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Abstract: x-Imino gold carbenoid species have been recognized as key intermediates in a plethora of
processes involving gold-activated alkynes. Here, we explored the pathways of the Au(I)-catalyzed
[3 + 2] reaction between the mild nucleophiles: anthranil, 1,2,4-oxadiazole, or 4,5-dihydro-1,2,4-
oxadiazole, and an ynamide, PhC=C-N(Ts)Me, proceeding via the formation of the aforementioned
a-imino gold carbene intermediate which, after intramolecular capture, regioselectively produces
2-amino-3-phenyl-7-acyl indoles, N-acyl-5-aminoimidazoles, or N-alkyl-4-aminoimidazoles, respec-
tively. In all cases, the regioselectivity of the substituents at 2, 3 in the 7-acyl-indole ring and 4,
5 in the substituted imidazole ring is decided at the first transition state, involving the attack of
nitrogen on the C1 or C2 carbon of the activated ynamide. A subsequent and steep energy drop
furnishes the key a-imino gold carbene. These features are more pronounced for anthranil and
4,5-dihydro-1,2,4-oxadiazole reactions. Strikingly, in the 4,5-dihydro-1,2,4-oxadiazole reaction the
significant drop of energy is due to the formation of an unstable a-imino gold carbene, which after a
spontaneous benzaldehyde elimination is converted to a stabilized one. Compared to anthranil, the
reaction pathways for 1,2,4-oxadiazoles or 4,5-dihydro-1,2,4-oxadiazoles are found to be significantly
more complex than anticipated in the original research. For instance, compared to the formation of a
five-member ring from the x-imino gold carbene, one competitive route involves the formation of
intermediates consisting of a four-member ring condensed with a three-member ring, which after a
metathesis and ring expansion led to the imidazole ring.

Keywords: Au(]) catalysis; [3 + 2] addition; x-imino gold carbene; N-heterocycles; alkyne activation

1. Introduction

The first reported example of a gold-catalyzed heterocyclic synthesis invoking the par-
ticipation of o-imino gold carbene complexes can be attributed to Toste in the
Au(I)-catalyzed acetylene Schmidt reaction of homopropargyl azides acting as nitrene
transfer reagents to furnish substituted pyrroles in 2005 [1]. For this intermediate, Goddard
and Toste [2] suggested a three-center, four-electron o-bond due to donation to the empty
6s orbital of gold from the occupied orbitals at the ligand and the carbene carbon atom,
as well as two orthogonal m-electron density back-donations from filled gold 5d orbitals
to m-acceptor orbitals in the carbene carbon atom and on the ligand. As a result, they
suggested that “the reactivity in gold(I)-coordinated carbenes is best accounted for by a con-
tinuum ranging from a metal-stabilized singlet carbene to a metal-coordinated carbocation”.
Additionally, the bond order in gold(I) carbene complexes is typically close to one (or even
less), and therefore, the Au=C representation is not accurate, although it may be convenient
mainly for mechanistic purposes [3-7]. Ynamides, which are strongly polarized alkynes, [8]
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have been established as an extremely powerful tool for the rapid and versatile assembly
of structurally complex N-containing molecules [9-12] with gold-catalyzed reactions [13].
In such a reaction, the participation of x-imino gold carbene intermediates is carried out
through their capture by diverse types of nucleophiles.

