the cycloisomer-
ization of y-alkynoic acids. This type of reaction represents an easy and atom-economical
methodology to produce unsaturated lactones [58,59], for which gold-based systems are
among the most effective catalysts currently known [60]. Works by Michelet, Conejero,
Cadierno and co-workers demonstrated the utility of water-soluble Au(I) and Au(Ill)
complexes containing NHC ligands decorated with 3-sulfonatopropyl and protonated
2-pyridyl, 2-pycolyl or 2-pyridylethyl groups, i.e., compounds 22a-c and 23b-c in Scheme 6,
in these cyclization processes [61,62]. Their synthesis involved the initial generation of
the zwitterionic imidazolium salts 21a-c by reaction of imidazoles 20a-c with 1,3-propane
sultone. Subsequent silver-mediated carbene transfer to [AuCl(SMey)] in dichloromethane
solution, followed by protonation of the pyridyl units with p-toluene sulfonic acid, led to
the Au(l) derivatives 22a-c, which readily precipitated in the medium thus facilitating their
isolation and purification. Oxidation of 22b-c with iodobenzene dichloride cleanly afforded
the respective gold(IlI) complexes 23b-c.

O\\ //O

~
= { O (2 equiv.) 7

| N N I N N® Soe
\N SN acetone / r.t. / 7 days \N N

(73-86% yield)
20a-c 21a-c

1) Ag,0 (1 equiv.) / ["BugN][l] (1 equiv.) | 3) p-TSOH H,O (1 equiv.)
n=0()1(b),2(c) CH,Cl, / reflux / 24 h CH,Cl,/rt./ 14 h
2) [AuCI(SMe,)] (1 equiv.) (64-88% yield)
CH,Cly/rt./1h

7 — 7 —
Y 505 N 5o
\N@ - ~ \N@ - YN ~~"78
| _ PhICI, (2 equiv.) |
H C'_Alu_c' CH,Cl,/rt./ 14 h H A|”
¢l (77-85% yield) a
23b-c 22a-c

Scheme 6. Synthetic route employed in the preparation of complexes 22a-c and 23b-c.

As illustrated in Scheme 7, all these complexes were capable of catalyzing the cy-
cloisomerization of different y-alkynoic acids in a biphasic toluene/water medium under
mild conditions (r.t.) and, more importantly, in the absence of silver(l) additives. Please
note that the participation of Ag(I) salts is commonly required for the generation of vacant
coordination sites on the metal when related transformations are performed with gold
complexes in organic media [60]. In addition, they showed exquisite chemoselectivity,
and the formation of hydration/hydrolysis byproducts was not observed even when extra
carbon-carbon triple bonds were present in the substrates, e.g., the transformation of 1,6-
diynes 26 into enol lactones 27. No major differences in reactivity between the Au(I) and
Au(IIl) were found, all of them showing comparable efficiency and selectivity. Regarding
this last point, the 5-exo-dig cyclization path was exclusively observed when <y-alkynoic
acids featuring terminal C=C bonds were employed as substrates (i.e., cyclization of 24
and 26 into the five-membered ring lactones 25 and 27, respectively). In contrast, mix-
tures of the corresponding 5- and 6-membered ring lactones 29 (5-exo-dig cyclization) and
30 (6-endo-dig cyclization), respectively, were systematically obtained starting from the
internal y-alkynoic acids 28 (an increase in the metal loading from 0.1 to 2.5 mol% was also
required with these less reactive substrates). The recycling of the catalysts was additionally
explored, their high solubility in water enabling their reuse for ten consecutive runs by
simple separation of the organic phase containing the enol-lactone products [62]. In this
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regard, some differences were observed between 22a-c and 23b-c, the recyclability of the
gold(IlI) species 23b-c being more effective due to their enhanced stability in water (in
aqueous solution the Au(I) complexes 22a-c undergo with time partial decomposition into
catalytically inactive Au(0) NPs, decomposition that also suffer 23b-c but more slowly). It
should be mentioned at this point that the cycloisomerization of terminal y-alkynoic acids
to five-membered enol-lactones at room temperature in a toluene/water biphasic medium
was also described by Pleixats and co-workers employing a silica-supported NHC-AuCl
catalyst [63]. The participation of a silver(I) co-catalyst was not necessary either, and the
catalytic system could be reused in up to six consecutive cycles.

v o

/%J\OH 22a-c or 23b-c (0.1 mol%) o

= /N, toluene / H,O (1:1 v/v)
R' R rt./1-6h R

24 R
R'"=H; R2=H, CO,Me 25
R' = CO,Me; R? = CH,CH=CH, (81-96% yield)
o)
O __o
22a-c or 23b-c (0.1 mol%)
_— OH

= ) toluene / H,O (1:1 viv)

R rt/1-10h R?
\ N
\ R'=H; R? = H, CO,Me N
R R' = Me; R? = CO,Me 27
» (80-95% yield)
2 o o_ _oO
22a-c or 23b-c (2.5 mol%) S o
= OH » + |
= toluene / H,O (1:1 viv) CO,Me
R COMe rt./3-10h CO,Me R
28 R
(R = Et, CH,C=CMe) 29 30

(80-93% yield; 29/30 ratios from 2:1 to 17:1)

Scheme 7. Au-catalyzed cyclization of y-alkynoic acids in a biphasic toluene/water medium.

