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A detailed reaction mechanism of the triatomic gold cluster-catalyzed cycloisomerization of w-alkynylfuran was
systemically investigated via the density functional theory at the TPSSh/def2-TZVP level. The computational results
indicated that the 5-exo Friedel-Crafts-type mechanism is the most favorable mechanism to form the phenol derivatives.
The strong interaction between the gold and vinyl fragment in the Friedel-Crafts adduct is essential for the priority of the
5-exo Friedel-Crafts-type mechanism. Then, the 5-exo Friedel-Crafts-type mechanism on the various planar gold clusters
(Au4~10) was studied to clarify the size-effects of the planar gold clusters catalyzed w-alkynylfuran cycloisomerization. The
appropriate interactions between the alkyne group in substrate and gold clusters play a key role for the 5-exo cyclization
step. The energy barriers of the ring-closure of the dienone carbene-gold intermediate step show an interesting “odd-
even” behavior respective to the number of gold atoms. The Au3 and Au4 clusters are the most active catalysts for the w-
alkynylfuran cycloisomerization to phenol derivative. We also found that the active catalyst of the w-alkynylfuran
cycloisomerization catalyzed by the gold(l) complexes should be the gold(0) complexes of the in situ generation. The
catalytic activity of the gold(0) complex is comparable with that of the planar gold clusters. These findings may guide the
rational design of highly active gold catalysts for the w-alkynylfuran cycloisomerization to phenol derivatives.

the cyclization of w-alkynylfurans to the main product phenols with
Introduction the annellated furans as the side-products.4 The 1,2,3-triazole was
used as a special “X-factor” (as a ligand for [AuPPh;]" coordination
forming a [Ph;P-Au-triazole]” complex) to stabilize the gold catalyst
and obtain excellent yields and chemoselectivity by Shi group.9 The

The gold-catalyzed phenol synthesis is an isomerization reaction
that transforms a w-alkynylfuran to an annellated phenol via the
cleavage of four bonds and the formation of four new bonds. It is an

intramolecular reaction of the alkyne-gold complex with the furan X-factor, which was developed by using the 1,2,3-triazole as a
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ring. After the first report by the Hashmi group in 2000 (Scheme 1),
! many reports about the phenol synthesis from the w-alkynylfuran p_\
isomerization have emerged over the past few decades (Scheme
1).2 pt(11), Pd(1), Ir(1), and Rh(l) were also found to catalyze the
intramolecular reactions of alkynes with arenes and furans (Scheme
2). 21318 gyl gold complexes are clearly more active than other p—> c- Au © /@é )
metals, display effective chemoselectivity and high synthetic

efficiency in the cycloisomerization of w-alkynylfurans, and yield no /_ CHZCIZ
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Scheme 1 Gold-catalyzed cycloisomerizations of w-alkynylfurans.
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cycloisomerizations.

coordination factor to stabilize the catalyst, could be regarded as an
alternative strategy, instead of tuning the phosphorus Iigands.9 The
Hashmi group also found that the mononuclear NAC-gold(l) and
phosphite-gold(l) catalysts are highly active for the cyclization of w-
alkynylfurans. Turn-over numbers up to 37,000 for the cyclization of
w-alkynylfurans were obtained. 1112 Gold nanoparticles supported
on nanocrystalline CeO, could also catalyze the cycloisomerization

of w-alkynylfurans to phenols.15

Remarkable works have also been performed regarding the
elucidation of this mechanism including the successful isolation of
several key intermediates, that is, the arene oxide and oxepine.7’16
The breakage and formation of four bonds during this reaction is
clearly not an elementary reaction. Because the rate-limiting step
possesses lowest reaction rate in the overall reactions (reaction
kinetic theory), the reaction intermediate of this step should be
opulent and be detectable by the NMR, IR etc. Therefore, based on
the kinetic theory and "H NMR spectroscopy, Hashmi et al
concluded that the failure to detect intermediates with AuCl; simply
means that the first step was the rate-limiting step.17 Hashmi et al.
demonstrated that the oxygen atom is transferred intramolecularly
during the reaction.” The Hashmi group showed that the reaction
does not proceed via an alkynyl or a vinylidene complex because a
primary kinetic isotope effect was not observed with a substrate
deuterated at the alkyne.16 The Echavarren group found that the
intramolecular reaction of furans with alkynes catalyzed by PtCl, is
mechanistically related to that of enyne in polar solvents.”>** The
PtCl,-catalyzed reaction is initiated by the nucleophilic attack of the
furanona (nz-alkyne)Pt(II) complex to form a cyclopropyl platinum

2| J. Name., 2012, 00, 1-3
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Scheme 3. Proposed mechanism for the gold-catalyzed phenol synthesis.

carbene via density functional theory calculations. According to o)
labeling experiments, ! substrate deuteration studies,16 and in situ
NMR spectroscopy,7’17 Hashmi et al. proposed a mechanism for the
Au(lll)-catalyzed phenol synthesis reaction shown in Scheme 3. The
reaction kinetic studies provided strong evidence that the actual
Au(l) catalyst was likely the PhsPAu’ complex, which was under
equilibrium with precatalyst [PhsP-Au-triazole]” as shown by the Shi
group.9 Recently, Oliver-Meseguer et al. used matrix-assisted laser
desorption/ionization—time-of-flight mass spectrometry (MALDI-
TOF) and ultraviolet-visible (UV-vis) spectroscopy to report that
very small (3~6 atoms) gold clusters generated in situ from gold
salts, complexes, and/or nanoparticles can catalyze this reaction.”®
Moreover, the small gold clusters (only 3 to 10) can be formed from
different Au(l) and Au(lll) salts or gold complexes during a catalytic
process in solution at room temperature in some cases; they can

efficiently activate the C-C triple bond of aIkynes.lg'21

For instance,
the ester-assisted hydration of alkynes catalyzed by small gold
clusters could yield an unprecedented ~10’ turnover number
(TON).19 In addition, the ligand can play some significant roles in the
activity of the catalyst, including two main aspects. One respect is
the gold catalysts in different oxide state and ligands can cause
different product distributions. As shown in Scheme 1, gold
catalysts in different oxidation states and ligand produce different
product distributions.”™ Another aspect is the ligand can exert a
straightforward influence on the formation and stability of the small
clusters, which has been demonstrated by kinetic and spectroscopic
studies.®*! Distinctly, the formations of gold clusters and the
catalytic activity inevitability depend on the chemical nature of
ligands and counter anions in the complexes, which is reported by
Corma group.21 Meanwhile, the gold complexes with different
ligands can cause obviously catalytic activity, which can be found in
many previous studies.” %