In parallel, transition metal-catalyzed annulation reactions of anthranils or, generally,
isoxazoles after ring opening have contributed greatly to producing functionalized hetero-
cyclic derivatives and complex molecules [14]. The anthranils and isoxazoles operate as
electrophilic aminating reagents in these reactions through a selective N-O bond cleavage
and provide a powerful platform for C-N bond formation and N-heterocycle synthesis [15].
In the presence of gold catalysts, these species could serve as mild nucleophiles to attack
the activated alkynes and to form o-imino gold carbene species. Indeed, various novel
annulation reactions by Liu and Hashmi have recently been developed, leading to pharma-
ceutically relevant heterocycles [16,17]. Ye et al. reported a cationic gold-catalyzed synthesis
of 2-aminopyrroles through a [3 + 2] annulation between ynamides and 3,5-disubstituted
isoxazoles, which was postulated to proceed via an «-imino gold carbene intermediate.
Interestingly, in the case of trisubstituted isoxazoles, fully substituted 2-aminopyrroles
are obtained upon deacylation under the same conditions. When starting isoxazoles are
fully substituted, 2-aminopyrroles non-acylated at position 4 are formed as unique reaction
products in moderate to excellent yields. Overall, this is an atom-economic formal [3 + 2]
cycloaddition process for the preparation of a wide scope of synthetically useful tetrasubsti-
tuted pyrroles. A plausible mechanism was proposed based on experimental observations
and DFT calculations. After triple bond activation, N—O bond cleavage of isoxazole leads
to the key a-imino gold carbenoid intermediate, followed by intramolecular 1,5-cyclization
to produce Au(I)-ligated 3H-pyrrole. Subsequent ligand exchange with another ynamide
yields 3H-pyrrole followed by an isomerization by a sigmatropic H-migration to afford the
desired 2-amino pyrrole.

In 2016, Hashmi published on the remarkable reactivity of the weak nucleophile
anthranil with activated terminal alkynes (including ynamides) in the presence of a Au(I)
catalyst (Scheme 1a) [16]. The scope of this chemistry was extended in 2018 to non-polarized
terminal alkynes and internal alkynes [18]. In these reactions, an x-imino gold carbene
intermediate is formed which furnishes, after a C-H insertion step, the 7-acylindoles and
the N-doped polycyclic aromatic hydrocarbons (PAHs), respectively, in an expedient and
atom-economical process. Hashmi also showed that this chemistry can provide quinoline-
embedded polyazaheterocycles and 2-aminopyrroles when Au(Ill) is used as catalyst [19].
In 2016 Ballesteros added a three-component synthesis to this family, with the preparation
of 2-imidazolyl-1-pyrazolylbenzenes from 1-propargyl-1H-benzo-triazoles, non-polarized
terminal alkynes, and nitriles through o-imino gold carbenoids [20].

This chemistry was recently extended to oxadiazoles, which allowed the synthesis of
N-acylimidazoles through the formation of an a-imino gold carbene in the Au(I) catalyzed
[3 + 2] reaction of 1,2,4-oxadiazoles (Scheme 1b) [21]. This reaction also occurs with total
atom economy as the acyl group remains a part of oxadiazoles.

The same type of reactivity took place in the Au(l) catalyzed [3 + 2] reaction of dihy-
drooxadiazoles as nitrene transfer reagents reported by Liu in 2017 (Scheme 1c), which used
4,5-dihydro-1,2,4-oxadiazoles and ynamides providing N-R-5-4-aminoimidazoles (R=H,
alkyl, aryl) [22]. It is noteworthy that several synthetic methods are available for N- or C-
substituted imidazoles, [23] but only a few methods have been reported for the preparation
of aminoimidazoles and derivatives [24-27]. Moreover, although 4-aminoimidazole deriva-
tives present an interesting biological activity profile [28-31], existing synthetic methods
for their preparation are limited [21,22,32].
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Scheme 1. Au(l)-catalyzed reaction of anthranil (a), 1,2,4-oxadiazoles (b), or 4,5-dihydro-1,2,4-
oxadiazoles (c) with ynamides forming 2-amino-3-phenyl-7-acyl indoles, N-acyl-4-aminoimidazoles,
or N-H-4-aminoimidazoles, respectively.

