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Gold Trifluoromethyl Complexes as Efficient Regioselective

Catalysts in Alkyne Hydration

David Ruiz-Almoguera,”” David Ventura-Espinosa,” Alberto Pérez-Bitrian,

[b, ]

Antonio Martin,” José A. Mata,*™ and Miguel Baya*™

Gold(lll) complexes containing trifluoromethyl ligands are
efficient catalysts in the hydration of alkynes, operating at low
catalyst loadings, without additives, using environmentally
friendly solvents and at mild conditions (60°C). Hydration of
terminal and internal alkynes provides the corresponding

Introduction

Development of synthetic protocols in harmony with sustain-
ability principles constitutes a desired goal. The 12 principles of
Green Chemistry of Anastas & Warner provide an excellent
guide."? Aspects as the use of low catalyst loadings in atom-
economical reactions, operating at mild conditions in environ-
mentally-friendly solvents and in the absence of additives,
become requisites in catalysis. Furthermore, attaining a high
regioselectivity in these reactions is a tremendously desirable
target, if not even still a challenge in some transformations.

In this context, gold chemistry can offer competitive
solutions for the design of efficient transformations,®™ which
are indeed arising as a powerful tool in the development of
sustainable catalytic reactions.®® During the last two decades
there has been an outstanding uprise of the applications of
gold(l) catalysts for a wide range of reactions.'? Conversely,
exploration of the potential of gold(lll) complexes in catalysis is
still in its infancy and the number of examples is scarce.*™'
The reason is attributed to the low thermal stability of gold(lll)
complexes and the requirement of high catalysts loadings in
most transformations.”” Nevertheless, design of gold(lll) com-
plexes holds great promise, as gold in oxidation state +3
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ketones in quantitative yields without special precautions as dry
solvents or inert atmospheres. Remarkably, hydration of asym-
metric internal alkynes proceeds with moderate to notable
regioselectivities, providing mixtures of the two possible
isomers with ratios up to 90:10.

possess a marked Lewis acidity which is associated with the
origin of many gold-catalyzed transformations. Gold catalysis
would be improved by complementing the well-known trans-
formations of gold(l) with complementary reactivity and
selectivity issues imposed by gold(lll) species.

Nucleophilic additions to unsaturated hydrocarbons con-
stitute a powerful tool for the functionalization of organic
substrates."’"? In particular, hydration of alkynes is a well-
known reaction that allows the introduction of an oxygen
functionality into hydrocarbons, and has become a benchmark
reaction for testing the potential of metal catalysts towards
nucleophilic additions to multiple bonds.”*?* The performance
of gold(l) catalysts in alkyne hydration has been widely explored
in the scientific literature (Figure 1), becoming a safer alter-
native than the initially used mercury salts,”® and requiring very
low catalyst loadings, occasionally below 0.1%. Nevertheless,
incomplete conversions, the need of additives or solvents other
than alcohols and water, and/or the design of sophisticated
ligands are the main drawbacks.?*>%

On the other hand, few reports on gold(lll)-catalyzed alkyne

hydration have been described (Figure 1).2'2% Fukuda and
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Figure 1. State-of-the-art of gold-catalyzed alkyne hydration.
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Utimoto first described the hydration of terminal and internal
alkynes promoted by Na[AuCl,] in 1991.5¥ Laguna achieved the
hydration of phenylacetylene and n-heptyne by using Au(lll)
pentafluorophenyl derivatives,®” whereas Lépez de Luzuriaga
analyzed the hydration of alkynes promoted by dithiocarba-
mate gold(lll) complexes.?™ A salen-gold(lll) complex was also
reported by the group of Cai to catalyze the hydration of a
wide variety of terminal alkynes in MeOH, yet trifluoroacetic
acid was required as cocatalyst.*® More recently, Belanzoni,
Zuccaccia and coworkers reported on the use of [Au"Cl-
(NHO)(ppy)]* complexes (NHC = 1,3-bis(2,6-di-isopropylphenyl)-
imidazol-2-ylidene; ppy=2-phenylpyridine) for the catalytic
hydration of alkynes such as y-valerolactone under acid-free
conditions, although AgOTf was needed as additive.®" The
relevance of this work also stems from the experimental proof
for the mechanism of this transformation. The first step consists
in alkyne activation by m coordination to the acidic Au(lll)
center. Then the alkyne undergoes the nucleophilic attack of a
water molecule.

