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ABSTRACT: Density functional theory (DFT) was utilized to probe the mechanism @F

of AuCl-catalyzed alkynylation of the indole and pyrrole substrates using a hypervalent IOy TAuCH+
iodine reagent ([(tri-iso-propysilyl)ethynyl]-1,2-benziodoxol-3(1H)-one (TIPS-EBX)). Rosi—=0"\
An unprecedented reaction mechanism was shown to be operative. In this mechanism, ‘%)

the catalytic reaction starts with coordination of the alkyne moiety of the iodine(III)
reagent to the AuCl catalyst, followed by transfer of the alkynyl group from I"" to Au'.
The iodine(III) center was found to be capable of activating the alkyne triple bond
more efficiently than the gold(I) center. The nucleophilic attack of the aromatic
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substrates on the I"-activated alkyne gives a iodine(IIl) gold(I) vinyl complex. o ||| o
According to the calculations, this step was predicted to be the rate-determining step. RySi—==—I-0

Starting from the vinyl complex, the product is formed through the interaction of the Aucl L
occupied 0,,_c-orbital with the vacant of c-orbital, followed by a very fast gold(l)-activated iodine(lll)-activated

alkyne alkyne

deprotonation reaction. This process that leads to the reduction of iodine(IIl) to
iodine(I) occurs without protonation of the benzoate group of the iodine(III) moiety
and with a small activation energy of 6.6 kcal/mol. It was concluded that the presence of the Au—C o-bond at the f-position
converts the vinyl group to a potent reductant. The regioselectivity for the catalytic C—H alkynylation of arenes is dictated by the
stability of the vinyl complex. It was found that the cationic gold complexes such as PMe;Au* are not effective catalysts for the
alkynylation reaction, because they are strongly poisoned by coordination to the benzoate group of the iodine(III) reagent.
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Bl INTRODUCTION Scheme 1. Alkynylation of Indoles and Pyrroles Using TIPS-

Transition-metal-catalyzed cross-coupling reactions have at- EBX Catalyzed by AuCl

tracted considerable interest, because of their importance in N SiPry
. .. . . R@z \

synthesis and medicinal chemistry. In this regard, some research N N

efforts have been focused on development of new synthetic o Sllprs R ae %) SiPr,

methods for alkynylation of aromatic C—H bonds." Recently, the or UE (o mol%) or

hypervalent iodine reagents have been used to promote 0. 1t

alkynylation of aromatic compounds using transition-metal
catalysts.” For example, Waser and co-workers reported Au'-
catalyzed alkynylation of pyrroles and indoles using [(tri-iso-
propysﬂyl)ethynyl] 1,2-benziodoxol-3(1H)-one (TIPS-EBX)
(Scheme 1).*> Through this methodology, many different
alkynylated pyrroles and indoles were synthesized. Interestingly, p-elimination to produce the final product (prod). In pathway

3
3
TIPS-EBX N N

the regioselectivity of this reaction was found to be strongly (b), the intermediate I is trapped by nucleophilic addition of the
dependent on the identity of the aromatic substrate; the indole at C, thereby giving intermediate III after deprotonation
alkynylation for pyrroles occurs at C2 and for indoles at C3. of indole. Starting from III, prod is formed via an a-elimination

To account for the alkynylation reaction, three different followed by a 1,2 shift rearrangement. The alkynylation reaction
mechanistic pathways have been proposed in the literature.* in pathway (c) proceeds via the oxidative addition of the C—I

Scheme 2 shows the proposed possible pathways for indole bond to Au' to afford the Au™ intermediate IV. This intermediate

alkynylation. Pathway (a) involves the nucleophilic addition of

the indole at C® of the Au'-activated triple bond followed by Received: May S, 2014
proton transfer to the carboxylate group, giving gold vinyl Revised:  July 13, 2014
intermediate II. This gold vinyl intermediate then undergoes the Published: July 21, 2014
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Scheme 2. Proposed Mechanisms for the Alkynylation of
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then reacts with the indole to give V, from which a C—C
reductive elimination generates the final product.

The dilemma as to which catalytic cycle is responsible
prompted us to employ density functional theory (DFT) to
investigate this reaction in detail. Intriguingly, here, we show that
an alternative mechanism in which the hypervalent iodine center
operates as the Lewis acid for activating the alkyne is the most
feasible. We believe that disentangling the mechanism of the
alkynylation reaction can provide some insights into designing
future reaction protocols.