As a continuation of our efforts to gain a deeper insight into the intricacies of gold-
mediated transformations [3,33-45] and particularly reaction mechanisms including gold
carbenes [13,16-22,46], here we carried out a thorough investigation of the reaction mech-
anism of the Au(I)-catalyzed [3 + 2] reaction of the mild nitrogen nucleophiles anthranil,
1,2,4-oxadiazole, and 4,5-dihydro-1,2,4-oxadiazole with ynamides. We paid particular atten-
tion to the formation of the x-imino gold carbene intermediate, the regioselectivity of these
reactions which can afford 7-acyl-2-amino-indoles substituted at 2-, or/and 3-position, and
4-aminoimidazoles, respectively, as well as to the difference in reactivity between aromatic
and non-aromatic substrates (oxadiazole vs. dihydrooxadiazole).

We assumed that the general mechanism for the three protocols could be analogous,
according to the similarities in the structures of the three nucleophiles, and that the key feature
in this reactivity is the oxime fragment embedded in the heterocyclic moiety [47-49]. With
that assumption in mind, and driven by our recent exploration of anthranil chemistry [50],
we anticipated a reaction pathway for the oxadiazoles involving (Scheme 2): (1) Au(l)
activation of the alkyne, (2) nucleophilic attack by the oxime nitrogen onto the activated
alkyne, (3) N-O cleavage and formation of the key a-imino gold carbene intermediate,
(4) cyclization of the x-imino gold carbene intermediate via an intramolecular nucleophilic
attack, and (5) deauration leading to the final heterocycle.
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Scheme 2. Anticipated mechanistic steps for the Au(I)-mediated reaction between ynamides and
oxadiazoles by analogy to that found for anthranils.
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2. Results
2.1. Reaction of Anthranil with Ynamide

In our earlier approach to this chemistry, we had explored in detail the reaction
between anthranil and a terminal ynamide. Given the striking power and versatility of
this chemistry, in an attempt to provide a generalized view of the mechanisms involved,
a side-by-side comparison between the reactivity of terminal and substituted ynamides
seems appropriate.

The full profile for the substituted ynamide can be found in Scheme 3, and it com-
pares well with that obtained earlier for the terminal ynamide [50], with regioselectivity
still strongly favoring the attack on C1 compared to C2 of the gold-activated ynamide by
12.3 kcal/mol compared to the 14.8 kcal/mol observed for the terminal ynamide. The key
chemical steps are the same, and the overall energy barriers are quite similar and follow
the general description provided above, which involves five stages (alkyne activation,
nucleophilic attack, N-O bond cleavage, cyclization, and deauration). Interestingly, the
main difference when moving from a terminal to a substituted ynamide resides in the
thermodynamics of the reaction. Whereas with the terminal ynamide the final and ob-
served product is kinetically and thermodynamically favored, in the substituted ynamide
the observed product is only kinetically favored (and thermodynamically less stable than
the alternative regioisomer by 4.3 kcal/mol, see Scheme 3). This reversal in exergonicity,
presumably, is due to the phenyl ring not being able to participate in extending the conju-
gation of the heterocycle in 7a2 vs. conjugated in 7al (Scheme 3). This situation, however,
applies only insofar as the gold is complexed to the substrate, and it should not affect the
reaction outcome since the steep energy drop in the N-O bond cleavage makes the process
irreversible from that step onwards.
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Scheme 3. Mechanistic pathway and relative free energies (kcal mol~1, 298 K, and 1 Atm) for the
reaction between anthranil and the ynamide MeN(Ts)=CPh.

The key activation barriers for the mechanism depicted in Scheme 3 are summarized
below (Table 1) and they show why this reaction is operative even at very mild thermal
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conditions (—20 °C) since the starting favored nucleophilic attack only requires 9.1 kcal /mol
and a path is available such that no step requires more than 17 kcal/mol.

Table 1. Calculated transition states and Gibbs free energies of activation (AG*, in kcal molfl) for
each step of the mechanism between anthranil and ynamide MeN(Ts)C=CPh.