State-of-the-art challenges relative to sustainable alkyne
hydration deal with suppression of additives and attainment of
regioselectivity when using asymmetric internal alkynes,®’>
which is a particularly serious issue in gold-catalyzed
processes."” Furthermore, this becomes even more problematic
when trying to keep low catalyst loadings while preserving
activity. In this regard, gold(lll) catalysts offer excellent oppor-
tunities for fulfilling all these requirements. Also, the design of
these type of catalysts has an added value, based on the very
few precedents known so far.

In recent years, the use of strong electron donating, chelate
and pincer ligands, to stabilize gold (Ill) systems has emerged as
a useful strategy for the preparation of a plethora of gold(lll)
complexes. An alternative strategy makes use of perfluoroalkyl
ligands, as for example the trifluoromethyl.*" Within the recent
uprise of gold trifluoromethyl compounds,“? the chemistry of
the {Au(CF;);} moiety has been significantly broadened, with a
number of anionic and neutral complexes reported in the last
decade.**" Complementarily, compounds containing the
trans-{Au(CF,),} scaffold have become also easily accessible.?**"
The 14 valence electron Au(CF;); fragment has been assessed to
have a Lewis acidity similar to that of B(C4Fs) or AsFs, therefore
merging the high Lewis acidity of very efficient catalysts of
widespread use and the advantages of gold complexes.*”
Additionally, it provides a very rigid scaffold with a high
stereochemical stability. In particular, neutral complexes of the
type Au(CF;);L offer a wide range of stabilities depending on
the L ligand, while at the same time allowing the tunability of
its lability in solution. In this regard, Au(CF;);(MeCN) and
Au(CF;);(THT) show remarkable properties, as they are labile in
solution allowing easy interchange of the neutral ligands, yet
thermally stable, subliming above 160°C. All these arguments
suggest that these complexes might be excellent catalysts for
nucleophilic addition reactions to multiple bonds, which would
be activated upon coordination to this highly acidic Au(lll) unit.

In this work we describe the catalytic properties of Au"
complexes bearing CF; ligands in hydration of alkynes. We
assess the influence of reaction conditions, heterogeneity issues
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and specially the regioselectivity in the hydration of asymmetric
internal alkynes.

Results and Discussion

We evaluated the catalytic properties of Au(lll) complexes in the
benchmark reaction of hydration of alkynes. Among a series of
trifluoromethyl gold(lll) complexes in our library, we selected
the anionic trans-[Au(CF;),X,]~ (X=Cl, Br) and the neutral
Au(CF;);L (L=acetonitrile (MeCN) or tetrahydrothiophene (THT))
complexes as representative examples and potential candidates
as catalysts (Figure 2)."°*" The trifluoromethyl complexes are
more stable than the methyl analogues in solution and in the
solid state. Single crystals of 1 suitable for X-ray diffraction were
obtained by slow diffusion of a layer of n-hexane (5 mL) into a
saturated solution of 1 in CH,Cl, (2 mL) at —30°C (Figure S3).

We studied the catalytic performance of four selected
complexes in the hydration of alkynes using phenylacetylene as
model substrate (Figure 2). The monitoring reaction profiles
showed that the neutral catalysts (1 & 2) containing a labile
ligand (MeCN or THT) were notably more active than the
anionic ones, which were consequently discarded for further
studies. The absence of a vacant coordination site prevents
metal-substrate interaction inhibiting the reaction. Both neutral
catalysts showed analogous activities independent of the labile
ligand, so we finally chose complex Au(CF;);(MeCN) (1) as
representative gold complex. It is important to note that HAuCl,
displayed a modest activity (< 10%) in the hydration of phenyl-
acetylene implying a limited activity for a representative gold-
(1) complex.