B COMPUTATIONAL DETAIL

Gaussian 09> was used to fully optimize all the structures
reported in this paper at the B3LYP level of DFT® in Et,O using

the CPCM” solvation model. The effective-core potential of Hay
and Wadt with a double-£ valence basis set (LANL2DZ)® was
chosen to describe Au and I. The 6-31G(d) basis set was used for
other atoms.” Polarization functions were also added for Au (&=
1.050) and I (& = 0.289)."° This basis set combination will be
referred to as BS1. Frequency calculations were carried out at the
same level of theory as those for the structural optimization.
Transition structures were located using the Berny algorithm.
Intrinsic reaction coordinate (IRC)'" calculations were used to
confirm the connectivity between transition structures and
minima. To further refine the energies obtained from the
B3LYP/BS1 calculations, we carried out single-point energy
calculations for all of the structures with a larger basis set (BS2) in
Et,O using the CPCM solvation model at the B3LYP and M06'*
levels. BS2 utilizes the quadruple-{ valence def2-QZVP basis
set'> on Au and I and the 6-311+G(2d,p) basis set on other
atoms. We have used the potential and Gibbs free energies
obtained from the M06/BS2//B3LYP/BS1 calculations in Et,O
throughout the paper, unless otherwise stated. Recent computa-
tional studies on organometallic reactions have shown that
thermodynamic and kinetic results are predicted more accurately
if the MO06 functional is used instead of B3LYP."? The use of M06
can also be rationalized based on the fact that this functional
estimates the van der Waals interactions more precisely.'* These
factors have prompted us to select this functional for all the single
point calculations. The results related to the B3LYP/BS2//
B3LYP/BS1 calculations are included in the Supporting
Information. The atomic orbital populations were calculated
on the basis of natural bond orbital (NBO) analyses."

To assess the validity of the BS2 basis set, we repeated the
single-point calculations at the MO6 level for some selective
transition structures using the def2-TZVP (BS3) and def2-
QZVP (BS4) basis sets for all elements. The results show that
basis set dependence is small. Using the BS2 basis set, the relative
energies of TS, ¢, TS, o, TS, 10, TSy; 12 TS15-13 TS11_15 and
TS,5_13 are 29.7, 28.2, 46.6, 24.2, 18.5, 23.5, and 32.2 kcal/mol,
respectively. Using the BS3 basis set, the relative energies are
31.2, 29.6, 46.5, 25.8, 20.1, 24.9, 33.7 kcal/mol, respectively.
Using the BS4 basis set, the relative energies are 32.3, 30.5 46.7,
26.7,21.5, 25.8, 34.9 kcal/mol, respectively.

Scheme 3. Relative Stabilities of Various AuCl Adducts

o
. \ AuCl
Me;sSi—= I—O\ 12.2
9.2 AuClI 5
ge=a
4 AuCl
N
H
r\s_ ,/’~\\(),/’\\\ 3.8
/O\AuCI !
MeSi—=—=—I—0 > -~ AuCl — <
6.2 26.4 E > H
3 TMS-EBX 1 @ lil
N AuCl
H 14.2
o \§ 6
Me;Si f I—O
AuCl _/
0.0 kecal/mol
2

2897

dx.doi.org/10.1021/cs500613t | ACS Catal. 2014, 4, 2896—2907



ACS Catalysis

Research Article

iPrySi '
* 18440 Cl

46.6

pathway (c)

| iPrySi
17.9 \X }
0
[\

iPrySi—=—Au—0
10 ¢

0.0

iPrgSi

AuCl

I—O0

(<)
AuCl
8 9

PrsSi

1
]
— - !
oxidative mechanism i

T activation mechanisms

Figure 1. Energy profile calculated for the first step of the three mechanisms shown in Scheme 2 for the indole substrate. The relative Gibbs free energies
obtained from the M06/BS2//B3LYP/BS1 calculations in Et,O are given in units of kcal/mol.