1st Step AGH 2nd Step AGH 3rd Step AGH 4th Step AGH 5th Step AGH
TsSal anti 19.2 Ts6a1 anti 10.6 Ts6a1 anti’ 13.3

TS . TS . - - -
3a1 214 4al 21 TS5a1_oyn 30.3 TS6a1_syn 132 TSea1_syn’ 9.7
TSsa2 anti 10.4 TSea2 anti 166  TSeaz anti 16.6

TS 1 TS . d<_anti as_a Ad<_a
3a2 K 42 8.8 TS522 syn 11.0 TS6a2. syn 185 TSea eym 15.8

2.2. Reaction of 1,2,4-Oxadiazole with Ynamide

Next, we decided to study the similarities and differences of the reaction when consid-
ering the reaction between 3-tolyl-5-diphenyl-1,2,4-oxadiazole and the internal ynamide,
PhC=C-N(Ms)Me. The first formal difference in this substrate is the presence of two nitro-
gen atoms within the heterocyclic structure; this could result in chemoselectivity issues,
although, experimentally, a single isomer is formed. Therefore, upon activation of the triple
bond in the ynamide by gold, the nucleophilic attack of two nitrogen centers is possible. Ni-
trogen at position 2, directly bonded to oxygen, is expected to be a stronger nucleophile due
to lone pair repulsion or alpha effect [51]. Indeed the reaction barrier is slightly more favor-
able for the nucleophilic attack of N2 of the oxadiazole on the polarized alkyne (Scheme 4).
Not only that, the intermediate formed in the case of the participation of N4 as nucleophile
is unstable with respect to reactants (by almost 3 kcal/mol), contrary to the mildly stable
intermediates formed when N2 is the attacking center (regardless of whether this attack
occurs at the favored or disfavored site of the triple bond, i.e., 3b1 and 3b2). Nevertheless,
the regioselectivity of this step still favors the attack on C1 compared to C2, however the
energy difference is much lower (2 kcal/mol in oxadiazole vs. 12 kcal/mol when the
attack was performed by anthranil) and the activation barriers lie together halfway in
between those observed for anthranil. Oxadiazole, therefore, is potentially less selective
and it shows a nucleophilicity that is, on average, comparable to that of anthranil (14.9
and 16.6 kcal/mol for oxadiazole vs. 9.1 and 21.4 kcal/mol for anthranil). The second step
involves the N-O bond cleavage through TSy,1 or TSy, with low energy barriers, 5.9 and
5.6 kcal/mol, respectively. The steep energy drop associated with this bond cleavage is
dampened here with respect to what we observed with anthranil. This is mostly due to
the fused benzene that is missing in this case, in anthranil part of the driving force in this
step is the aromatization of this fragment from an o-quinone-like structure in the starting
substrate (see 3al and 4al, for instance, in Scheme 3). An energy drop of 19.9 kcal/mol
for the kinetically favorable 3b1 system is still enough to ensure irreversibility, as in the
former mechanism. This cleavage leads to the x-imino gold carbene intermediates 4b1 and
4b2, from which we expected a 5-exo-dig cyclization due to a nucleophilic attack of Bz-N
on the gold-carbene. This should readily form the desired aminoimidazole ring (7b1 in
Scheme 4), however, our attempts to locate this transition state for the aminoimidazole ring
formation were not successful. Unexpectedly, a four-member ring was formed through
a 4-endo-trig nucleophilic attack of Bz-N on the vicinal carbon to the gold-carbon cation,
with relatively high activation energies of 28.9 or 31.7 kcal/mol for TSs},; or TSsy,, respec-
tively (Scheme 4 and Table 2). This unexpected result gives an explanation for the striking
difference in thermal requirements for this process, compared to the previous reaction
with anthranil (—20 vs. 80 °C). This latter step, and its associated high activation energy
due to the unfavorable 4-endo-trig requirements, opens the possibility for identifying this
reaction as a 47-electron electrocyclic ring closure (vide infra). After the formation of 5b1
and 5b2 the reaction paths form a complex manifold in which a ring expansion process
occurs. Interestingly, both intermediates can ring expand via two different mechanisms:
(1) the N-imine attack onto the gold carbene and (2) the N-acetamide attack alternative