On the other hand, despite the growing interest in water-soluble NHC-stabilized Au
NPs [64], examples involving sulfonated NHCs are still scarce [65-67], and only in one
work, they were applied in aqueous-phase catalysis [67]. Thus, Dimitratos, Casini and
co-workers reported the preparation of the gold NPs 32 and 33, stabilized by mono- and
bidentate sulfonated NHCs, respectively, by direct reduction of the corresponding Au(I)
bis-carbene derivatives 4d and 31 with sodium borohydride (Scheme 8). Complexes 4d and
31 were accessed from the corresponding imidazolium salts via silver-mediated carbene
transfer to the Au(I) precursor [AuCl(SMe;)]. As shown in Scheme 8, NPs 32 and 33 were
capable of promoting the reduction of 4-nitrophenol into 4-aminophenol in pure water
employing excess NaBHj, as the reductant, with 32 being more active than 33 due to the
higher accessibility to the Au sites associated with the lower NHC-surface coverage in
the former. These Au NPs were also catalytically active in the reduction of 2-nitrophenol,
3-nitrophenol and resazurin, but conversions were lower compared to 4-nitrophenol. We
should finally mention that the stabilization of gold NPs by sulfonated imidazolium salts
has been additionally reported [68-71], with some of the resulting systems also showing
catalytic potential for the reduction of nitroaromatic compounds in water [69,70].
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nBu/NYN\/\/SOS Na eoaSWN\(NVNYN\/\/SOS Na
AU® or AU® Au®
€] )\ _"Bu )\ )\
0,87 "N °N Na@@oas/\/\ N” ONTTONT ONTTNA"S 600
4d 31

NaBH, (10 equiv.)
H,0/r.t./24h

32 (0.2 mg) or 33 (0.3 mg)

1

: NaBH, (excess)

' HO NO, HO NH,
X H,O /r.t.

1

1

cat. 32: 81% conversion after 1.5 min
cat. 33: 80% conversion after 6 min

Scheme 8. Synthesis and application in the catalytic reduction of 4-nitrophenol in an aqueous medium
of the water-soluble Au NPs 32 and 33.

2.2. Ammonium-Tagged NHC Ligands

The use of auxiliary ligands functionalized with ammonium units is another strategy
frequently employed to solubilize metal complexes in water [12], so it is not surprising that
some gold complexes containing ammonium-tagged NHC complexes have appeared in
the literature. The first examples were described in 2015 by Belger and Krause [72]. They
synthesized the Au(I) complexes 38a-b and demonstrated their catalytic potential in the
cycloisomerization of the allenic and acetylenic alcohols 39 and 41 (Scheme 9). The synthetic
route employed for the preparation of complexes 38a-b involved the initial cyclization of
the diimine 34 into the imidazolium salt 35 upon treatment with paraformaldehyde and
chlorotrimethylsilane. Subsequent transformation of 35 into dichloride 36 with thionyl
chloride, followed by a reaction with an excess of the corresponding amine, gave the
water-soluble imidazolium salts 37a-b, from which complexes 38a-b could be obtained by
treatment with [AuCl(SMe,)] and KO'Bu in refluxing methanol. Concerning their catalytic
behavior, both complexes were able to promote the cyclization of compounds 39 and 41 in
pure water without the assistance of any additive, with the triethylammonium-substituted
catalyst 38a being, in general, more active than its tri-n-butylammonium-substituted coun-
terpart 38b. In addition, they could be easily recycled (up to 5 times) after extraction of
the heterocyclic products 40 and 42 with pentane and diethyl ether. Only a slight loss of
activity over the successive cycles was observed due to the slow degradation of the catalysts
into gold NPs, a decomposition process that is suppressed if LiCl is added to the reaction
medium. It should be mentioned at this point that the cyclization of allenylic alcohols
related to 39 in aqueous micellar media was also successfully accomplished by Krause
and co-workers employing gold(I)-NHC-functionalized amphiphilic block copolymers
as catalysts [73].
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//_\\ paraformaldehyde (1 equiv.) ® /:\
N N Me,SiCl (1 equiv.) _ NN
EtOAc /60 °C /15 min Cle
(73% vyield)
34

THPO OTHP HG 35 OH
THP = tetrahydropyranyl

SOCI, (2.5 equiv.) @N/_\N
pyridine (5 mol%) N\ NR3 (20 equiv.)
CHCI3 /r.t./ 30 min CI@ MeOH / reflux / 18 h
(91% yield) (56-95% vyield)
| C

Cl 36

=\ [AuCI(SMe,)] (1 equiv.) [\
® KO'Bu (1 equiv.) N N
e Y
A%
MeOH / reflux / 18 h
c® (44-87% yield) A|”
RsN® ®ONR;
R3NG~)CIe C|9®NR3 3 Cle Cl Cle
R = Et (37a), "Bu (37b) R = Et (38a), "Bu (38b)
H
H
P : R2 38a-b (5 mol%) - 5
R, . o } . R
[/ oH H,0 /.t or 40 °C / 24-48 h R N0
H 40
(69-97% yield)

39 R" = Pr, 'Bu, "Bu, Ph; R? = OSiMe,'Bu
R' ='Bu; R* = OBn

o 38a-b (3 mol%) °
-| o
Homz H,0/40°C/5h R?
R' R 2 o
R1
x| 42

(50-76% yield)

Scheme 9. Synthesis of the Au(I) complexes 38a-b bearing ammonium-tagged NHC ligands and
their application as catalysts in cyclization reactions.

