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a b s t r a c t

Density Functional Theories (DFT) methods were applied to describe the catalytic effect of a series of
sulfonated NHC gold(I) complexes In order to explain the experimental results obtained in the hydration
of phenylacetylene in aqueous media. The complexes [1,3-bis(2,6-diisopropyl-4-sodiumsulfonatophenyl)
imidazol-2-ylidene]gold(I) chloride (C1) and [(3-sulfonatepropyl)imidazol-2-ylidene]gold(I) chloride
(C5) were considered representative compounds based on their structure and reactivity. In accordance to
the experimental results, the DFT studies show that the alkyl chain folds generate a strong steric hin-
drance and electronic effects on the metal center causing a decrease of the catalytic activity.

© 2017 Published by Elsevier B.V.
1. Introduction

Only a very small percentage of synthetic organic reactions were
carried out in the presence of water. In the past, in the last decades
there have been notable advances in the field of organic chemistry
in aqueous media [1]. Moreover, water insolubility of many organic
products facilitates the separation process and, in the case of water-
soluble catalysts, it opens the way for their recycling and reuse.

The N-heterocyclic carbenes (NHCs) were first reported in 1968
by Wanzlick [2] and €Ofele [3]. Since the first synthesis of a free
stable NHC by Arduengo in 1991 [4], NHC-metal compounds
revolutionized the field of catalysis, gradually displacing the typical
phosphine and amine-type ligands in view of their higher stability
and reactivity [5]. Even though most of the transition metals are
coordinated with NHC ligands and the majority of the resulting
complexes were used in organometallic catalysis [6]; only a small
number of them, predominantly Ru and Pd and, in a few examples,
Ag, Cu, Rh, Pt and Ir have been investigated in aqueous phase [1,7].
It is worth noting that, although the chemistry of water soluble
NHC-gold(I) complexes is still a relatively young field, it has pro-
vided successful results in various application areas such as catal-
ysis, medicine and luminescence [8].
tri@uns.edu.ar (G.F. Silbestri).
The synthesis of new water soluble NHC-gold complexes, the
study of their physicochemical properties as well as their applica-
tion to several chemical transformations -including their potential
recovery-is a very significant contribution to organometallic
catalysis and to sustainable organic chemistry in general.

In previous studies, we synthesized water-soluble gold(I) com-
plexes -supporting sulfonated NHC ligands-from the corresponding
imidazolium salts [8b]. Recently, we have shown that complexes C1
to C5 (Fig. 1) are active and recyclable catalysts in the alkyne hy-
dration in water:methanol (1:1), even in the absence of silver salts.
Moreover, we have found that the bulkiness of the ligands in-
fluences the catalytic properties and higher yields in shortest times
were obtainedwith bulkier NHC ligands. Kinetic information on the
influence of the steric bulk around the metal center was obtained
bymonitoring the reaction (GC) over time. As Fig. 2 shows, the 100%
conversion of phenylacetylene to acetophenone was obtained after
induction periods that differed notably: 30 min for C1 and 100 h for
C5 [9]. These results are consistent with those reported by other
authors on different reactions carried out in conventional organic
solvents [10]. Interestingly, the introduction of a less bulky struc-
tural moiety, such as 3-sulfonatepropyl (C5), caused long reaction
times.

It is important to mention that the computational results ob-
tained by Mazzone et al. [12] were consistent with the experi-
mental observation of Leyva and Corma [13] for gold(I) catalyzed
hydratation of alkynes. The mechanism proposed is summarized in
Scheme 1. The first step is the coordination of the triple bond to the
Au(I) phosphine complex and subsequent attack of the nucleophile
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Fig. 1. Structure of sulfonated NHC-gold(I) complexes.

Fig. 2. (a) Hydration of phenylacetylene; (b) Comparison of reaction progress: C1 (0.5 h); C2 (13 h); C3 (48 h); C4 (72 h) and C5 (100 h) [11].

Scheme 1. Representation of Au(I)phosphine-catalyzed hydration.
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(H2O or MeOH). Finally a protodeauration affords the enolic prod-
uct together with the release of the catalyst. The addition of a
secondmolecule of H2O (MeOH) forms the corresponding ketal and
subsequent reaction with water leads to the formation of the ke-
tone final product [13].
Continuing with our research and aiming to explain the
different catalytic activities found, herein we performed a compu-
tational analysis applying DFT methods.



Fig. 3. Geometries of neutral C1 and C5.