The previous experimental studies also showed that the
formation of phenol should proceed via arene oxide or oxepine
intermediate because of their capture in a Diels-Alder reaction with
dienophiles and detection with in situ NMR spectroscopy.7‘ v
However, the formation of arene oxide or oxepine intermediate
from reactants under experimental conditions remains unclear.
Other questions include: Which gold species is the active catalyst in
these reactions? How do we control the product selectivity via

This journal is © The Royal Society of Chemistry 20xx
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active gold species? To answer some of these questions, the planar
gold clusters were chosen as the active catalysts to investigate the
detailed mechanism of the w-alkynylfurans cycloisomerization. The
planar gold clusters were assumed to be the active catalyst of the
w-alkynylfuran cycloisomerization catalyzed by Au(l) and Au(lll)
complexes in some cases."®*! In our previous papers, the alkyne
activation reactions including the cycloisomerization of 1,6-enyne
and the cycloisomerization/oxidative dimerization of phenyl
propargyl ether catalyzed by the Ausg cluster were investigated.zz‘23
The present theoretical mechanistic investigations are aimed at
extending the understanding of w-alkynylfuran cycloisomerization
catalyzed by the planar gold clusters by elucidating the following
intriguing, but not yet firmly resolved aspects: (1) Which is the
preferred mechanism for the w-alkynylfuran cycloisomerization
catalyzed by the planar gold clusters? (2) What is the source of
product selectivity? (3) How does the size of the planar gold clusters
affect the catalytic activity? (4) Which factor controls the catalytic
activity of the planar gold clusters? (5) Which is true active catalyst
for the w-alkynylfurans cycloisomerization catalyzed by the gold(l)
complexes? It should be noted that our efforts focused on the
mechanism of w-alkynylfuran cycloisomerization catalyzed by the
planar gold clusters and AuPPh;* complex. The truly active catalyst
and mechanism of the w-alkynylfuran cycloisomerization catalyzed
by the different oxidation state gold species (such as AuCl, AuCls,
Au(l) complexes, and Au/CeO,) will be investigated in the future.

Computational details

The mechanism was investigated via density functional theory (DFT)
using the TPSSh functional®*? with the def2-TZVP? basis sets as
implemented in Gaussian 09 package,27 which was used in the
geometric optimizations of intermediates (IMs) and transition
states (TSs). To check the IMs and TSs structures, vibrational
frequency calculations at the same level of theory were performed.
Intrinsic reaction coordinates (IRC) 229 \vere performed to confirm
the transition states connecting with the corresponding reactant
and product intermediates. According to reaction conditions, the
solvent effect of acetonitrile (¢ = 37.5) was evaluated using the SMD
model (where "SM" and "D" stand for solvation model and density,
respectively).30 Natural charges were calculated via natural
population analysis at the same level as that used for geometry
optimization.

The adsorption energies of the gold cluster substrates are

defined in Eq. 1.
AEads = Etotal - Ecluster - Esubstrate (1)

Where Eiay Ecluster aNd Equpstrate @re the total energies of the
adsorbed substrate on the cluster, the bare cluster, and the
substrate, respectively. The relative Gibbs free energies of
stationary points at 298.15 K and 1 atm are also presented in the
Figures. The adsorption energies of these clusters were only
affected by the entropy effect. The activation free energies are
similar to that of the energy barriers. Therefore, only the energy
barriers and reaction energies were discussed unless otherwise
stated.

This journal is © The Royal Society of Chemistry 20xx

It should be noted that that the spin-orbital coupling can play
important role in the calculation of both, the atomization energies
and the relative stability of the isomers of gold clusters.®! However,
due to the large computational times, the spin-orbital coupling is
not considered in the gold-catalyzed reactions, such as CO
oxidation, C-C coupling reaction, water-gas shift reaction, et al 3%
Similarly, the spin-orbital coupling is not considered in the current
paper.

Results and discussion

It should be noted that the charge states of the gold clusters are
neutral in the present study. The reasons are mainly collected as
the following two points. Firstly, according to the experimental
results, the detection of in situ UV-vis characteristic peek shows the
formation of neutral Au; and Au, cIusters,lg'21 not the Au," clusters.
Secondly, we also calculate the reaction mechanisms via using the
Au;" and Au,’ clusters as the catalysts. However, the TS2/3 and
TS3/4 could not be located with our best endeavor. The potential
energy surface scan unveils that the energy is increasing for IM2 —
IM3 and IM3 — IM4. Therefore, in order to consistent with the
experimental results, 1821
the active catalysts in this manuscript.

the Au," clusters are not considered as

In the present paper, the hybrid meta-GGA functional TPSSh was
utilized because of the very good metal-ligand bond energies,
cohesive energy of metal clusters, and structural parameters of

37-42 ) .
To confirm our choice of

metal clusters it is reported to provide.
functional and basis set, the possible structures for Aus_;o were
optimized and shown in Fig. S1. The predicted bond lengths of the
Au-Au bond in Au, and Aus is 2.518 and 2.563 A, which is in line
with those at the CCSD(T)-F12a/def2-TZVP levels (2.476 and 2.519
R), respectively.43 The cohesive energies of Au, and Aus are 24.32
and 24.63 kcal/mol, which is also in agreement with the
experimental results (26.82 and 29.23 kcal/mol), respetively.M'46
For the Au; cluster, the acute triangle structure is higher than the
obtuse triangle structure about 1.67 kcal/mol, which is in line with
31,47 As

shown in Fig. S1, the stable gold clusters of each gold cluster are in
31,43, 47-49

results obtained at the various functionals and basis sets.

line with the previous results. Therefore, the functional and
basis sets could produce the reliable results for the structural and
properties of the gold clusters.