Belger and Krause additionally reported the synthesis of the related water-soluble
Au(l) derivatives 46a-f, featuring, in this case, unsymmetrically substituted ammonium
salt-tagged NHC ligands (Scheme 10) [74]. The precursor imidazolium salts 45a-f were
accessed from the corresponding N-arylimidazoles 43 and the benzyl chloride derivative
44 following a reaction sequence similar to that commented above for the preparation
of compounds 38a-b. Complexes 46a-f catalyzed the selective 5-exo-dig cyclization of
the terminal y-alkynoic acids 47 and amides 49 into the respective enol-lactones 48 and
lactams 50 (Scheme 10). These cycloisomerizations reactions proceeded cleanly, under
mild conditions, and in high yields when an aqueous triethylammonium buffer solution
was employed as the reaction medium, with the use of pure water leading in general
to compounds 48 and 50 in lower yields due to the partial decomposition of the gold
complexes in the acidic medium generated by the substrates. As in the precedent case, no
silver(I) co-catalysts were needed, and complexes 46a-f could be reused up to five times
after extraction of the products from the aqueous solution with diethyl ether.
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OH
R1
M\
1) MeCN / reflux / 18 h /@NVN
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\Q\ [AUCI(SMe,)] (1 equiv.) \Q\
/@ KO'Bu (1 equiv.) /@
R2 R 1 Au

MeOH / reflux / 18 h
(61-86% yield)

45a-f
R' = R? = Me; R® = Me (a), Et (b), "Bu (c
R' ='Pr; R? = H; R® = Me (d), Et (e), "Bu (f) 46a-f
o
46a-f (2.5 mol? SN
oH a-f (2.5 mol%)
4 N\, [EtsNH][OAC,q (1 M)
R'" R rt./056h R2
47 R!
[R1 =H;R2=H, Me, Pr, Ph] 48
R'=R?=Ph (65-94% vyield)
Ts
o |
_Ts 46a-f (2.5 mol%) N o
4 N [EtsNHI[OAC,q (1 M)
R 50°C/1-4h
R
49 R =H, Me, Pr, Ph 50
Rl (72-95% yield)

Scheme 10. Synthesis of the water-soluble Au(I) complexes 46a-f and their application as catalysts in
cyclization reactions.

In the same work, the authors also developed a synthetic route for the furanocoumarin-
functionalized lactone 52, an epimer of the natural product clausemarine A, in which the
key lactone ring was assembled by cycloisomerization of the internal y-alkynoic acid 51.
As shown in Scheme 11, the cyclization process proceeded in high yield employing 1 mol%
of complex 46b in the aqueous triethylammonium buffer solution (containing now a small
amount of THF as co-solvent to facilitate the solubility of the substrate).

On the other hand, Gautier and co-workers described the high-yield synthesis of the
symmetrically substituted imidazolium salt 54, featuring trimethylammonium groups,
by orthoformate cyclization of the diamine dihydrochloride 53 (Scheme 12) [75]. The
reaction of a methanolic solution of 54 with HAuCly, in the presence of the reducing agent
thiodiglycol and NaOH, afforded the water-soluble Au(I)-NHC complex 55, which was
isolated in 59% yield. Attempts to generate complex 55 employing the classical Au(l)
sources [AuCl(SMe,)] or [AuCl(tht)] were not made by the authors. Moreover, oxidation of
55 with iodobenzene dichloride allowed access to the corresponding Au(III)-NHC complex
56. Complexes 55 and 56 behaved as efficient catalysts for the Markovnikov hydration
of terminal alkynes functionalized with hydrophilic alcohol and amide groups, in neat
water, under acid- and silver-free conditions (see Scheme 12). Regardless of the complex
employed, complete conversion of the alkynes into the corresponding methyl-ketones
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was achieved by performing the reactions with a metal loading of 0.5 mol% at 50-80 °C
for 2040 h. However, we must note that kinetic and DFT studies indicated that, in the
presence of water and the alkyne, the Au(Ill) derivative 56 is reduced in situ to the Au(I)
one 55 with concomitant formation of a chloro-ketone, being therefore 55 responsible for
the catalytic activity observed.

OH >
; 0,
N 46b (1 mol%) .
=
cop  [EtNHIOACL (1 M) o 1) Hy(1 atm) / Pd/C
- THE/rti2n MeOH /1. /18 h

(77% yield) 2) IBX (3 equiv.)
DMSO /1.t /18 h
(@1% yield)

(31% yield)

o) O Br 1) CH,=CHMgBr (2 equiv.)
THF /r.t./ 30 min
xanthotoxol (1 equiv.) ZH1 o 2) PBr3 (2 equiv.)
K»CO3 (1 equiv.) / ; Et,0 /0 °C / 30 min
/k & acetone / reflux /18 h “"&O
(45% yield) o
(E/Z = 60:40)
(E/z= 80.20)

Scheme 11. Synthesis of 2-epi-clausemarine A 52 from alkynoic acid 51.

/
N=

N "{ \
Mes ,\ﬂ NN o NVes
® q® *2 HCI cl®
EtOH / reflux / 18 h | HC(OEY); (excess)
(89% yield) HCO,H (cat.)
/@Hm ﬁ\
N
, Pr \ \
MesN =N N=N o aMes
® . © c®
HAuCl, (1 equiv.)
MeOH /rt. /2N | hiodiglycidol (6.1 equiv.)
o
(59% yield) NaOH (4.55 equiv.)
74 N/@ Au 'Prﬁ\’\{ N
:
Me3N N=N N=p NMe3
® e c®
55
MeOH /rt./18 h| phicl, (1.1 equiv.)
(77% yield)
J N/Q/Cl Au C@\N N
/ iPr Pr \ o e
Mes) =N N=N 3
®q
56

! 1
i X o) i
| \ 55 or 56 (0.5 mol%) )J\/R R = OH, CH,OH, CH,CH,CH,0H, !
' H,0 / 50-80 °C / 20-40 h !
I R !