H 0.25 mol% [Au' o
=
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0.5 mL MeOH
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Figure 2. Comparative catalyst activity in hydration of phenylacetylene. Inset:
ORTEP diagram of complex 1.
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In a first set of experiments to optimize the reaction
conditions we selected phenylacetylene as model substrate.
Gold-catalyzed alkyne hydration requires the use of polar
solvents (normally MeOH) miscible with water. We first analyzed
the amount of water required in the hydration of phenyl-
acetylene. The water amount is an important parameter to
consider in hydration, as a large amount of this reagent may
cause catalyst deactivation or solubility problems that inhibit
product formation. As general conditions, a series of 3.5 mL
methanol solutions containing 0.5 mmol of phenylacetylene
and a catalyst loading of 0.25 mol % of complex Au(CF;);(MeCN)
were heated at 60°C, and different quantities of water were
added (Figure S4). For this set of experiments, we used
commercial dry MeOH (< 0.005% of water) which was stored
under activated 3 A molecular sieves. Without the addition of
water, the yield was less than 20% indicating that the dry
solvent contains some water and that effectively water is
required for the hydration of alkynes. The addition of 1 eq. of
water improves the yield up to 60%. The best results were
obtained when using 2 eq. of water that provided quantitative
yield in 60 min. It is interesting to note that the addition of
more equivalents of water (4 eq.) is detrimental for the reaction
and lower yields were observed (Figure S4).

Then, we determined the optimal substrate concentration
for the reaction. As general conditions we prepared a series of
methanol solutions (0, 0.5, 1, 2, and 3.5mlL) containing
0.5 mmol of phenylacetylene, 2 eq. of water and the samples
were heated up to 60°C. Among all the conditions tested, the
most concentrated (1 M) provided better outcomes and the
reaction was completed in only 30 min (Figure S5). It is
important to note that hydration of alkynes also evolves in the
absence of solvent, highlighting the convenience of Au"
complexes for this transformation.

We also assessed the effect of temperature in the hydration
of alkynes (Figure S6). In this case we prepared a set of 0.5 mL
methanol solutions containing 0.5 mmol of phenylacetylene,
2 eqg. of water and a 0.25 mol% catalyst loading. At 60°C the
reaction was completed after 30 min, whereas at 50°C the
reaction was completed only after 90 min. The hydration of
phenylacetylene also evolves at 40°C providing quantitative
yields in 250 min. We have observed that this is the minimum
working temperature as the reaction did not evolve at 30°C.
Thus, we set 60°C as a convenient reaction temperature for
hydration of alkynes. We also used these variable temperature
experiments to estimate the Gibbs free energy of activation. We
use a recently developed graphical method for determining the
transition state enthalpy and entropy (Figures S7 and S8).%? The
results provide an estimation of AG” of 91.7 KJ/mol that agrees
with the experimental observations.

Complementary, poisoning tests were performed in order to
determine whether the reaction is homogeneous or heteroge-
neous in nature. For this purpose, we used mercury as a
scavenger of heterogeneous gold species and polyvinyl
pyridine (PVP) as a scavenger of molecular gold species. Three
parallel experiments were conducted using the general reaction
conditions and, after 15 min, the scavengers were added to the
first and second reaction mixtures leaving the third as a control
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experiment (Figure S10). The results showed that the reaction is
only inhibited in the presence of PVP experiment, whereas the
mercury experiment continued at a similar rate to that of the
control experiment. These results support the homogeneous
nature of Au" species in the hydration of alkynes.