Mechanism for w-alkynylfuran cycloisomerization catalyzed by
Aug; cluster.

To illustrate the catalytic behavior of planar gold clusters, the Au,;
cluster was selected as a model catalyst to simulate the detailed
mechanism of the w-alkynylfuran cycloisomerization. The Auz
cluster was assumed to be the active catalyst of the w-alkynylfuran
cycloisomerization catalyzed by Au(l) and Au(lll) complexes in some
cases.”® According to the mechanism proposed by the Hashmi

grou p,7‘15'18 the possible pathways of the w-alkynylfuran
cycloisomerization catalyzed by Aus clusters were designed and

J. Name., 2013, 00, 1-3 | 3
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Scheme 4. The 5-exo Friedel—Crafts-type (FCT) route, direct Diels—Alder-type (DDA) route, and Au-vinylidene carbenoid (VDA) route to form the phenol derivative (P1), the
formation of B-alkenylated furan (P2), and the 6-endo Friedel—Crafts-type (FCT) route toward the pyran derivative (P3).

shown in Scheme 4. The energy profiles, optimized structures, and
related parameters are depicted in Figs. 1-5.
Adsorption of w-alkynylfuran. It is well-known that the geometric

31,47,50 .
As shown in

structure of neutral Au; cluster is obtuse triangle.
Fig. 1, the adsorption of the w-alkynylfuran on the Au; cluster
induces the structure deformation of the Auj; cluster into acute
triangle (Fig. 1). The adsorption energy of the substrate on the Au;
cluster is -32.84 (-29.05) kcal/mol in the gas phase due to the strong
o-donation from the 7 orbital of the C=C bond as well as the
partially occupied d orbital of the gold atom and the n-back-
donation from the d orbital of the gold atom to the n* orbital of the
C=C bond. The interaction between the alkyne fragment and Aus is
similar to that of alkyne fragments of 1,6-enyne and aryl propargyl!
223 0

adsorption of substrate causes the net transfer of electron from Aus;

ether with the surface gold atom of the Ausg clusters.

This journal is © The Royal Society of Chemistry 20xx

fragment to substrate fragment. (The natural charge on the Au;
fragment is about 0.17 |e|). The received electron from the
substrate fragment is mainly distributed on the C=C bond, which
enhances the nucleophilicity of two carbon atoms. Hence, the
adsorption of substrate favors the subsequent nucleophilic
addition. At the same time, the adsorption of substrate results in
the activation of C=C bond, which is reflected by the increasing C=C
bond length from 1.20 A to 1.25 A due to the back-donation of d
electrons to the ©* orbital of the C=C bond.

Pathways for the formation of phenol. As shown in Scheme 4, after
the adsorption of substrate on Aujs cluster, there are four possible
pathways to produce phenol derivatives. The first one is 5-exo
Friedel-Crafts-type reaction route starting from the nucleophilic

J. Name., 2013, 00, 1-3 | 4
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Fig. 1 The optimized structures, related parameters, potential energy profile, and relative Gibbs free energies (colored by red, 298.15 K and 1 atm) of the 5-exo FCT pathway to
form the phenol derivative P1 in the gas phase and acetonitrile solvent (parentheses) are shown. The bond length is in A.

addition of a C atom to the C1=C2 bond or C1 site of furan ring
(abbreviated as 5-exo FCT). The second pathway is the [4+2]
cycloaddition between the C=C bond and the C1=C2-C3=C4 of the
furan ring to produce the final product (abbreviated as DDA). The
last pathway is a direct hydrogen transfer from the Ca atom to the
CB atom to form an Au-vinylidene carbenoid intermediate, and
subsequent Diels—Alder addition of the Ca—Cf3 double bond to the
furan ring (abbreviated as VDA). It is unlikely that the pathway
proceeds via an alkynyl or a vinylidene complex because a primary
kinetic isotope effect was not observed with a substrate deuterated
at the alkyne,16 but this pathway is presented for comparison. In the
following sections, the 5-exo FCT, DDA, and VDA pathways are
discussed in further detail.

Firstly, the 5-exo FCT reaction route is discussed (Fig. 1). After
formation of IM1, the nucleophilic addition of the Cf atom to the
C1 site of the furan ring results in a metastable spiro-intermediate
IM2 (the 5-exo cyclization step). Because the delocalization of the
negative charge in IM2 is not sufficient to compensate for the
stability of the gold vinyl, this step is energetically unfavorable and

This journal is © The Royal Society of Chemistry 20xx

is endothermic by 6.86 and 1.04 kcal/mol in the gas phase and
acetonitrile solvent, respectively. This step needs to overcome
about 19.06 and 15.87 kcal/mol in the gas phase and acetonitrile
solvent, respectively. We also considered the nucleophilic addition
of CB atom to the C1-C2 bond of furan to give the gold-
cyclopropylcarbene complex (2a, Scheme 4), but only a minimum-
energy structure could be located. The transition state connecting
with the IM1 and gold-cyclopropylcarbene complex could not be
located. The predicted energy of the gold-cyclopropylcarbene
complex is higher than that of IM2 by about 5 kcal/mol, which
indicated that the formation of the gold-cyclopropylcarbene
complex is thermodynamically unfavorable.

This point is significantly different from the PtCl,-catalyzed
intramolecular reaction of furan with alkyne in which the formation
of the Pt-cyclopropylcarbene complex is thermodynamically and
kinetically favorable.>* The charges on C, C1, and C2 atoms of
IM1 are -0.10, 0.27, and -0.31 | e|, respectively, which supports the
formation of the Friedel-Crafts complex IM2. The C1-O bond is
lengthened to 1.48 A in IM2 indicating the activation of a C-O bond.