To examine how sensitive our results are to the methodology
used for geometry optimizations, the structures of some selective
transition states were reoptimized at the M06/BS1 level and then
their relative energies were re-evaluated with single-point
calculations using the M06/BS3 and MO06/BS4 calculations.
The results show that there is a small dependence of the relative
Gibbs energies on the employed methodology. Using the M06/
BS3//MO06/BS1 calculations, the relative energies of TS, g,
TS, 9, TSy 100 TS11-12 TS15-13 TSy115 and TS5y are 28.5,
28.1,45.0,22.8,20.0,22.6, and 33.7 kcal/mol, respectively. Using
the M06/BS4//M06/BS1 calculations, the relative energies are
29.6,29.1, 45.4,23.8, 21.5, 23.5, 35.1 kcal/mol, respectively.

Since the TIPS substituent in each stationary point has
different conformations with different energies, we replaced the
TIPS component of TIPS-EBX with trimethylsilane (TMS) to
avoid this difficulty. Although we are aware that the less bulky
TMS substituent has been e)?erimentally shown to decrease the
yield of the organic product,® this replacement is expected not to
change the chemistry of the alkynylation reaction.

B RESULTS AND DISCUSSION

It is anticipated that the addition of AuCl to substrates and
solvent can initially lead to the formation of various adducts, as
shown with a few representative examples in Scheme 3. Since, in
terms of the Gibbs free energies, 2 is calculated to be the most
stable adduct, we consider this structure as the reference point for
the gold precursor. As discussed above, three potential
mechanisms for the alkynylation of aromatic C—H bonds have
been envisaged in the literature (Scheme 2). Figure 1 shows the
energy profile calculated for the first step of these three
mechanisms for the indole substrate. An inspection of Figure 1
shows that pathways (a) and (b) (Scheme 2) with Gibbs energy
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barriers of 28.2 and 29.7 kcal/mol, respectively, are energetically
more favorable than pathway (c). However, this study allowed us
to propose a novel mechanism for the alkynylation reaction. The
rate-determining transition structure for this novel mechanism is
calculated to lie below TS,_g and TS,_ (vide infra), suggesting
that the novel mechanism is energetically favored over all the
previously proposed mechanisms. The mechanistic details for
this new pathway are discussed below.

A Novel Mechanism for Catalytic C—H Alkynylation.
Intriguingly, we found that the iodine(III) center is capable of
operating as a strong Lewis acid and activating the alkyne moiety
more efficiently than AuCl. In order for the z-bond activation by
iodine(III) to take place, the transfer of the alkynyl group from
" to Au' should occur first (Figure 2). Starting from 2, the
alkynyl transfer step proceeds through transition structure
TS, ;; with an energy barrier of 13.5 to give 11 ,'¢ in which the
iodine(III) center coordinates to the alkyne m-bond. This
reaction is calculated to be endergonic by 4.8 kcal/mol,
suggesting that the characterization of this intermediate (11)
should be difficult experimentally, because of its unstable nature.
The optimized structures for this key step are shown in Figure 3.
The energy required for dissociation of the alkyne moiety in 11
(AG = 46.3 keal/mol) is much greater than that in 2 (AG =26.4
kcal/mol), which indicates that the alkyne binds to iodine(III)
more strongly than gold(I). The C*~C" bond distance in 11 is
calculated to be 0.012 A longer than that in 2 (Figure 3). It
follows from these results that the iodine(III) is a stronger Lewis
acid than the Au(I), as evidenced by the lower lying LUMO of
11a (Scheme 4).

We also found that the alkyne coordinates to the iodine(11I)
center in 11 asymmetrically; the C*—1 distance is calculated to be
0.345 A longer than the C°~I distance (Figure 3). The

dx.doi.org/10.1021/cs500613t | ACS Catal. 2014, 4, 2896—2907
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Figure 2. Energy profile calculated for AuCl-catalyzed alkynylation of the indole substrate using TMS-EBX through the novel mechanism. The relative
Gibbs free energies obtained from the M06/BS2//B3LYP/BS1 calculations in Et,O are given in units of kcal/mol.