Hydration of Terminal Alkynes

The gold(lll) complex Au(CF;);(MeCN) (1) contains a labile
ligand, allowing easy acetonitrile exchange by alkyne substrate.
The homoleptic fragment Au(CF,;); modulates the electronic
and steric properties of the catalytic system. In addition, the
presence of CF; ligands confers enhanced stability. Once
established the basics of our catalytic system, we focused on
determining the scope of the reaction. We tested the reaction
scope in up to eleven different terminal alkynes, including
aliphatic and aromatic acetylenes, and also possessing different
types of substituents. Notably, for nine of them we observed
full conversion in less than 1 hour using low catalyst loadings
(Figure 3). Indeed, we achieved isolated yields higher than 90%
in these nine studied cases (Figures S11-521). Remarkably, no
need of additives is required in the reaction mixtures to perform
these transformations and the temperature required is mild
(50°C). These results evidence that gold(lll) complex 1 is an
efficient catalyst in the hydration of terminal alkynes from a
sustainable point of view.

60°C
MeOH/H,0 O Cat. loading
R—=—H R Conv. (time)
[Au™ cat. 1] Yield
/\/\/Y %\(O
(6] (0]
0.25 mol% 0.25 mol% 0.25 mol%
100% (1h) 100% (1h) 100% (1h)
>95 % > 95 % 86 %

’ A A d
0.25 mol% 0.25 mol% 0.25 mol%
100% (1h) 100% (45min) 100% (45min)

>95 % 82 % 91 %
(0] O O
: o‘ : :
0.25 mol% 0.25 mol% 0,75 mol%
100% (45min) 100% (45min) 100% (6h)
94 % 94 % >95%
0 O
< > < HoN
0.25 mol% 0.25 mol%
100% (1h) 100% (6h)

>95% > 95 %

Figure 3. Gold(lll) catalyzed (1) hydration of terminal alkynes. Conditions:
alkyne (0.5 mmol), MeOH (0.5 mL), H,0 (2 eq.).
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Hydration of Symmetric Internal Alkynes

Hydration of terminal alkynes may produce two different
regioisomers. It is well established that hydration of terminal
alkynes proceeds with high selectivity to render Markovnikov-
type ketones, that is, methyl ketones. As a rational extension of
the work, we assessed the hydration of internal alkynes. We first
tested symmetric alkynes as only one isomer is possible. We
used 3-hexyne, 4-octyne, and diphenylacetylene as representa-
tive examples of internal alkynes (Figure 4). The results revealed
conversions of 100% and vyields above 90%, when using
catalyst loadings between 0.5 and 0.75 mol% at 60°C (Figur-
es 522-524). Internal alkynes are less reactive than terminal and
the hydration of symmetric internal alkynes requires prolonged
reaction times but also provided quantitative yields using 1.

Hydration of Asymmetric Internal Alkynes

In the case of internal asymmetric alkynes, two different
regioselective ketone products are possible. Design of catalysts
that induce regioselectivity in hydration of alkynes is a difficult
task and still needs improvement. We used propyl-phenyl-
acetylene as model substrate to explore the capacities of gold
complex 1 in the induction of selectivity in hydration of alkynes

10
60°C 0

MeOH/H,0 R4<; Cat. loading
Conv. (time)
1
[Au' cat. 1] R Yield

J I O

0.5 mol% 0.75 mol% 0.5 mol%
100% (5h) 100% (24h) 100% (24h)
>95 % >91% 90 %

Figure 4. Gold(lll) catalyzed (1) hydration of internal alkynes. Conditions:
alkyne (0.5 mmol), MeOH (0.5 mL), H,0 (2 eq.).