J. Name., 2013, 00, 1-3 | §
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Fig. 2 Potential energy profiles and relative Gibbs free energies (colored by red, 298.15 K and 1 atm) of the DDA and VDA pathways to form phenol derivative P1 in the gas phase

and acetonitrile solvent (parentheses). The bond length is in A.
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Fig. 3 The optimized structures and related parameters for DDA and VDA pathways (bond length in A).

This activation is favorable for the following step of the C1-O bond
cleavage. Subsequently, the cleavage of the C1-O bond forms a
conjugate dienone carbene-gold intermediate IM3 (the ring-
opening of furan step). IM3 should be more stable than IM2 due to
the strong delocalization of charges in IM3. As expected, this step is

exothermic by about 9.80 and 13.31 kcal/mol in the gas phase and
acetonitrile solvent, respectively. The energy barrier of the C1-O
bond cleavage is only 8.48 and 8.44 kcal/mol in the gas phase and

acetonitrile solvent, respectively, because of the strong activation
of the C1-O bond in IM2.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 6
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Fig. 4 Potential energy profiles and relative Gibbs free energies (colored by red, 298.15 K and 1 atm) of the 6-endo FCT pathway toward pyran derivative P3 in the gas phase and
acetonitrile solvent (parentheses).
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Fig. 5 The optimized structures and related parameters for the 6-endo FCT pathway toward pyran derivative P3 (bond length in A).
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Next, the oxygen atom of the C4=0 bond attacks on the Au-Ca
bond to form a gold-oxepine complex IM4 (the ring-closing of the
dienone carbene-gold intermediate). This step is exothermic by
about 10.35 and 1.05 kcal/mol with energy barriers of 12.22 and
16.99 kcal/mol in the gas phase and acetonitrile solvent,
respectively. Finally, the oxepin derivative IM5 is desorbed from the
Au; cluster, which is endothermic by about 31.35 and 27.99
kcal/mol in the gas phase and acetonitrile, respectively. The
benzene oxide IM6 and the oxepin derivative IM5 are in a
tautomeric equilibrium during the reaction with an energy barrier
of 5.42 (4.64) kcal/mol in the gas phase (acetonitrile). Finally, IM6 is
quickly converted into product phenols with an exothermicity of
39.44 (40.21) kcal/mol with heating or acid.”*" of note, the
benzene oxide IM6 was captured via a Diels-Alder reaction with
dienophiles.17 In summary, the rate-limiting step of the 5-exo FCT
reaction route is the nucleophilic addition of the C} atom to the C1
site of the furan ring to form the spiro-intermediate IM2 with an
energy barrier of 19.06 kcal/mol in the gas phase—the formation of
the gold-oxepine complex IM4 is the rate-determining step in
acetonitrile.

In order to further prove the reasonability of the functional and
basis set used in this paper, the 5-exo FCT pathway was calculated
at the PBE/def2-TZVP levels. The calculated results are shown and
summarized in Fig. S2 and Table S1. As shown in Figs. 1 and S2, the
geometric parameters of the related structures with the TPSSh and
PBE functionals are very similar. The adsorption energies of
substrate, and energy barriers, and the reaction energies at the
TPSSh/def2-TZVP and PBE/def2-TZVP levels are similar. Therefore,
results with the TPSSh functional and def2-TZVP are reliable for the
gold cluster-catalyzed the w-alkynylfuran cycloisomerization.

We next focus on the pathway initializing from the [4+2]
cycloaddition between the Ca=Cf bond and C1=C2-C3=C4 of furan
ring in IM1, i.e. the DDA pathway (Figs. 2 and 3). The Diels-Alder
adduct IM7 (Fig. 2) has higher energy than IM1 (2.54/2.12 kcal/mol
in the gas phase/acetonitrile). The corresponding transition state
TS1/7 must overcome an energy barrier of 25.32 (26.24) kcal/mol in
the gas phase (acetonitrile). The Ca.and CP3 atoms in IM7 are
approximately pyramidal, and the structure resembles a nz-gold-
ene complex. Next, the bridged O atom would shift to the Ca atom
in IM7 along with the breakage of the C1-O bond to form a gold-
benzene oxide complex IM8. This step must overcome an energy
barrier of 32.44 (25.44) kcal/mol in the gas phase (acetonitrile). Due
to migration of the double bond from the Ca-Cf3 bond to the C1-Cj
bond in the process of IM7 — IM8, the interaction between the Aus
cluster and the benzene oxide is very weak as reflected by the bond

This journal is © The Royal Society of Chemistry 20xx

length of the Au-Ca and Au-Cf bonds (Fig. 3). The weak interaction
also results in the endothermicity of IM7 — IM8. Finally, the
decomposition of IM8 gives a Aus cluster and benzene oxide with
slight endothermicity. Clearly, the migration of the bridged O atom
step (IM7 — IM8) is the rate-limiting step for the DDA pathway
with an energy barrier of 32.44 (25.44) kcal/mol in the gas phase
(acetonitrile).

Finally, the pathway via the Au—vinylidene carbenoid complex
(VDA pathway) (Figs. 2 and 3) was investigated. The gold-vinylidene
carbeniod complexes are highly reactive intermediates—they are
the key intermediate for many gold-catalyzed organic reactions.”™’
The formation of Au—vinylidene carbenoid intermediate IM9 is
endothermic by about 10.06 (7.98) kcal/mol with an energy barrier
of 44.95 (41.12) in the gas phase (acetonitrile). Obviously, the
formation of the Au—vinylidene carbenoid intermediate IM9 is
unfavorable thermodynamically and kinetically, which agrees with
the experimental findings.16 After the formation of the Au—
vinylidene carbenoid intermediate IM9, the Diels-Alder adduct
IM10 is produced with an energy barrier of 28.43 (30.20) kcal/mol
in the gas phase (acetonitrile). Due to the high ring tension, the
Diels-Alder process (IM9 — IM10) is endothermic. Subsequently,
the hydrogen atom on the Cp atom transfers to the Ca atom in
IM10 to give rise to IM7. The activation energy is predicted to be
29.79 (29.65) kcal/mol in the gas phase (acetonitrile). The
remaining steps toward benzene oxide IM6 are the same as that of
the DDA pathway. The rate-limiting step of the VDA pathway is the
formation of a Au—vinylidene carbenoid intermediate via the
hydrogen transfer with an activation energy of 44.95 (41.12) in the
gas phase (acetonitrile). Hence, this step is also unfavorable
kinetically.