asymmetric coordination can be related to the z-donating
property of AuCl (vide infra), which causes the alkyne z-bond to
be polarized toward the C* atom. In such a case, the C" atom
becomes more electron-deficient and more susceptible to
nucleophilic attack. This argument finds support from the
NBO analysis of 11; the population of the C? p(7)-orbital (0.667
e) is much smaller than that of the C* p(x)-orbital (1.077 e). At
this point, the activated triple bond can undergo the nucleophilic
attack of the indole at the C’ atom to give the gold vinyl
intermediate 12 through transition structure TS, ;, with an
overall activation Gibbs energy of 24.2 kcal/mol'” (Figure 2). It
is striking that this transition structure (TS;;_;,) is lower in
energy than TS, g and TS,_, (Figure 1), indicating that the
activation of the alkyne by the iodine(III) center facilitates the
nucleophilic attack of the indole. Indeed, the less-stable z-
complex 11 is more reactive than the more-stable 7-complex 2.
The nucleophilic attack results in one of the 7 bonds of the
alkyne moiety being polarized toward the C* atom to form the
new I-C* o-bond in 12. Upon the indole addition, the I-C"
distance is lengthened from 2.728 A to 3.122 A and the I-C*
distance is shortened from 2.383 A to 2.234 A (Figure 3).

2899

Starting from the gold vinyl intermediate 12, there are two
possibilities in order for the reaction to proceed toward the
formation of product 13: (a) deprotonation of 12, using the
solvent, followed by the reduction of the iodine(III) and the
formation of product 13; (b) the reduction of the iodine(III) and
then the deprotonation reaction. The former is found to be
energetically less favorable than the latter. The relative energy of
the transition structure for deprotonation of 12 by Et,O is
calculated to be 27.4 kecal/mol (see Figure Sl in the Supporting
Information). This pathway is at least 8.9 kcal/mol'® less
favorable than the pathway in which the reduction of iodine(11I)
occurs first. Thus, we will discuss below only the details related to
the pathway that starts with the reduction of iodine(IIL).

Intriguingly, the reduction of iodine(III) proceeds via
transition structure TS, ;3 with a Gibbs activation energy as
low as 6.6 kcal/mol. The activation energy for this step is also
calculated at the B3LYP/BS2//B3LYP/BS2 level to be 0.8 kcal/
mol (see Figure S3 in the Supporting Information). These results
suggest that the reduction process, in this case, should be
extremely fast. In this process, the occupied 6,,_c-orbital
interacts with the vacant of c-orbital, leading to the heterolytic
cleavage of the I-O bond with concomitant formation of a new

dx.doi.org/10.1021/cs500613t | ACS Catal. 2014, 4, 2896—2907
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Figure 3. Optimized structures with selected structural parameters (bond lengths given in Angstroms) for 2,2 PMes, TS,_;;, 11, TS, _15, 12, TS1,_j3,
and TS;5_;5.

7-bond between the C* and C atoms. This interaction forces the the f-position renders the vinyl group bound to the iodine(III)
I-C* o-bond to be completely polarized toward the I atom, center in 12 a very strong reducing agent.
thereby resulting in formation of the 2-iodobenzoate ion through An IRC search for TS,,_,; shows that this transition structure

reduction of the iodine by two units. It is interesting to note that
the redox process in this case occurs without protonation of the
benzoate group, which is usually a prerequisite for reduction of
the hypervalent iodine reagents of the type employed here.'? process. Indeed, once the 2-iodobenzoate ion is formed, its
This finding implies that the presence of the Au—C’ 6-bond at strong basicity does not allow this species to remains as a free ion.

is directly connected to the product 13. This result indicates that
both the reduction and the deprotonation proceed via a one-step

2900 dx.doi.org/10.1021/cs500613t | ACS Catal. 2014, 4, 2896—2907
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Scheme 4. Spatial Plots of the Lowest Unoccupied Molecular
Orbital (LUMO) for 11a and AuCl