Catalysts 2022, 12,915

6 of 12

(labeled A in Scheme 4). The latter is less competitive for both intermediates and results in
the concomitant cleavage of the C-N bond, furnishing the ring-expanded system in a single
step. The N-imide attack (labeled B in Scheme 4) is kinetically favored, and it involves a
stepwise ring expansion process through the formation of a 2.2.1 bicyclic structure, which is
an actual but short-lived intermediate that readily opens to furnish the final 6b2 imidazole
ring. Interestingly, this complex manifold is another regioselectivity-determining stage
since it allows cross-linking of both paths. For instance, if the concerted N-acetamide
attack could be made more favorable, the initial regioselectivity selected in the starting step
(TS3p1 and TS3p,) would be reversed and the experimentally non-observed isomer would
be formed.
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Scheme 4. Mechanistic pathway and relative free energies (kcal mol !, 298 K, and 1 Atm) for the
reaction between 1,2,4-oxadiazole and the ynamide MeN(Ms)=CPh.
Table 2. Calculated transition states and Gibbs free energies of activation (AGH, in kcal mol 1) for
each step of the mechanism between 1,2,4-oxadiazoles and ynamide MeN(Ms)C=CPh.
1st Step AGt 2nd Step AGH 3rd Step AGH 4th Step AGH 5th Step AGH
TSeb1A 11.0 -
TS3p1 145 TSyp1 59 TSsp1 28.9 TSepis 70 TSep1p 73
TSeb2a 15.2 -
TSab2 16.6 TSab2 >6 TSsb2 317 TSeb2 6.1 TSepop 108
TS3ps 16.2

Due to the unexpected and rather unfavorable arrangement of the four-member ring,
we decided to explore whether this step features pericyclic characteristics or if it should be
described as a rather unfavorable 4-endo-dig nucleophilic attack. To do that, we looked for
signature consequences of a pericyclic process, like aromaticity at the transition states [52-57].
Nucleus-independent chemical shifts were therefore computed at the four-member ring
geometrical center and along an axis perpendicular to the ring. Pericyclic transition states
show a bell- or double bell-shape profile for this aromaticity magnetic parameter, with
maximum value(s) near the center of the ring. As can be seen in Figure 1, this is hardly
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the case of the four-member ring formation. Chemical shift values are very low in the
equatorial region of the ring being formed, and they only increase when moving away
from the ring due to the accidental encounter with electron density from other fragments
of the molecule. With these results in hand, we can safely assume that this is not a reaction
of a pericyclic nature, but a fairly unfavorable nucleophilic attack.

14 -

12 H

NICS (ppm)

off-plane distance (A)

Figure 1. Nucleus-independent chemical shifts computed at the M06/Def2SVPP level for TSspq
and TSsbz.