Au(CF3)3(MeCN)

O
72 +
. 1 2 0.5 mL MeOH
60°C (]
Product A Product B
7% 23%

45 4.0
5 (opm)

Figure 5. Regioselectivity of 1 in hydration of asymmetric internal alkynes.
Conditions: alkyne (0.5 mmol), MeOH (0.5 mL), H,0O (2 eq.) and 1 (0.5 mol %).
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(Figure 5). The hydration proceeds smoothly, and quantitative
yield is obtained after 20 h. The 'H NMR spectrum of the
reaction crude reveals the formation only of both regioisomers
without the presence of other side products. The Au-
(CF;);(MeCN) complex favors the formation of the regioisomer
where the carbonyl group is closer to the aromatic ring (1-
phenylpentan-1-one) in 77% vs. the 1-phenylpentan-2-one that
is obtained only in 23% yield.

In view of these results, we extended our studies to other
asymmetric internal alkynes bearing alkyl and/or aryl substitu-
ents to evaluate the reaction scope (Figure 6). In all cases, 100%
conversion and quantitative yields were obtained. The regiose-
lectivities observed range from 63:37 to 90:10 (Figures S25-
S29). The lowest regioselectivity was obtained in the hydration
of 2-hexyne, an asymmetric alkyne containing a methyl and a
propyl group (Figure 6, entry 1). As both alkyl substituents are
similar in electronic and steric properties the low regioselectiv-
ity (63:37) was not unexpected. Interestingly, when exchanging
the propyl by an iso-propyl group (Figure 6, entry2), the
regioselectivity increases up to 81:19 product distribution.
Small changes in steric properties of substrates have an
important effect on regioselectivity. However, assessment of
temperature and catalyst loading influence on regioselectivity
provided similar results. Reducing the reaction temperature to
40°C or doubling the amount of catalyst loading up to
0.5 mol% provided similar regioselectivities (Figure 6, entry 2).
The best result in terms of regioselectivity was obtained in the
hydration of methyl-phenylacetylene (90:10) a substrate con-
taining two alkyne substituents of different nature in both,
electronic and steric effects (Figure 6, entry 3). When the methyl
group is replaced by a propyl group the major product is again
the phenyl ketone (Figure 6, entry 5). However, for the alkyne
containing an ethyl group, the regioselectivity is reversed and

60°C
MeOH/H,0O

o)
Ri—=—R, R14<; LR
[Au" cat. 1] R, R,
o
U Oy

0.25 mol% 0.25 mol%
100% (23h)  [64 : 36] 100% (23h) g1 ; 19)7°
>95% >95 %
0.25 mol% 075mol% N
100% (6h)  [90 : 10] 100% %‘h [37 : 63]
>95%
5) (0]
Cat. loading
d Conv. (time) [Product ratio]
0.5 mol% Yield
100% (96h)  [77 : 23]
>95 %

Figure 6. Gold(lll) catalyzed (1) hydration of internal alkynes. Conditions:
alkyne (0.5 mmol), MeOH (0.5 mL), H,0 (2 eq.). a) Similar regioselectivity was
obtained at 40°C. b) Similar regioselectivity was obtained using a 0.5 mol%
catalyst loading.
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the major product is the benzyl ketone. We tried to explain the
divergent regioselectivity by assessing the temperature influ-
ence and/or catalyst loading but the results were not
conclusive. At this point we do not have a proper explanation
for the divergent regioselectivity obtain for ethyl-phenylacety-
lene (Figure 6, entry 4) and further mechanistic studies are
required. The gold(lll) complex 1 is an efficient and regioselec-
tive catalyst in hydration of alkynes whose properties are
markedly induced by substrate steric properties.

Conclusions

A gold(lll) complex bearing trifluoromethyl ligands behaves as a
catalyst in a sustainable hydration of alkynes. These include low
catalyst loadings, high efficiency and reaction yields, no need of
additives, mild conditions and environmentally friendly sol-
vents. The square-planar Au(CF,);(MeCN) complex is capable of
providing moderate to notable regioselectivities in the hydra-
tion of asymmetric internal alkynes without sophisticated ligand
design. The results obtained strongly support that perfluoroalk-
yl gold(lll) species are promising candidates for achieving highly
regioselective alkyne hydration of alkynes, a scientific challenge
that has not been fully accomplished so far.