Au—Cl
LUMO for 11a LUMO for AuCl
E=-574eV E=-348¢eV

In such a case, the 2-iodobenzoate ion barrierlessly deprotonates
the cationic pyrrole group (Figure 2) to give 13 and 14.
Stereoselectivity of the Arene Addition. There are two
pathways for the attack of nucleophiles at activated unsaturated
bonds: (syn fashion) nucleophilic attack from the side of Lewis
acid and (anti fashion) nucleophilic attack from the side opposite
the Lewis acid. All the above-mentioned results (Figure 2) are
concerned with the mechanism in which the indole substrate is
added to the activated alkyne via the syn fashion. We demonstrate
herein that the anti addition mechanism is energetically
unfavorable. Figure 4 shows the energy profile for formation of
13 through the anti addition mechanism. A comparison of the
energy profiles given in Figures 2 and 4 reveals that, although the

indole addition to the activated alkyne via the anti fashion is ~0.7
kcal/mol more favorable than that via the syn fashion, the step
concerning the reduction of iodine(Ill) for this pathway is
considerably unfavorable; transition structure TS5_,5 (Figure 4)
lies 13.7 kcal/mol above transition structure TS,,_,5 (Figure 2).
The 1-C* bond distance in TS;5_;; is calculated to be 0.3 A
longer than that in TS, ;; (Figure 3), which suggests a later
transition state for TS;5_,3. The difference between these two
pathways can be explained by how available the nascent z-bond is
for interaction with the Au' metal center in the transition
structures. In transition structure TS;,_;3, the Au' metal center
easily interacts with the nascent 7-bond (Scheme Sa), facilitating
the step concerning the reduction of iodine(III) through
increasing the stability of the transition structure. In contrast,
the nascent z-bond in transition structure TS;s_; is almost
blocked by the I atom and, thus, it is not readily available (see
Scheme Sb). In such a case, the structure must undergo a
significant distortion by lengthening the I-C* bond in order to
make the nascent #-bond more available. The greater the
structural distortion, the later the transition state and the higher
the activation barrier. On the basis of these results, we conclude
that the Au'-catalyzed alkynylation reactions should occur
through the syn addition pathway in diethyl ether.

Proposed Catalytic Cycle for C—H Alkynylation. The
detailed catalytic cycle of the Au'-catalyzed alkynylation reaction
using a hypervalent iodine(III) reagent is summarized in Scheme
6. This unprecedented mechanism includes five major steps: (A)

4.8 Me3Si<g - 1—0O
Me;;Si (0] I
&Y b Au_
|||_@|_O H/N Cl
/l\u@
15
Cl 11

HO™ “OH M638|
14
SRR |—Auc
\
-46.8 N
H
13

Figure 4. Energy profile calculated for the catalytic C—H alkynylation initiated by anti addition of the indole substrate. The relative Gibbs free energies
obtained from the M06/BS2//B3LYP/BS1 calculations in Et,O are given in units of kcal/mol.
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Scheme S. Schematic Orbital Interactions Rationalizing the
Higher Stability of TS,,_,; Relative to TS5_;
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coordination of the alkyne moiety of the iodine(III) reagent to
the AuCl catalyst, (B) transfer of the alkynyl group from I'! to
Au!, (C) a Friedel—Crafts-type addition of the arene to the Cb
atom of the iodine(IIl)-activated alkyne via the syn fashion, (D)
reduction of the iodine(III) by two units through interaction of
the Au—C’ c-orbital with the I-C® o*-orbital, and (E)
deprotonation of the cationic pyrrole group by the 2-
iodobenzoate ion. The calculations predict that step C is the
rate-determining step”” and step E occurs immediately, once the
reduction step is complete. To our knowledge, this is the first
investigation which suggests that an unsaturated triple bond is
activated by iodine(III) toward nucleopbhiles.

The recent experimental reports further support the validity of
our results. Waser and co-workers demonstrated that the

alkynylation of less-nucleophilic arenes such as thiophenes and
benzofurans is feasible if the gold-catalyzed reaction is carried out
in the presence of an acid as a co-activator.””®*® On the other
hand, it is well-established that Lewis or Breonsted acids are
capable of enhancing the electrophilicity and reactivity of
hypervalent iodine reagents.'” These experimental observations
agree well with the outcome of the calculations that the rate-
determining step for the alkynylation is the arene addition to the
iodine(III)-activated alkyne. It is expected that the acids increase
the electrophilicity of the iodine(III) center, thereby accelerating
the addition of the less-nucleophilic arenes to the iodine(III)-
activated alkyne. The confirmation of this statement is the
objective of an ongoing project.

The calculations at the B3LYP/BS2//B3LYP/BS1 level
further support the results obtained from the MO06/BS2//
B3LYP/BSI functional (see Figures S2—S4 in the Supporting
Information) and confirm that the mechanism given in Scheme 6
is energetically more favorable than other previously proposed
mechanisms.