In summary, these findings indicate that the w-alkynylfuran
cycloisomerization to phenol catalyzed by a Aus cluster mainly
proceeds via the 5-exo FCT pathway. All stationary points for
the 5-exo FCT pathway stand below the separated catalyst and
reactant, hence, the 5-exo FCT pathway proceeds easily. The
rate-limiting step of the 5-exo FCT pathway is the first step, i.e.
the 5-exo nucleophilic addition of C3 atom to furan ring (IM1
— IM2). This point is highlighted by the fact that no
intermediate could be detected in the experiments, which
concurs with the experimental data.'” The formation of Diels-
Alder adduct IM7 and Au-vinylidene carbenoid intermediate
IM9 are both thermodynamically and kinetically unfavorable.

Pathways for the formation of pyran derivative. There is a 6-
endo FCT pathways, i.e., the nucleophilic addition of a Ca. atom to
the furan ring in IM1, which is in competition with the 5-exo FCT
pathway. The 6-endo FCT pathway finally leads to a pyran
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derivative. The optimized structures, related parameters, and
potential energy profiles are shown in Figs. 4 and 5.

Table 1. Energy barriers (A.E,) and their energy components for the three competitive
pathways catalyzed by the Aus cluster (units in kcal/mol).

The 6-endo nucleophilic addition of Ca atom to the C1 atom of
the furan ring in IM1 results in a metastable spiro intermediate

IM11 via TS1/11. The predicted activation energy is 20.19 (18.94)
kcal/mol in the gas phase (acetonitrile), which is slightly higher than
that of formation in the 5-exo nucleophilic addition intermediate
IM2. Subsequently, cleavage of the C1-O bond of the furan ring in
IM11 produces intermediate IM12—the C4-0O single bond changes
to a C4-0 double bond. This process requires an energy barrier of
7.29 (7.20) kcal/mol with an exothermicity of 8.16 (12.53) kcal/mol
in the gas phase (acetonitrile).

Next, there are two pathways from IM12 to the final product P3.

Reactions AEin1  AEina AEg AEpswy AEpca  AELJAE
IM1->TS1/2 -45.92 -49.49 -3.57 23.20 -0.04 19.59
IM1->TS1/7  -45.92 -50.36 -4.44 29.93 0.07 25.56
IM1->TS1/11 4592 -48.20 -2.28 22.95 0.02 20.69

IM1->IM2 -45.92 -82.84 -36.92 4431 -0.64 6.75

IM1->IM7 -45.92  -51.26 -5.34 6.06 0.07 0.79
IM1->IM11 -4592 -76.68 -30.76  35.26 -0.65 3.85

The first pathway is via the O atom of the C4=0 bond that attacks
the Ca atom to result in the six-membered ring intermediate IM13.
Then, the H atom on the Ca atom migrates to the CP atom to
generate product complex IM14. The corresponding energy barriers
are 23.97 (29.26) (IM12 = IM13) and 6.37 (6.88) (IM13 - IM14)
kcal/mol in the gas phase (acetonitrile).

Alternately, the migration of the H atom from the Ca atom to the
CB atom overcomes an energy barrier of 55.48 (60.56) kcal/mol to
produce intermediate IM15. Subsequently, the carbonyl group
nucleophilicly attacks the Ca atom to result in product complex
IM14. The activation energy is only 9.76 (17.65) kcal/mol (TS15/14)
with an exothermicity of 27.89 (17.91) kcal/mol. Comparison of the
two hydrogen steps (IM12 — IM15 and IM13 — IM14) shows that
the higher energy barriers of IM12 — IM15 are ascribed to the
strong C(spz)-H bond in IM12. Simultaneously, the electron-
deficient Co. atom in IM15 results in a low energy barrier of
TS15/14. Finally, the pyran derivative P3 is desorbed from IM14
with regeneration of Aus cluster, which is endothermic by 31.21
(28.08) kcal/mol in the gas phase (acetonitrile). Obviously, the
energy barriers of formation for the pyran derivative are higher
than that of the 5-exo FCT pathway.

The pathway for the formation of the B-alkenylated furan (P2)
has also been studied. However, only the minimum of 11 was
located. The transition state connecting IM1 and 11 could not be
obtained with our best efforts. At the same time, the transition
states of the Cp migration from the C1 atom to the C2 atom (IM2 —
11) as well as the gold-cyclopropylcarbene complex to 11 could not
be located. The charges on the C1 and C2 atoms of the furan ring in
IM1 are 0.23 and -0.29 | e|, respectively. Hence, the Ca atom could
preferably attack the C1 atom to form IM2. Therefore, the
formation of B-alkenylated furan is not favorable for the w-
alkynylfuran cycloisomerization catalyzed by Au; cluster.