Experimental

General Information

Unless otherwise stated, gold complexes were prepared under
purified argon by using Schlenk techniques. Solvents were dried
with an MBraun SPS-800 System. Compounds [PPh,][trans-Au-
(CF3),X,] (X=Cl, Br),*® [PPh,I[AU(CF5);11*® and Au(CF,);(THT),*? were
prepared following literature procedures. Other chemicals were
purchased from standard commercial suppliers and used as
received. NMR spectra were recorded with a Bruker AV 400
spectrometer at room temperature. Chemical shifts are given with
respect to the standard references: SiMe, ('H) and CFCl; (*°F).
Chemically inequivalent CF; groups are indicated as follows: CF;-M-
NCMe refers to the CF; group trans to the MeCN ligand, whereas
CF;-M-CF; refers to the mutually trans-standing CF; groups. Multi-
plicity is indicated as follows: s =singlet, g =quartet, spt=septet.

Synthesis of 1

The synthesis of Au(CF;);(MeCN) is based on a literature-known
procedure™ and was scaled up. An equimolar amount of AgClO,
(0.24 mg, 1.15 mmol) was added to a solution of [PPh,J[Au(CF;);l]
(1.00 g, 1.15 mmol) in CH,Cl,/Et,O (2/40 mL) in the dark, causing
immediate precipitation of Agl. After 30 min of stirring, the solvent
mixture was replaced by Et,0/n-hexane (20/60 mL), and the
resulting suspension was kept at —80°C overnight. Filtering off all
solid side products allowed to obtain a solution of Au(CF;);-OEt,
(0.92 mmol), to which MeCN (48 pL, 0.92 mmol) was then added.
After 30 min of stirring, the solvent was removed by vacuum
evaporation, affording a white solid. To achieve a higher purity, this
crude material was dissolved in CH,Cl, (10 mL) and filtered through
celite©. The colorless filtrate was evaporated to dryness, rendering
a white solid, which was suspended in n-hexane (5 mL), collected
by filtration, washed with more n-hexane (2x3 mL), dried, and
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identified as 1 (388mg, 0.87 mmol, 76% vyield). 'H NMR
(400.130 MHz, CD,Cl,, 298 K, Figure S1): y/ppm=2.53 (s; CH,). °F
NMR (376.308 MHz, CD,Cl,, 298 K, Figure S2): 6¢/ppm = —27.47 [spt,
3F, *J(F,F)=6.7 Hz; CF;-Au-NCMe], —35.73 (q, 6F; *J(F,F =6.7 Hz CF;-
Au-CF>).

Catalytic Experiments

In a general catalytic experiment, 0.5 mmol of the alkyne, T mmol
of distilled water, the necessary amount of catalyst required for the
experiment and 0.5 mL of methanol were placed into a high-
pressure Schlenk tube (50 mL) closed with a screw Teflon cap. The
Schlenk tube was introduced in the oil bath at 60°C with
continuous agitation. All catalytic experiments were repeated at
least twice. Conversion of alkyne into the corresponding ketone
was monitored by gas chromatography (GC) using 0.5 mmol of
anisole as an internal standard. GC analyses were obtained on a
Shimadzu GC-2010 apparatus equipped with a FID detector, and
using a Teknokroma column (TRB-5MS, 30 mx0.25 mmx0.25 um).
After drying at reduced pressure, the organic products were
characterized by 'H NMR without further purification. Yield was
calculated using 0.25 mmol of of 1,3,5-trimethoxybenzene (TMB) as
an external standard.

Crystallographic Data

Deposition Number 2351747 for 1, contains the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.

Supporting Information Summary

The Supporting Information contains characterization NMR
spectra of 1, single crystal X-ray diffraction data, additional
catalytic experiments, and NMR characterization of crude
reaction products. Additional references within the Supporting
Information.>*7
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