NHAc, a-p-mannopyranosyl
(100% conversion)

Scheme 12. Synthesis of complexes 55 and 56, active in the hydration of hydrophilic alkynes.
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3. N-Heterocyclic Carbene Ligands Functionalized with Neutral Hydrophilic Groups
3.1. PEG-Tagged NHC Ligands

Polyethylene glycol (PEG) based ligands are very useful for rendering metal com-
plexes soluble in water [12]. In this context, Taira, Imura and co-workers reported in 2016
the synthesis of the amphiphilic imidazolium salt 58 by the reaction of 1-dodecylimidazole
57 with octaethylene glycol monomethyl ether bromide (Scheme 13) [76], from which some
water-soluble Pd(I)-, Ag(I)- and Au(I)-NHC complexes could be accessed [76-79]. In partic-
ular, the treatment of 58 with equimolar amounts of [AuCl(SMe;)] and K,CO3 in refluxing
acetone cleanly afforded the Au(I)-NHC complex 59, which spontaneously forms spherical
micelles (ca. 3.0 nm of diameter) in water [78]. The appearance of gold nanoparticles,
presumably protected on the surface by the NHC ligand, was also observed when complex
59 was dissolved in water above the critical micelle concentration (1.3 x 10> M) [78,79].
As shown in Scheme 13, when combined with the halide abstractor KB(C¢F5)4, 59 was able
to catalyze the selective hydration of 1-dodecyne to 2-dodecanone in pure water, with the
mechanistic investigations performed by the authors suggesting that the hydration process
is mainly facilitated by the Au NPs in situ generated in the reaction medium [78].

N/ \N/\
o O o OMe
N/ T \N Br(CH,CH,0)gMe (1 equiv.) [o o
X \/\(‘59/ neat conditions / 100 °C / 2 days ( Br
57 (62% yield) o @N/ _ \N
o O
N Y T

58

[AuCI(SMe,)] (1 equiv.)
K,CO3 (1 equiv.)
acetone /4 h/60°C

|

(88% yield)
59 (10 mol%)
KB(CgFs)s (10 mol%) N/ N/ N\
O O 0O OMe
H,O /80 °C / 24 h [

(o]

0 C =\
\/\/\/\/\)J\ o\_/O\_JO\_/ N \( N ~"vg
Au

(> 99% conversion)

|
59 Br

Scheme 13. Synthesis of complex 59 and its application to the catalytic hydration of 1-dodecyne.

In line with the work just commented, it is worth mentioning that water-soluble
gold nanoparticles and nanoclusters stabilized by PEGylated N-heterocyclic carbenes
have gained attention in recent years for biomedical and biological applications [80-83].
However, the use of such nanomaterials in catalysis remains virtually unexplored. In fact,
only a recent work published by Nazemi and co-workers can be currently found in the
literature [84]. Thus, they reported the preparation of the robust water-soluble gold NPs
65 and 66, stabilized by mesoionic NHC ligands, capable of catalyzing the reduction of
4-nitrophenol into 4-aminophenol by NaBHj in an aqueous solution [84]. The synthetic
route employed for the preparation of 65 is detailed in Scheme 14.
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6 CuS045H,0 (20 mol%)

N=N
60 Na-ascorbate (40 mol%) / \)\/
o N o
N SOAN A,
62

THF /rt./24h

(\o/\/}"‘s (82% yield)
16 Mel (100 equiv.)

acetonitrile / reflux / 16 h
(97% yield)

N—N

/ 63
’QO\/%/N\QR\/OK\/\OiB
[AuCI(SMe;)] (1 equiv.)
K,COj3 (3 equiv.)

AuNPs acetone /60°C /18 h

NaBH, (5 equiv.)
CH,Cl, /1t./24h (81% yield)
65 y
N—N

fo AN,

Scheme 14. Synthesis of water-soluble gold NPs stabilized with PEGylated NHC ligands.

It involves the initial Cu-catalyzed “click” coupling of the PEGylated alkyne 60
with azide 61 to generate the 1,2,3-triazole derivative 62, which was subsequently trans-
formed into the corresponding triazolium salt 63 by methylation. Treatment of 63 with
[AuCl(SMe;)] and K,;COs in refluxing acetone led to the monomeric and isolable Au(I)-
NHC complex 64, from which NPs 65 were obtained by slow addition of the reductant
NaBHy. The same synthetic approach, starting from the appropriate dialkyne- and diazide-
functionalized monomers, was employed for the synthesis of NPs 66, capped in this case
by a mesoionic NHC polymer. Concerning their performances in the catalytic reduction
of 4-nitrophenol, the reaction which was performed at r.t. with a 5-fold excess of NaBHy,
the UV-Vis monitoring indicated that NPs 65 are 10 times more active than NPs 66, due to
the smaller size and larger surface area of the former, as well as to their more accessible
surface for substrate binding. As stated by the authors, the catalytic behavior of 65 is
comparable, or even superior, to other non-PEGylated NHC-protected Au NPs previously
described in the literature. At this point, we should also mention that Au NPs stabilized
by PEG-tagged imidazolium salts were successfully employed by Pleixats and coworkers
as recyclable catalysts for the cycloisomerization of y-alkynoic acids to enol-lactones in a
biphasic water/toluene medium [85].
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On the other hand, besides complex 59, mentioned above, other Au(l) derivatives
with PEGylated NHC ligands have been applied in aqueous catalysis. For example, Fujita
and co-workers described the preparation of a series of dendritic NHC-gold(I) complexes
68a-e having a poly(benzyl ether) dendron decorated on the periphery with ethylene
glycol units [86,87]. As shown in Scheme 15, they were obtained in high yield from the
corresponding imidazolium salts 67a-e using the silver oxide transmetallation route.