To better understand the 5-exo FCT pathway, DDA pathway,
and 6-endo FCT pathway, we performed energy decomposition
analysis (EDA)ZZ'B'58~60 on the energy barriers and reaction
energy for the first steps of the three pathways (IM1 — IM2,

This journal is © The Royal Society of Chemistry 20xx

IM1— IM7, and IM1 — IM11). The details of the EDA were
supplied in the Supporting Information. Concisely, the energy
barriers and reaction energies are decomposed into three
parts. The first part is the deformation (distortion) energies of
substrate fragment (Sub) from reactants to transition states
(products). The second part is the deformation (distortion)
energies of catalyst fragment (Aus, Ca) from reactants to
transition states (products). The last part is the change in
interaction energy (AE,) between the Sub and Ca fragments
from reactants to transition states or products. The EDA
results are shown in Table 1 and indicate that the deformation
energies of the Au; fragments for these processes are very
small suggesting only small structural changes in the Auz
fragments. The changes in binding energies are slightly
favorable for the three pathways. The energy barriers are
mainly due to the deformation of the Sub fragments.
Simultaneously, the differences in energy barriers of the three
pathways originate from the structural deformation of a Sub
fragment. The changes in binding energies between Aus; and
Sub fragments counteract the deformation energies of the Sub
fragments in IM2 and IM7. Therefore, the strong interaction
between gold and vinyl in Friedel-Crafts adduct stabilizes the
Friedel-Crafts addition intermediates. This results in high
selectivity toward the phenol derivative.

Size-effect of planar gold clusters
Oliver-Meseguer et al. found the Aus~,, clusters were formed in

reaction progress. Simultaneously, the various-sized gold clusters
showed different catalytic activity for alkyne activation reactions.”®
= Therefore, the mechanism on Au,~ clusters were investigated to
illustrate the catalytic activity of the planar gold clusters toward the
w-alkynylfuran cycloisomerization. Because our goal is to explore
the reaction activity of neutral planar gold clusters, compared with
that of Au; and Au, clusters. Therefore, although many reports
show the structures (both 2D and 3D) of bigger clusters are closely
related to the calculation methods,“g’el‘62 the relatively stable planar
structures of Aus-, clusters are chosen in the present article (Fig.
6). At the same time, as shown in Fig. S1, the most stable structures
of Aus_jo are planar at the TPSSh/def2-TZVP level. From
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Fig. 6. The structures and isosurfaces (cutoff = 0.03) of the HOMO and LUMO orbitals of the planar gold clusters.

above discussions on Aujs cluster-catalyzed w-alkynylfuran
cycloisomerization, the 5-exo FCT mechanism was the most
favorable mechanism to synthetize phenol. So, only the 5-exo FCT
mechanism on Aug~o clusters were studied. The energy profiles,
optimized structures, and related parameters are shown in Figs. S3-
S9. The TS3/4 of Aug cluster was not located in this study. The
relaxed scan along the Ca-O bond (Fig. $10) showed no energetic
maximum between IM3 and IM4 for Aug cluster. The relaxed scan
of potential energy profile for TS3/4 in the Aug cluster was also
performed (Fig. S10).

Firstly, the adsorption of w-alkynylfuran on these clusters was
analyzed. The adsorption energy of w-alkynylfuran on the Au,
cluster is -33.58 and -29.64 kcal/mol in the gas phase and
acetonitrile solvent, respectively. This is comparable to that of the
Auj cluster (-32.84 and -29.05 kcal/mol). It is interesting that the w-
alkynylfuran is preferentially adsorbed on the acute vertex of the

This journal is © The Royal Society of Chemistry 20xx

Auq, cluster. To confirm this point, the isosurface of the highest
occupied molecular orbital (HOMO) and lowest occupied molecular
orbital (LUMO) of the Au, cluster were drawn (Fig. 6). Fig. 6
highlights that the main contribution of the LUMO is the acute
vertex of the Au, cluster, which agrees with the adsorption of the
substrate.

The adsorption energies of the w-alkynylfuran on the Aus-~,
clusters are in the range of -21 to -16 kcal/mol (Table 2). These
results suggest that w-alkynylfuran is more favorably adsorbed on
the Au; and Au, clusters than on other planar gold clusters (Aus-
Ausg). The higher adsorption energies on the Au; and Au, clusters
could be attributed to the large back-donation from the d orbital of
the gold atom to the ©* orbital of the Ca=Cf bond. The different
back-donation could be characterized by the different bond lengths
of the Ca=Cp bond. The binding strength of the substrate with gold
is controlled by the degree of charge transfer and two different

J. Name., 2013, 00, 1-3 | 10
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Table 2. The adsorption energies (AE,q4, kcal/mol) of substrate on the gold clusters (GC)
and the energy barriers (AE,, kcal/mol) of three steps in the gas phase and acetonitrile
solvent (parentheses).

GC A Eag AE,(TS1/2)  AE,(TS2/3)  AE,(TS3/4)
Au;  -32.84(-29.05) 19.06(15.87)  8.48(8.44)  12.21(16.99)
Au,  -33.58(-29.64) 19.92(16.92)  2.57(1.37) 6.81(5.48)
Aus  -21.11(-18.48) 13.86(13.59) 13.43(13.72) 13.42(14.36)
Aus  -16.55(-12.81) 11.61(12.23)  8.14(5.48) -

Au;  -16.15(-13.16)  9.14(8.79)  11.68(12.22) 13.92(15.08)
Aug  -19.66(-15.58) 14.35(11.60)  6.44(4.60) 3.92(2.99)
Au;  -18.54(-14.94) 12.01(10.88)  8.90(5.53)  12.68(19.55)
Auy,  -16.83(-14.32) 13.94(13.18)  6.97(4.28) 4.49(4.74)

electron density transfer processes: -donation from the alkyne
fragment to the gold and w-back-donation from the gold to the
alkyne fragment. Therefore, the strength of the interaction depends
on two factors: the difference in energy and the spatial overlap
between the orbitals involved. The HOMO and LUMO orbitals of
planar gold clusters consist of several lobes (Fig. 6). These are
mainly localized on the edge and corner gold atoms and are fully
accessible to interaction with the alkyne fragments of the substrate.
This efficient overlap between the molecular orbitals explains the
higher adsorption energy values and the preferred adsorption sites.