Origin of Regioselectivity for the Catalytic C—H
Alkynylation of Arenes. As stated in the Introduction, the
regioselectivity of the catalytic C—H alkynylation is reliant on the
identity of the aromatic substrates. Waser and co-workers
demonstrated that the alkynylation for indoles occurs at C3 and
for pyrroles at C2. The product selectivity was explalned in terms
of the electron richness of the C2 and C3 centers.*® Here, we will
show that the thermodynamic stability of the intermediates
obtained from the Friedel—Crafts addition of the arenes onto
intermediate 11 can be utilized as a predictor for the
regioselectivity.

As already mentioned, the rate-determining step of the C—H
alkynylation is step C (Scheme 6). Therefore, one expects that

Scheme 6. A Novel Mechanism for the Alkynylation of the Indole Substrate
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Figure 5. An energy profile comparing the nucleophilic attack of the indole and pyrrole substrates to the iodine(III)-activated alkyne via the C2 and C3
atoms. The relative Gibbs and electronic energies (in parentheses) obtained from the M06/BS2//B3LYP/BS1 calculations in Et,O are given in units of

kcal/mol.

the regioselectivity is dictated by the barrier height of this step.
For the indole substrate, TS, _,, is calculated to be 2.5 kcal/mol
lower in energy than TS;,_;y, (Figure S), indicating that, in
agreement with the experiment, the alkynylation at the C3 atom
is energetically favored over that at the C2 atom. In contrast, for
the pyrrole substrate, TS;;_;,4 lies 3.1 kcal/mol below TS;;_,,.
(Figure 4), implying that the alkynylation reaction preferentially
occurs at the C2 atom of the pyrrole. An inspection of the results
(Figure S) shows that there exists a relationship between energies
of the transition structures and the gold vinyl intermediates: the
more stable the gold vinyl intermediate, the lower the activation
energy. We found an excellent correlation with an R* value of
0.99 for the plot of AE against AE* values (Figure 6). This
correlation suggests that, regardless of the identity of the
heteroarene, the ease of the C—H alkynylation reaction is directly
affected by the thermodynamic stability of the gold vinyl
intermediate. The rationale behind the stability of the vinyl
intermediates is given in the Supporting Information.

Origin of Unreactivity of Cationic Gold Complexes for
the Alkynylation Reaction. Waser and co-workers demon-
strated that the cationic gold complexes such as PPh;Au" are not
active toward alkynylation. To understand why this is the case,

2903
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Figure 6. Plot of the values of AE against AE¥ for the addition of the
indole and pyrrole substrates to the iodine(III)-activated alkyne via the
C2 and C3 atoms (see Figure S).

calculations were carried out to probe the alkynylation reaction
using PMe;Au" as a model catalyst (Figure 7). The overall barrier
for the PMe;Au*-catalyzed alkynylation (23.2 kcal/mol) is
comparable to that for the AuCl-catalyzed alkynylation (24.2
kcal/mol; see Figure 2). This result suggests that the nature of
the gold(I) catalyst does not affect the overall activation barrier if

dx.doi.org/10.1021/cs500613t | ACS Catal. 2014, 4, 2896—2907
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Figure 7. Energy profile calculated for PMe;Au*-catalyzed alkynylation of the indole substrate using TMS-EBX through the novel mechanism. The
relative Gibbs free energies obtained from the M06/BS2//B3LYP/BS1 calculations in Et,O are given in units of kcal/mol.

the alkyne 7-complexes (2 or 2 PMe3) are considered as the
reference point. Initially, this result appears to conflict with the
experimental data. However, we found that the difference in
reactivity is mainly due to a change in the nature of the catalyst
resting state. As mentioned previously (Scheme 3), the alkyne 7-
complex 2 is the resting state for the AuCl system from which the
alkynylation reaction is initiated. In contrast, the resting state for
the PMe;Au" system changes from the active z-complex to the
inactive O-bound complex 3_PMe3 (Scheme 7); the O-bound
complex has lower energy by 5.7 kcal/mol. In such a case, the
cationic catalysts are expected to be “poisoned” by coordination
to the carbonyl group of the benzoate moiety to initially give the
inactive O-bound complex 3_PMe3. Under these circumstances,
the real activation barrier for the alkynylation reaction using
PMe;Au” as the catalyst is calculated to be as high as 28.9 kcal/
mol and not 23.3 kcal/mol (Scheme 7).