Gn[X]-Br (2 equiv.) —
/7 \ CsF-Celite (1 equiv.) @N/ \N
N~ _NH XiIen— ~Gnix]
€]

N DMF/90°C /24 h
(73-94% yield) Br
67a-e

1) Ag,0O (0.5 equiv.)
DCE/70°C/3-24h
2) [AuCI(SMe,)] (1 equiv.)

N = 1; X = (CH,CH,0);Me (a)

n = 1; X = (CH,CH,0)sMe (b) (85-94% yield)
N = 1; X = (CH,CH,0);,Me (c)
)
)

DCE/rt/3h
n =2; X = (CH,CH,0);Me (d)
n = 3; X = (CH,CH,0);Me (e) /:\
[X]Gn/Nj/N ~Gn[X]
Au
I
Cl

68a-e

o0—X X

\

[e]
G1[X] = —CH, X\
(0]
o0—X
O0—X
X
/ (o] ::
)
X
/ o
(0]
o0—X
o
o
G3[X] = —CH,

G2[X] = —CH, o0—X

¢
ol

Scheme 15. Synthesis of the dendritic Au(I) complex 68a-e containing PEGylated NHC ligands.

All these hydrophilic complexes proved to be catalytically active in the carboxylative
cyclization of propargylic amines under mild conditions (r.t.) and an atmospheric pressure
of CO;,, and more importantly, employing pure water as solvent [86,87]. Among them, the
best performances were achieved with 68b, having penta(ethylene glycol) units, which
allowed access to a variety of 2-oxazolidinones in moderate to high yields (see Scheme 16).
In addition, the authors also demonstrated its reusability in the sequential carboxylative
cyclization by the successive addition of the propargyl amine substrate to the reaction
medium. Also of note is the fact that, due probably to steric reasons, the second- and third-



Catalysts 2023, 13, 436

15 of 28

generation dendrimers 68d and 68e led in general to lower yields when compared to the
first-generation one 68a (all of them featuring tri(ethylene glycol) as the hydrophilic units).

R’ A
RI——=—\ 68b (1 mol%) / CO, (1 atm)
N—R? H,O/r.t./24-72 h 0\[( N~R2

o
(20-87% yield)

R"=H; R? = Me, Bn

R' = Me; R? =Pr, Bn
R'=Et;R?=Bn

R" = Ph, 4-CgH,Me; R? = Me

Scheme 16. Aqueous media carboxylative cyclization of propargylic amines with CO, catalyzed by
the dendritic Au(I) complex 68b.

Che and co-workers reported the preparation of the PEGylated NHC-Au(I) derivative 70
from the imidazolium salt 69, generated by alkylation of 1-(2,6-diisopropylphenyl)imidazole
with mesylated PEG (MeOPEG0pOMs), and [AuCl(SMe,)] through the silver oxide route [88].
Complex 70 proved to be an efficient and selective catalyst for the 5-exo-dig cyclization of
v-alkynoic acids, being able to operate in pure water, under mild conditions (r.t.), and in the
absence of additives. A clear proof of its effectiveness and synthetic potential is the double
cyclization of the dialkynoic acids 71 into the spiro enol-lactones 72, which were isolated in
excellent yields (see Scheme 17). Remarkably, when the same double cyclization reactions
were performed in dichloromethane with classical Au(I) catalysts, such as [AuCI(IPr)] or
[AuCl(JohnPhos)], mixtures of regioisomers were obtained. Another important aspect
is that, after extraction of the lactone product with diethyl ether, the aqueous solution
containing 70 could be reused seven consecutive times while maintaining good catalytic
behavior. However, we must note that slight losses of activity were observed after the
second recycling cycle due to the generation of catalytically inactive Au NPs.

1) Ag,0 (2 equiv.)
CH,ClI, / r.t. / overnight

@ Vi\ /\/y 2) [AUCI(SMe,)] (1.2 equiv.) @PY \/‘60/\/)

CH,Cly/1t./24h

(81% vyield)

70

)

70 (0.5 mol%) RN o
H,0 /rt /0514 h 0 SR
0
72
(R =H, Me, Ph, 4-CgH,OMe, 4-C¢H,CF5_2-CeHeMe) (84-97% vield)

Scheme 17. Synthesis of the Au(I) complex 70 and its application in the synthesis of spiro enol-lactones.

As shown in Scheme 18, employing 70 as a catalyst, the fused polycyclic indoles 77
could also be easily assembled in water by coupling tryptamine 73 with the y-alkynoic
acids 74 [88]. The initial step of this cascade process is the generation of the corresponding
enol-lactones 75, which are subsequently converted into the respective linear keto-amides
76 by aminolysis of the ester unit. Final cyclization of 76 gives the fused polycyclic indole
products 77, a process facilitated at high temperature (60 °C; the same reactions performed
at room temperature allowed the isolation of intermediates 76).