Fig. 4. Geometries and ESP charges of Au(þ1) for C1ZW and C5ZW.

Fig. 5. Energy profile of the Au-O bond elongation (red dashes line) in C5ZW. All energies are DE (solvated) values (in kcal/mol) and all distances are in Å. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Geometries and ESP charges of Au(þ1) for two conformers of C5ZW evaluated
by B3LYP/6-31 þ G* and LANL2DZ (Au) in the presence of a continuum solvent (water).
Energy difference is a DE (solvated) value (in kcal/mol).
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2. Results and discussion

Experimental observations during the catalysis prompted us to
study those complexes that showed the most different reactivities
(C1 and C5) through computational calculations. Our initial
exploration began by modeling neutral complexes corresponding
to C1 and C5, applying DFT [14] with the B3LYP [15] functional, the
LANL2DZ [16] pseudopotential for the Au atom and 6-31 þ G* basis
set for the other atoms, which is known to be an appropriate
methodology for the theoretical study of these reactive systems
Fig. 7. Comparison of reaction progress: C5 (A) and C6 (:) vs C5-H (-) and C6-H (�). Reac
medium, pH ¼ 2).
[12,17]. Final energies in solution (water) were obtained within the
Tomasi's polarized continuummodel (PCM) [18] as implemented in
Gaussian09.

As shown in Fig. 3, no structural peculiarities for C1 were
observed, whereas in C5 the alkyl chain was folded up around the
metal center.

Considering that the metal of the complexmust be Au(þ1), so as
to the hydration of alkynes takes place [19], wemodeled zwitterion
complexes (ZW) C1 and C5. In this sense, we showed the geome-
tries corresponding to C1ZW and C5ZW in Fig. 4; besides, we
computed the atomic charges by fitting the electrostatic potential
(ESP charges) [20]. The DFT calculations showed significant differ-
ences between both complexes. In C1, the geometric parameters
between the neutral and zwitterion species remained without
changes, but C5 showed a strong interaction between themetal and
the oxygen atom of the sulfonate group (red dashed line in C5ZW,
Fig. 4). The distance Au-O in the neutral C5 was 3.50 Å and it was
shortened to 2.07 Å in the zwitterion complex, giving evidence of
the strong interaction aforementioned. Moreover, the strong
interaction between the gold and oxygen atom of the sulfonate
group in C5ZW directly affected the distribution of the positive
charge on gold center, being lower in C5ZW (þ0.07) than in C1ZW
(þ0.55).

Based on these results, we calculated the required energy to
extend the alkyl chain in C5ZW. We elongated the Au-O bond (steps
of 0.01 Å each, red dashes line) at B3LYP/6-31 þ G* level using the
PCM method for introducing the solvent effects (water), with full
optimization for the remainder degrees of freedom and we ob-
tained the energy profile shown in Fig. 5.

First we observed two barriers similar in energy (10.7 and
6.0 kcal/mol), that were associated to the interaction of gold and
the different oxygen atoms of the sulphonated group. However, the
system required 13.3 kcal/mol to move away the alkyl chain from
the metal center. Then, we optimized the last structure of this en-
ergy profile at 6-31 þ G*/LANL2DZ level, to obtain the C5ZW
conformer with the alkyl chain elongating away from metal. We
named this structure C5′ZW. As it can be seen on Fig. 6, DFT cal-
culations showed that C5′ZW is less stable than C5ZW with a dif-
ference of 14.1 kcal/mol. Besides, the lack of interaction between
the metal and oxygen atom of the sulfonate group in C5′ZW,
increased the distribution of the positive charge on the gold center,
being higher in C5′ZW (þ0.27) than in C5ZW (þ0.07). Thus, steric
and electronic factors produced by the folded up of alkyl chain over
the metal center generate a significant steric hindrance and
tions were run in water:methanol (1:1) at 100 �C. (- and �, reaction carried out in acid



Fig. 8. Geometries for C5-H.
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decrease the metal charge in the C5ZW conformer. Based on the
aforementioned observations, we could assume that the lower
reactivity of C5ZW compared to that of C1ZW, would be related to
the high energy that C5ZW required to get the more reactive
conformer C5′ZW.