This discrepancy between AuCl and PMe;Au’ is attributed to
the stronger coordination of the alkyne triple bond to AuCl
(~9.8 kcal/mol), which is due to the more electron-rich
character of the metal center of AuCl. In such a case, a stronger
gold-to-alkyne back-donation is predicted for the AuCl system.
To support this statement, the charge decomposition analysis for
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adducts 2 and 2_PMe3 was performed using the CDA method.”!
The result of the CDA calculation indicates that the back-
donation from gold to the alkyne in 2 is significant (b/d = 0.251)
while that in 2 PMe3 is negligible (b/d = 0.085).>* The presence
of the positive charge in the PMe;Au" system is expected to be
responsible for disfavoring the back-donation interaction. A
comparison of the structural parameters of 2 PMe3 and 2
(Figure 3) shows that the less-favorable back-donation in
2 PMe3 results in longer Au—C* and Au—C’ distances and
shorter C*—C" distances.

By analogy with the MO6 functional, 2 PMe3 is calculated at
the B3LYP/BS2//B3LYP/BS1 level to be 9.8 kcal/mol less
stable than 3_PMe3. Taking this result into account, the overall
activation barrier for the alkynylation at the B3LYP/BS2//
B3LYP/BSI level increases to 43.1 kcal/mol (see Figure SS in
the Supporting Information). Thus, the present calculations
show that the cationic gold systems are not active for the
alkynylation reaction, because they strongly prefer to coordinate
to the benzoate groups to form the inactive O-bound adducts.

Can a Gold(lll) or Gold(0) Species Act as an Active
Catalyst? AuCl is sometimes degraded in solution to give AuCl,
and Au’.® If we assume that this degradation occurs during the
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Scheme 7. Relative Stabilities of Various PMe;Au* Adducts and Transition Structure TS;;_;5 pue;
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Figure 8. Energy profile comparing the AuCl;-catalyzed alkynylation of the indole substrate with a pathway leading to the reduction of gold(III). The
relative Gibbs free energies obtained from the M06/BS2//B3LYP/BS1 calculations in Et,O are given in units of kcal/mol.

course of the alkynylation reaction, one may inquire whether or
not the catalytic activity can be attributed to the in situ formation
of AuCl; or Au’. To address this issue, the catalytic cycle given in
Scheme 6 was reinvestigated by replacing AuCl with AuCl; or a
gold(0) nanoparticle. According to the study carried out by
Robinson et al.,** a three-membered cluster (Au,Cl) was chosen
as an model for the gold(0) nanoparticle.

The resting state in the AuCl; catalytic cycle is calculated to be
7' (see Figure 8). Thus, in order for the active z-complex 2’ to be
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formed, 7’ should undergo an associative substitution by the
alkyne substrate via the five-coordinate transition structure
TS, _,. The activation Gibbs energy for this process is computed
to be 19.8 kcal/mol. The key intermediate 11" is then formed via
transition structure TS, _;;.. The calculations show that 11’ is
much more reactive than its Au' analogue (11 in Figure 2); the
energy barrier for conversion of 11’ + indole — 12’ (9.1 kcal/
mol) is far smaller than that for conversion of 11 + indole — 12
(19.4 keal/mol). The high reactivity of 11’ can be ascribed to the

dx.doi.org/10.1021/cs500613t | ACS Catal. 2014, 4, 2896—2907



ACS Catalysis

Research Article

lack of electron back-donating capability of the gold(III) center
and the strong Au—C bond in 12’, as evidenced by an
exergonicity of —14.6 for the transformation of 11’ to 12",