The energy barriers of the 5-exo cyclization step are from 9.00 to
14.50 kcal/mol for Aus~1 clusters in the gas phase. Those for Au;
and Au, clusters are 19.00 kcal/mol. Analysis of the energy barriers
of the 5-exo cyclization step and the adsorption energies of the
substrate showed that large adsorption energies result in high
energy barriers for the 5-exo cyclization step. This point should be
attributed to the decreasing interaction between the Cf atom of
substrate fragment and gold clusters in during the 5-exo cyclization
step. Hence, the appropriate interactions between the substrate
and gold clusters are essential for the 5-exo cyclization step. These
findings are also supported by the EDA results (Tables S1-S8). The
ring-opening of the furan step on the Au,~,, clusters is exothermic
with moderate energy barriers (Table 2).

The energy barriers of the ring-closing of the dienone carbene-
gold step show an interesting “odd-even” behavior respective to
the number of gold atoms. Indeed, the energy barriers on odd-
numbered gold clusters (Aus, Au; Aug) are commonly higher than
that on gold clusters with even-numbered atoms (Aug, Aug Au;g;
Table 2). The different energy barriers on Aus_yq clusters are
ascribed to that of the gold clusters with odd numbers of electrons
that can strongly bind with the carbene fragment in IM3. Table 2
shows that the rate-determining step is the 5-exo cyclization step

This journal is © The Royal Society of Chemistry 20xx
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on an even-numbered gold clusters, while the rate-limiting step is
the ring-closing of dienone carbene-gold intermediate step
(IM3->1M4) with odd-numbered gold clusters as catalysts. This is
attributed to the strong interactions between the gold atom and
the carbene fragment for the odd-numbered gold clusters as
catalysts. The length of the Au-Ca. bond in Figs. S3-S9 could not
determine this interaction difference. To confirm these findings, we
performed EDA on the ring-closing of the dienone carbene-gold
intermediate step (IM3->IM4). As shown in Tables S2-S9, the
interaction energies between the gold clusters and the carbene
fragment in IM3 of the odd-numbered gold clusters are larger than
those of even-numbered gold clusters. This results in a stronger Au-
Ca bond in the odd-numbered gold clusters. The ring-closing of the
dienone carbene-gold intermediate step involves the nonequivalent
hybridization sp2 orbital of the O atom interaction with the 7 orbital
of the Au=Ca bond to form a Ca-O bond, which weakens the Au-Co
bond. Therefore, the strong Au-Ca bond of the odd-numbered gold
clusters results in large energy barriers.

As shown in Figs. S3-S9, all of the energy profiles suggest
that the planar gold clusters have good catalytic activity
toward the w-alkynylfuran cycloisomerization to the phenol
derivative. However, the free energy profiles at 298.15 K and 1
atom indicate that the w-alkynylfuran cycloisomerization to
phenol derivative catalyzed by Aus~, clusters must overcome
energy barriers of about 5.00 - 18.56 kcal/mol. Hence, Auz and
Au, clusters show better catalytic activity toward the w-
alkynylfuran cycloisomerization to phenol derivative than that
of Aus~qo clusters at experimental conditions. This is in line
with experimental results.'®

Comparison with Gold(l) Complexes

To distinguish the difference between the gold clusters and gold
complexes-catalyzed w-alkynylfuran cycloisomerization, the
possible reaction pathways of the w-alkynylfuran cycloisomerization
catalyzed by the [AuP(CH;);]" complex was investigated. The
reactions were taken from refs 4 and 10. The P(CH;); was used to
model the PPh; to reduce the computational times. The optimized
structures, related parameters, potential energy profiles, and
relative Gibbs free energies were shown in Figs. S11 and S12. It was
should be noted that the 5-exo FCT pathway toward the phenol
derivative P1 and the pathway toward the pyran derivative P3 could
be not obtained with our efforts. Simultaneously, the VDA pathway
was not considered due to the high barriers of the formation of the
gold-vinylidene carbeniod intermeidate. Only the DDA pathway
toward the phenol derivative P1 and the 6-endo nucleophilic
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Fig. 7. The optimized structures, related parameters, potential energy profile, and
relative Gibbs free energies (colored by red, 298.15 K and 1 atm) of the transfer of the
terminal hydrogen of the alkyne group to TfO- in the gas phase and acetonitrile solvent
(parentheses). The bond length is in A.

pathway toward the B-alkenylated furan (P2) were shown in Figs.
S11 and S12.

As shown in Fig. S11, the coordination of the w-alkynylfuran with
the [AUP(CHs);]" complex is exothermic by about 41.05(20.48)
kcal/mol in the gas phase (acetonitrile). The orbital interaction
between the alkynyl group and the gold(l) complex are mainly the
donation of the electron from the & orbital of the alkynyl group to
the unoccupied d orbitals of the gold atom and the back-donation
of the electron from the occupied d orbitals of the gold atom to the
n* orbital of the alkynyl group. The intramolecular addition of the
C=C triple bond to the furan ring in IM1-Au(l) slightly endothermic
due to the deformation of the aromaticity of the furan ring. The
energy barrier is 24.01(26.47) kcal/mol in the gas phase
(acetonitrile). Obviously, this step is unfeasible kinetically. Next, the
bridged O atom would migrate to the Ca atom in IM2-Au(l) along
with the breakage of the C1-O bond to form a gold-benzene oxide
complex IM3-Au(l). Due to the twist of the six-membered ring, this
step also need overran an energy barrier of 20.91(26.08) kcal/mol in
the gas phase (acetonitrile). Finally, the decomposition of IM3-Au(l)
is endothermic by about 16 kcal/mol in acetonitrile. After
consideration of the entropy effect, this step is only endothermicity
of 5.27 kcal/mol in acetonitrile. The whole reaction pathway need
overcome a free energy barrier of 29.81 kcal/mol in acetonitrile at
298.15K.