On the other hand, and taking into account that the effect of the
less effective catalyst C5 could be improved at acid pH (pH¼ 2) [21],
as shown in Fig. 7 [C5 (A) vs C5-H (-), being C5-H the product
obtained when the reaction was carried out in acid medium, see
Supporting Information], we modeled the protonated complex C5-
H for the same conversion (25% conversion, 60 h and 30 h,
respectively), following the described calculating methodology. As
shown in Fig. 8, the alkyl chain was not folded up around the metal
center unlike C5. This could be the reasonwhy the complex C5-H is
more reactive than C5 (see Fig. 7).

In order to study the effect produced by decreasing the length of
the alkyl chain, we synthesized the 2-sulfonatoethyl-complexes C6
and C6-H, and studied their catalytic effects. Fig. 7 shows that the
induction time is reduced, improving the catalytic effect [25%
conversion, 60 h for C5 (A) and 50 h for C6 (:)]. Once again, the
reaction carried out in acid medium [C6-H, (�)] was more efficient
(25% conversion in 20 h). It is important to mention that the re-
action in the absence of catalyst was negative.

Finally, in order to explain these results, we modeled the -sul-
fonatoethyl side chain of the neutral complex C6 and found that the
alkyl chain was folded up around the metal center again (Fig. 9).
Continuing with the calculating methodology applied to C5 com-
plex, we modeled the active species -the zwitterion C6ZW- and
observed that the calculated ESP charge wasþ0.21 and the distance
Au-O was 2.21 Å (Fig. 9). Following the procedures performed on
C5ZW, we elongated the Au-O bond to get the energy profile for
C6ZW (see Electronic Supporting Information) and optimized the
Fig. 9. Geometries for C6, C6ZW, C6′ZW, C6-H and ESP charges of Au(þ1) for C6ZW and C6
solvent (water). Energy difference is a DE (solvated) value (in kcal/mol).
last structure to obtain the C6ZW conformer with the alkyl chain
elongating away from the metal, and named this structure as C6′
ZW. As it can be seen in Fig. 9, DFT calculations showed that C6′ZW
is only 1.1 kcal/mol less stable than C6ZW, while the distribution of
positive charge on the gold center was higher in C6′ZW (þ0.49)
than in C6ZW (þ0.21).

We observed a lower energy barrier associated to the
conformational interchange in C6ZW, which is 13 kcal/mol less
than that required for C5ZW. This, in conjunction with the higher
charge on the metal, and the greater distance Au-O for C6ZW
compared to C5ZW, could justify the higher reactivity of C6 (see
Fig. 7). Based on these results we suggest that the sulfonatoethyl
chain (C6) is more flexible than the sulfonatepropyl chain (C5).
Accordingly, C6ZW could be more reactive than the zwitterion
complex C5ZW.

As Fig. 9 shows, according to that observed for the C5 complex,
when the sulfonate group of C6 was protonated (C6-H) the alkyl
chain elongated away from metal -the sulfonic acid group was
located farther from metal-making it more efficient for catalysis
than C6ZW (see Fig. 7).

With the aim to complete this theoretical study, we calculated
the first step of the catalytic cycle, namely, the coordination of the
gold center to the triple bond of the alkyne (Scheme 1) with cata-
lysts C1ZW and two conformers of C5ZW.

As shown in Fig. 10, this step is energetically favorable for all
the studied complexes, being much more exothermic (�91.1 kcal/
mol) for the C1ZW-complex, which showed the shorter distance
between the gold center and the triple bond (2.13 Å). Besides, the
formation of C5ZW- and C5′ZW-complexes, is less energetically
favorable than that for C1ZW, in agree with the reactivity
observed.
3. Conclusions

In summary, based on DFT calculations, we could explain the
lowest catalytic effect -in the hydration of phenylacetylene in
aqueous media-of C5 complex compared to C1 complex in terms of
steric arrangement of the 3-sulfonatepropyl chain and ESP charge of
the metal center. These calculations also explained the advanta-
geous effect, over the catalysis, of protonating the ligands of C5-H
and C6-H complexes. Finally, and in agree with the reactivity
observed, the first step of the catalytic cycle was more energetically
favorable for C1ZW than for C5ZW- and C5′ZW-complexes. This
work shows that DFT is a successful computational approach for
studying these reactive systems.
′ZW evaluated by B3LYP/6-31 þ G* and LANL2DZ (Au) in the presence of a continuum



Fig. 10. Geometries for C1ZW-, C5ZW- and C5′ZW-complex evaluated by B3LYP/6-31 þ G* and LANL2DZ (Au) in the presence of a continuum solvent (water). Energy difference is a
DE (solvated) value (in kcal/mol) and all distances Au-C are in Å.
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