Complexes 78a-b and 79, described very recently by Krause and co-workers, are
additional examples of Au(I) complexes with PEGylated NHC ligands (see Figure 3) [89].
In them, regioisomeric mixtures of polyethylene glycol ubiquinol succinate units are linked
to one of the nitrogen atoms of the NHC skeleton, conferring their water solubility and
amphiphilic character.
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0
NH,

N e*"” DOH 70 (0.5 mol%)

+ ,

L. H,0/60°C /15 h

\ co-
H S
73 74

(74-75% yield)

H,O

Iz

Scheme 18. Access to polycyclic indoles 77 by Au-catalyzed coupling of alkynoic acids and tryptamine

in water.
Q o)
O)WOMOX O)Wo\é/\oi/s
MeO | AN I/Me © MeO N M o)
Meo” N NS Voo | N NI

(0]
OT N/:\N Me gj/N - Me
(
NS 3

Alu Me Au Me
I
cl cl
(X = -p-CeH,- (78a), (CH,)s- (78b)) 79

Figure 3. Structure of the amphiphilic N-heterocyclic carbene-gold(I) complexes 78a-b and 79.

Complex 78a was successfully applied as a recyclable catalyst in the dehydrative
cyclization of several alkynediols 80 to furans 81 in water, showing the best performances
when the co-surfactant sodium dodecyl sulfate (SDS) was added to the reaction medium
(Scheme 19) [89]. Although in less detail, the usefulness of 78a-b and 79 to promote the
cyclization of y-alkynoic acids and allenic alcohols was also demonstrated.

HO_ R? 78a (1 mol%) R?
/%/OH SDS (20 mol%) /@\
= H,O /r.t. / 5-60 min 3
R’ RS R™ Yo7 R
80 81

(82-97% yield)

R' = n-CgH,7, 1-cyclohexenyl, Ph; R =R®=H
R' = "Bu, CH,CH,Ph; R? = Me; R®*=H

R' ="Bu, n-CgH,3, n-CgH47, Ph; R?> = R®= Me
R'=R?=R3=Ph

Scheme 19. Dehydrative cyclization of alkynediols 80 to furans 81 catalyzed by complex 78a in an
aqueous micellar medium.
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3.2. Alcohol-Tagged NHC Ligands

The inclusion of alcohol substituents in NHC ligands backbone can also be employed
for the design of water-soluble transition-metal complexes [27,31]. In this context, Miriconda,
Longo and co-workers have described several hydrophilic Au(l) and Ag(I) derivatives con-
taining OH-functionalized NHCs with anticancer and antibacterial properties [90-92], some
of them also showing catalytic potential. In particular, they found that the ionic bis-NHC
gold(I) complexes 84, prepared from the imidazolium salts, 82 by transmetalation between
the corresponding in-situ generated silver bis-carbenes, 83, and [AuCl(SMe,)] [90-92], are
capable of promoting the synthesis of propargylamines by A3-coupling of aldehydes with
piperidine and phenylacetylene (Scheme 20) [93]. Although the catalytic reactions were
routinely performed under solvent-free conditions, it should be noted the successful use of
formaldehyde in an aqueous solution.

X X X X

o
X X .
/ \ (1.2 equiv.) >:< OH _ © >:< oH
— Ph N N\)\ Mel (1 equiv.) @N N\)\
NH MeCN /60-80°C/12h X Ph MeCN/80°C/2-8h N4 Ph
82
(55-70% overall yield in the two steps)

N

1) Ag,0 (0.5 equiv.) / CH,Cl, /1.t / 3 h
2) [AuCI(SMe,)] (1 equiv.) / CH,Cl, /6 h

______________________

- Y )\ y— OH
Ph
Alu N N/\r X X
_ 83
ol >_< OH 8 .
85 X=H(71% yield) ) X X
X = CI (21% yield) 84
i 84 (3 mol%) N
. + Ph—=— . | ——
R™ H 80°C/6h
N R
R=H Cy Pn) (38-99% yield)

Scheme 20. Synthesis of bis-NHC gold(I) complexes 84 and their application in A3-coupling processes.

The authors explored in parallel the catalytic behavior of the isolated bis-NHC silver(I)
intermediates 83, which showed to be generally less performing than their gold analogs
84 [93]. It should also be mentioned that given the presence of the [AuCl,] counteranion,
complex 84 exists in solution in equilibrium with the corresponding neutral species 85 (see
Scheme 20), and is considered responsible for the catalytic activity observed (the same be-
havior in solution was also assumed for the bis-NHC silver(l) complex 83). Further studies
by the same authors also demonstrated the utility of the related bis-NHC-Au(I) complexes
8688 (see Figure 4), which, analogously to 84, are supposed to exist in equilibrium with
the corresponding non-ionic monocarbenic species [AuCI(NHC)] in solution, as catalysts in
analogous A3-coupling reactions of aldehydes (including aqueous formaldehyde), amines
and alkynes [94,95].



Catalysts 2023, 13, 436

18 of 28

Complexes 89-93 (see Figure 5) are additional examples of gold complexes containing
OH-functionalized NHC ligands that can be found in the literature [96-100]. Although
some of them were found to be catalytically active in olefin cyclopropanation reactions,
i.e., complex 90 [96], and the alkoxycyclization of 1,6-enynes, i.e., complexes 90-93 [98], an
organic solvent was in all the cases employed as the reaction medium, and nothing was
mentioned about their behavior in aqueous environments.