The pathway of the formation of the B-alkenylated furan (P2) is
initialized from the nucleophilic addition of the CJ3 atom to the C1
site of the furan ring to produce a spiro-intermediate IM4-Au(l) (the
5-exo cyclization step). This step is slightly exothermic with an
energy barrier of 3.54(8.46) kcal/mol in the gas phase (acetonitrile).
It should be noted that the pathway toward the phenol derivative
P1 from IM4-Au(l) could not be obtained. The relaxed scan of the
potential energy profiles at the TPSSh/def2-TZVP levels could not
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obtain the pathway. Next, the migration of the Cf3 atom from the C1
atom to the C2 atom produce IM5-Au(l) with an energy barrier of
10.56(13.09) kcal/mol in the gas phase (acetonitrile). This step is
endothermic by about 10 kcal/mol because of the repulsion
between the C2 and Cf} atoms in IM5-Au(l), which is also certified
by the long C2-Cf bond in IM5-Au(l). Then, the hydrogen atom on
the C2 atom transfers to the CB atom via a four-membered ring
transition state TS5/6-Au(l). This step is the rate-limiting step of this
pathway with an energy barrier of 14.45(15.40) kcal/mol in the gas
phase (acetonitrile). Finally, the B-alkenylated furan (P2) is
detached from IM6-Au(l) with an endothermicity of 10 kcal/mol in
acetonitrile.

Obviously, the feasible pathway of the w-alkynylfuran
cycloisomerization catalyzed by the [AuP(CHs);]" complex is the
formation of the B-alkenylated furan (P2), which is not in line with
the production distribution of the experiments.z'12 The main
product of the w-alkynylfuran cycloisomerization catalyzed by the
[AuP(CH;);]" complex should be the phenol derivative P1. To solve
this problem, we further consider the reduction of the [AuP(CH;);]"
complex to AuP(CHj3); by the terminal alkyne. As shown in Fig. 7, the
transfer of the terminal hydrogen of the alkyne group to TfO
(CF3S03) was studied. Obviously, the formation of the IM-TfO
intermediate should be exothermic due to the strong electrostatic
interaction and hydrogen bond, while the change of the free energy
in the acetonitrile solvent due to the decrease of the entropy. The
hydrogen transfer step must overwhelm an energy barrier of about
10 kcal/mol to produce IMx and TfOH. The reduction of the
[AuP(CH;);]" complex to AuP(CH;); by the terminal alkyne need
overrun 16 kcal/mol of free energy barrier in acetonitrile. Hence,
the [AUP(CH;);]" complex could be reduced to AuP(CHs); in situ by
the terminal alkyne. Therefore, all of the possible pathways of the
w-alkynylfuran cycloisomerization catalyzed by AuP(CH;); were
studied. The optimized structures, related parameters, potential
energy profiles, and relative Gibbs free energies were shown in Figs.
$13-S15. It is similar with that of the Au; cluster; the pathway for
the formation of the B-alkenylated furan (P2) is not obtained. As
shown in Fig. S13, the energy barrier of the rate-liming step of the
5-exo FCT pathway catalyzed by AuP(CHs); is 14.90(15.23) kcal/mol.
Simultaneously, the DDA pathway need to overcome an energy
barrier of 19.44(20.82) kcal/mol. The pathway of the formation of
the pyran derivative must surmount an energy barrier of
25.96(27.61) kcal/mol. Hence, the most feasible pathway of the w-
alkynylfuran cycloisomerization catalyzed by AuP(CHs); is the 5-exo
FCT pathway with the formation of the phenol derivative. After
incorporation of the reduction of [AuP(CHs);]" complex to
AUuP(CHjs);, the free energy barrier of the 5-exo FCT pathway is
about 16 kcal/mol in acetonitrile.

Comparison of the potential energy profiles and the free
energy profiles in Figs. S11-S15, it is found that the 5-exo FCT
pathway catalyzed by AuP(CH;); is the most feasible pathway
thermodynamically and kinetically. Then, the pathway of the
formation of the B-alkenylated furan (P2) by [AuP(CHs)s]" is

This journal is © The Royal Society of Chemistry 20xx
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feasible kinetically, however, the whole pathway must
overcome about 17.08 kcal/mol of free energy barrier at
298.15 K. Therefore, we can conclude that the active catalyst
for the w-alkynylfuran cycloisomerization is the reduction state
of the [AuP(CHs)3]" complex, i.e. AuP(CHs)s. The byproduct (the
B-alkenylated furan) is produced from the cyclizaiton of the w-
alkynylfuran catalyzed by the [AuP(CHs);]" complex. The
selectivity is mainly controlled by the steric effect of the ligand
and the polarity of the solvent. The product distribution is in
line with the experiments.10 The catalytic activity of the gold(0)
complex is comparable with that of the planar gold clusters.

Conclusions

In summary, the full mechanism of the w-alkynylfuran
cycloisomerization catalyzed by a Auj cluster was investigated
at the TPSSh/def2-TZVP levels. Four pathways were identified
and analyzed. The 5-exo Friedel-Crafts-type mechanism is the
most favorable pathway to produce a phenol derivative with
an energy barrier of 19.06 (16.99) kcal/mol in the gas phase
(acetonitrile). The 6-endo FCT, DDA, and VDA pathways are
unfavorable due to the high-energy barriers of the hydrogen
migration steps. The strong interaction between gold and vinyl
in the Friedel-Crafts adduct stabilizes the Friedel-Crafts
addition intermediates. The 5-exo FCT pathways on the planar
gold clusters (Aus_;o) were studied to clarify the effect size. The
appropriate interactions between the substrate and gold
clusters are essential for the 5-exo cyclization step. The energy
barriers of the ring-closing of the dienone carbene-gold
intermediate step show an interesting “odd-even” behavior
respective to the number of gold atoms. The Au; and Au,
clusters show better catalytic activity toward the w-
alkynylfuran cycloisomerization to phenol derivative than the
Aus~o clusters under experimental conditions—this was again
confirmed with experimental data. The trade-off studies show
that the active catalyst of the  w-alkynylfuran
cycloisomerization catalyzed by the gold(l) complexes should
be the gold(0) complexes , which is forming in situ reduction
by the w-alkynylfuran. The catalytic activity of the gold(0)
complex is comparable with that of the planar gold clusters.
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