These results suggest that the Au"-catalyzed alkynylation
reaction should be facile, provided that the substitution reaction
occurs first. However, there are other competitive pathways
starting from 7', leading to the reduction of gold(III), thereby
inhibiting the catalytic activity of this catalyst. For example, water
molecules are found to be capable of reducing the gold(III)
center via their nucleophilic attack to the C2 atom of indole in 7’
(Figure 8) (the C2 atom is more electron-deficient than the C3
atom). The nucleophilic attack increases the electron density on
the C3 atom and turns the ring in 16’ into a strong reducing
agent. The electron transfer from the ring to the Au d,>_-orbital
results in heterolytic cleavage of a Au—Cl bond and formation of
an ion pair (17" in Figure 8) in which the gold(I) complex
[AuCL,]™ is mainly stabilized by an electrostatic interaction with
a carbocation. A 1,2-hydrogen shift process renders the ion pair
even more stable and leads to the formation of 18’. The
mechanism presented here for the gold(III) reduction is similar
to that reported for Pt(IV) reduction by a guanine.”

Nucleophilic attack is calculated to be the rate-determining
step for the gold(II) reduction process. The transition structure
for this step (TS, _,¢) lies 0.8 kcal/mol lower in energy than
TS, _,, suggesting that the reduction of gold(IIl) is slightly more
favorable than the substitution reaction. It follows from these
calculations that the alkynylation of indoles is less likely to take
place on a gold(IIl) catalyst, because this catalytic reaction is
competitive with the gold(III) reduction process. These results
are in close agreement with the experimental observations;
Waser and co-workers demonstrated that a gold(III) complex is
reduced in situ by a indole substrate into a gold(I) species,
although the reaction conditions precluded identification of the
indole oxidation product. They also confirmed that the gold
species derived from the reduction process are reactive toward
the alkynylation reaction, further supporting the assumption that
the active catalyst for the reaction is most likely a gold(I) species.
At the end of this section, it should be mentioned that, since the
product of the indole oxidation was not identified experimen-
tally, finding a precise mechanism for the gold(III) reduction
process is impossible and this study at least suggests that water
nucleophiles have the capability of reducing the gold(III) center
in 7’ at a rate comparable to the alkynylation reaction.

The possibility that gold(0) nanoparticles are responsible for
catalyzing the reaction was also investigated by using the three-
member cluster Au;Cl as a model catalyst. In this case, the
nucleophilic attack of the indole substrate to the I"-activated
alkyne has a calculated activation barrier of 29.9 kcal/mol (see
Figure S6 in the Supporting Information), implying that the
reactivity of Au;Cl toward the alkynylation reaction is less than
that of AuClL. It can be suggested from these results that a gold
nanoparticle is less likely to catalyze the alkynylation reaction,
although further investigation in this regard is still needed.

B CONCLUSION

Density functional theory (DFT) calculations were performed to
investigate the mechanism of AuCl-catalyzed alkynylation of the
indole and pyrrole substrates using a hypervalent iodine reagent
(TMS-EBX). The catalytic reaction starts with coordination of
the alkyne moiety of the iodine(III) reagent to the AuCl catalyst,
followed by transfer of the alkynyl group from I' to Au". Because
of the stronger acidic character of the iodine(III) center, the
alkyne triple bond is activated more effectively by coordination to
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the iodine(III) center. The nucleophilic attack of the aromatic
substrates to the "-activated alkyne is predicted to be the rate-
determining step and leads to the formation of a iodine(III)
gold(I) vinyl complex. The presence of the Au—C bond at the -
position of the iodine(III) center in the vinyl complex converts
the vinyl group to a very strong reducing agent. The reducing
character increases when the Au—C bond adopts an anti
configuration, relative to the I-C bond. In such a case, the
iodine(11I) is easily reduced by two units via the interaction of the
occupied o0,,_c-orbital with the vacant 6*_c-orbital and finally
the 2-iodobenzoate ion is formed. It is interesting to note that,
due to the reducing character of the vinyl group, the vinyl
complex does not need to undergo protonation at the benzoate
group prior to reduction process. In the last step, a very fast
deprotonation process by the 2-iodobenzoate ion gives the
alkynylation product.

The regioselectivity of nucleophilic attack of arenes is
controlled by the stability of the vinyl complexes. The cationic
gold complexes such as PMe;Au” are not effective catalysts for
the alkynylation reaction because they are strongly poisoned by
coordination to the benzoate group of the iodine(IIl) reagent.
The insight provided by the present theoretical study helps
expand the scope of benziodoxolone-based alkynylation
reactions to design new catalysts for similar reactions.
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