X X —I[AuCIZ]
/—\ ONa [AuCl,] /\ ONa—‘[AuCIZ] >:< OH
A \( A Y \)\ Ho™ NYNQ\Ph
\\ /J\\ \\ /J\\ lﬂO\\v//\\
\_/ ONa ONa >:< OH

86 87 X X
88
X =H, Cl

Figure 4. Structure of the hydrophilic bis-NHC gold(I) complexes 86-88.

HO

M <Y A
@w A Au \E CI—Au—(;E

| | OH | OH

Cl

89 90 91
‘R1 IPr; R? = Cy, °Cy,Has, °C15H29J R' = DIPP; R? = Ph, Bn, 'Bu R' = Mes; R? = Ph, Pr
R' = Et; R2 = °Cy,Hys R' = Mes; R? = Ph, Pr, Bu R'=Bn; R?=Ph, 'Pr J

R'=Bn; R?=Ph, Pr

N N N N
u Cl—Au—Cl
HO | HO

92 93

Figure 5. Structure of the hydrophilic bis-NHC gold(I) complexes 89-93.
3.3. Carbohydrate-Tagged NHC Ligands

Cyclodextrin-based metal catalysts have attracted considerable attention in the last
few years, and plentiful applications can be found in the literature [101]. In the context
of the present review, Krause and co-workers demonstrated the utility of water-soluble -
cyclodextrin (8-CD)-tagged NHC-gold(I) derivatives in aqueous catalysis [102]. In the first
approach, they synthesized complex 97 through the initial alkylation of N-methylimidazole
with the tosyl-substituted peracetylated B-CD 94, followed by TsO™/CIl" anion exchange
with the Amberlite IRA-900 Cl resin to afford the imidazolium chloride 95, the subsequent
generation of the NHC-gold(I) complex 96 via the corresponding Ag-NHC intermediate,
and final liberation of the secondary hydroxy groups of 96 by removal of the acetyl pro-
tecting groups with a diluted NaOMe solution in methanol (Scheme 21). Starting from
the tosyl-substituted permethylated -CD 98, the related gold complexes 99a-c were also
obtained using the same alkylation/Ag-assisted coordination sequence.
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I —_—
1) N%/N\Me
(10 equiv.)

DMF/90°C/4d

2) Amberlite IRA-900 Cl
H,O/rt./16h
(74% yield) AcO

AcO

1) Ag,0 (0.5 equiv.)
CH,Cl, /1.t./16 h

2) [AuCI(SMe,)] (1 equiv.)
CH,Cl, /1.t./ 16 h Me

(64% yield)

NaOMe (8 mol%)
MeOH /r.t. / 15 min
(quantitative yield)

AcO

—_—
—_—
MeO MeO
98 [R = Me (99a), Mes (99b), Dipp (99c))
/OSiMeZ‘Bu [Au] Conversion
= — 0,
/“\y“ [AU] (5 mol%) t 97 54%
) . . .
'Pf"-I/ HyO /1.t./24h P Ng -, ~OSiMe;Bu | 99a  >99%
4 OH 99b  85%
100 101 99¢c 81%

Scheme 21. Access to the cyclodextrin-tagged NHC-Au(I) complexes 97 and 99a-c and their involve-
ment in catalysis.

As shown in the bottom of Scheme 21, both 97 and 99a-c were capable of catalyzing
the cycloisomerization of the a-hydroxyallene 100 into the trisubstituted 2,5-dihydrofuran
101 in pure water and under mild and silver-free conditions. Among them, 99a proved to
be the most effective, allowing the quantitative conversion of allene 100 after 24 h at room
temperature. Interestingly, while the activity of 97 increased upon the addition of AgOTf
to the reaction medium (5 mol%; 91% conversion after 24 h), the effectiveness of 99a-c
remained virtually unchanged. This fact suggests a faster dissociation of the chloride ligand
in 99a-c vs. 97 when dissolved in water, a step required to generate the corresponding
catalytically active cationic Au(I) species. The recyclability of 99a was demonstrated by the
authors (it could be reused 4 times after extraction of the dihydrofuran product 101 from
the aqueous reaction mixture with pentane and diethyl ether, with only a slight decrease in
activity in the fourth cycle). In the same work, Krause and co-workers also reported the
preparation of the Au(I) complexes 103-106, in which the NHC ligands are connected to the
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permethylated B-CD skeleton through 1,4-disubstituted triazole linkers (Figure 6) [102]. All
of them were obtained from the propargyl ether-functionalized cyclodextrin 102, employing
copper-catalyzed azide-alkyne cycloaddition reactions (CuAAC; complexes 103 and 104)
or ruthenium-catalyzed azide-alkyne cycloadditions (RuAAC; complexes 105 and 106),
to construct the respective 1,4-disubstituted triazole linkers. In these key reactions, the
corresponding azido-substituted imidazolium salts were used as the coupling partners,
with the final access to complexes 103-106 being achieved by subsequent treatment of the
resulting cycloaddition products with Ag,O and [AuCI(SMey)].

Figure 6. Structure of propargyl ether 102 and the NHC-Au(I) complexes 103-106.

Following a related approach, the NHC-gold(I) derivatives 108 and 109, containing
a 1,4-disubstituted triazole linker, were additionally accessed from the S-CD-derived
azide 107 through initial CuAAC coupling with the corresponding alkyne-substituted
imidazolium salt, and subsequent coordination via Ag-Au transmetallation (Figure 7) [102].
Complexes 103-106, 108, and 109 catalyzed the cycloisomerization of the a-hydroxyallene
100 in water and in the absence of a silver additive, all of them showing effectiveness and
recyclability comparable to that of 99a.
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Figure 7. Structure of azide 107 and the cyclodextrin-tagged NHC-Au(I) complexes 108 and 109.

In addjition to the works by Krause and co-workers, Sollogoub’s group has described
a large number of NHC-containing cyclodextrins and their corresponding gold com-
plexes [103-109], some of them showing catalytic potential [103-106]. In particular, relevant
to the topic addressed in the present review are the water-soluble encapsulated gold(I)
complexes 110 and 111, based on an NHC-capped permethylated «- and S-cyclodextrin,
respectively (Figure 8) [106].

OMe MeO
OMe
(e}
MeO o )

MeO (0]

MeO
o
MeO N/ﬁ MeO
o >’N o_\YoMe
OMe Au °
MeO
. on
e e
o)
o 0
0
OMe
e0 OMe

n=1(110), 2 (111)
Figure 8. Structure of the NHC-Au(I) complexes 110 and 111.

Thus, as shown in Scheme 22, these complexes were able to promote the hydration of
hydrophilic alkynes 112 into ketones 113, the cycloisomerization of y-alkynoic acids 114
into enol lactones 115, and intramolecular hydroarylation of alkynoic esters 116 and 118 in
pure water, under mild conditions, and without the assistance of any silver or acid additive.
With the exception of the hydroarylation reactions of 118, which afforded mixtures of the
separable regioisomers 119 and 120, exquisite regioselectivity was observed regardless of
the catalyst employed. However, we must note that the reactivity of 110 was, in general,
lower than that of 111 due to the steric constraint imposed by the smaller «-CD cavity.
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Scheme 22. Catalytic reactions promoted by complexes 110 and 111 in pure water.

It should finally be mentioned that complexes 110 and 111 were capable of inducing
enantiocontrol in the cycloisomerization of enyne 121 (Scheme 23) [106]. In contrast to
the previous examples, the process was not found to proceed in the absence of a silver(I)
co-catalyst, and although the cyclized product 122 was generated in low yield, satisfactory
enantioselectivities (60-81% ee) were reached. The highest ee was obtained by performing
the reaction at room temperature with the larger 5-CD-based catalyst 111, which proved
to be also effective in the hydroxycyclization of the 1,6-enyne 123, affording the cyclized
alcohol 124 in 79% yield and 97% ee under silver-free conditions (Scheme 23).

110-111 (2 mol%) SN
/\ AgSbFg (2 mol%)
H}/ H,0/20-50°C/ 16 h

122
(13-25% yield; 60-81% ee)

MeO,C CO,Me
MeO,C
MeO,C N
110-111 (2 mol%)
—>
| H,0 /rt/45h
123 124

(79% vyield; 97% ee)
Scheme 23. Application of complexes 110 and 111 in asymmetric catalysis.

On the other hand, despite the growing interest in metal complexes with NHC ligands
functionalized with monosaccharide residues for catalysis and biological applications [110],
examples involving gold are yet very rare [111,112]. Thus, to the best of our knowledge,
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only the catalytic potential of the galactopyranoside-substituted N-heterocyclic carbene
gold(I) complex 126, generated as a mixture of the « and  anomers from the imidazolium
salt 125 through the classical silver oxide transmetallation route, has been very recently
explored by Silbestri and co-workers [112]. As shown in Scheme 24, complex 126 was
able to efficiently promote the Markovnikov hydration of phenylacetylene at 100 °C when
methanol was used as a solvent, being completely inoperative in a pure aqueous medium
and not very effective in an HyO/MeOH mixture.

OAc
=\ OAcPAC AcO K o =\
®
NN . o MeCN/r.t./72h [ NN
X (57% yield) N
AcO AcO OAc ¢l
OAc g, 125
OAc
AcO o [\
1) Ag,0 (0.5 equiv.) NN
CH,Clp /1t /4h Y
2) [AuCI(tht)] (1.5 equiv.) AcO OAc A,
CH,Cl,/rt./18h |
(52% yield) N
126
(c/pp anomeric ratio = 1:10)
I’ _______________________________________________________________________ 1
t solvent yield !
e 126 (1mol%) 0 H,0 0% !
PN\ 7/ solvent/ 100 °C /20 h H,OMMeOH (1:1viv)  17%
: MeOH 100% !
! 7

Scheme 24. Synthesis of the NHC-Au(I) complex 126 and its catalytic behavior in the hydration
of phenylacetylene.

4. Conclusions

Great attention has been devoted in the last three decades to synthetic organic chem-
istry in water, and research, particularly in the field of catalysis, has increased exponentially.
The design of new ligand architectures enabling the solubility of metal complexes in aque-
ous environments represents a cornerstone in the field, and the initial works focused on
hydrophilic phosphine ligands have rapidly expanded to other classes of ligands, including
NHCs. In this review article, we have tried to highlight the potential of water-soluble gold
complexes and nanoparticles featuring hydrophilic NHC ligands in aqueous catalysis. In
addition to the classical Markovnikov hydration of terminal alkynes, several cyclization
reactions of functionalized alkynes and allenes, as well as the reduction of nitroaromatic
compounds, have been successfully developed employing this type of catalysts and, more
importantly, in most cases, they could be easily recovered and reused by selective extraction
of the final reaction products from the aqueous phase. Although there is already a body of
work in the area, it can be anticipated that many further advances will appear in the near
future as gold is currently one of the most versatile metals involved in organic catalytic syn-
thesis [32-47,113-122]. We hope that this contribution serves to stimulate future research
in this direction.
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