2.3. Reaction of 4,5-Dihydro-1,2,4-Oxadiazole with Ynamide

Finally, we considered the pathway for the reaction between 3,5-diphenyl-4,5-dihydro-
1,2 ,4-oxadiazole and ynamide PhC=C-N(Ms)Me (Scheme 5) to study how the saturation
of the 4,5 N-C bond affects the reactivity. With this substrate, the starting nucleophilic
attack of oxadiazole on the activated ynamide triple bond shows improved selectivity
traits, comparable to that of anthranil (10.2 vs. 18.2 kcal/mol). Actually, the favored attacks
for these two species show remarkably similar barriers, since the nucleophilic attack of
anthranil on the C1 of an activated terminal ynamide required only 9.1 kcal/mol (the sp®
nitrogen attack was also explored and it is uncompetitive by more than 7 kcal/mol with
respect to TS3c1). Then, a low activation barrier allows for N-O bond cleavage, leading to
a-imino gold carbene intermediates 4c1 and 4c2. In this instance the sole N-O cleavage
does not produce a remarkable energy drop, however, it is tightly associated with the loss
of benzaldehyde (in a barrierless manner for 3¢2 and through a short-lived intermediate for
3c2). Both steps combined do provide a remarkably steep drop of more than 30 kcal/mol to
yield the o-imino gold carbene intermediates 4c1 and 4c2 and again ensuring irreversibility.
The open substrate again undergoes a costly 4-endo-trig cyclization, which requires about
30 kcal/mol for the favored regioisomer 4c1. This high energy barrier explains why the
dehydrogenated substrate needs not only harsh temperatures, but also extended reaction
times (Scheme 1). In this instance, the four-member cyclic intermediate proceeds to the
ring expansion only through a stepwise process and via the formation of a short-lived 2.1.0
bicyclic intermediate. The difference in energy of activation for the imine (favored) and the
amine (unfavored) attack in both paths is enough (5-6 kcal/mol, approximately) to ensure
maintaining the regioselectivity obtained in the starting step although, again, reversal of
this trend would also revert the regioselectivity of the process. A summary of the cost of
each reaction step in this catalytic process can be found in Table 3.
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Scheme 5. Mechanistic pathway and relative free energies (kcal mol~?!, 298 K, and 1 Atm) for the
reaction between 1,5-dihydro-1,2,4-oxadiazole and the ynamide MsN(Ms)=CPh.
Table 3. Calculated transition states and Gibbs free energies of activation (AG*, in kcal mol~1) for
each step of the mechanism between 1,5-dihydro-1,2,4-oxadiazole and the ynamide MeN(Ms)=CPh.
1st 2nd 3rd 4th 5th 6th
S AGH n AGH ’ AGH AGH AGH AGH
Step Step Step Step Step Step
TSec1A 6.9 TS7c1A 1.2
T T C C
TS3c1 10.2 Sac1a 13.3 TSyc1B 1.6 Ssc1a 29.3 TSec1B 1.1 TS7c1B 7.1
TSec2A 14.9 TS70A 1.5
TS TS TS - TS ¢ ¢
3c2 18-2 4c2A 9'9 4c2B 5c2A 32~4 TSG(ZB 102 TS7c2B 1 1 .4
TS3c3 18.0

3. Computational Methods

Throughout this work, the Kohn-Sham formulation of density-functional theory was
employed [58,59]. The meta-hybrid density functional M06 [60] has been used with the
extended double-C quality Def2-SVPP basis set for all the static calculations [61]. This com-
bination of density functional and basis set has been found to provide good performance
in homogeneous gold catalysis [62,63]. All geometry optimizations have been carried out
using tight convergence criteria and a pruned grid for numerical integration, with 99 radial
shells and 590 angular points per shell. In some challenging cases, this grid was enlarged to
175 radial shells and 974 points per shell for first row atoms and 250 shells and 974 points
per shell for heavier elements. These challenging optimizations are usually associated with
very soft vibrational modes (usually internal rotations). Analysis of the normal modes
obtained via diagonalization of the Hessian matrix was used to confirm the topological
nature of each stationary point. The wavefunction stability for each optimized structure has
also been checked. Solvation effects have been taken into account variationally through-
out the optimization procedures via the polarizable continuum model (PCM) [64], using
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parameters for dichloromethane and taking advantage of the smooth switching function de-
veloped by York and Karplus [65]. Concerning the structures involved in these simulations
(see the Supplementary Materials), we simplified the cationic gold complex employed in
the experimental work using 1,3-bis-methyl-imidazol-2-ylidene gold as a simpler model of
the catalyst IPrAuCl/AgNTf, and trimethylphosphine gold for tBuXPhosAu(MeCN)SbFg
used in the experimental work [21,22] in order to find a balance between accuracy and
computational efficiency. All the calculations performed in this work have been carried out
with the Gaussian 09 program [66].

4. Conclusions

We investigated the similarities and differences in the mechanism of Au(I)-catalyzed
[3 + 2] reactions between the mild nucleophiles anthranil, 3-tolyl-1,2,4-oxadiazole, or 3-phenyl-
4,5-dihydro-1,2,4-oxadiazole and a highly polarized alkyne, i.e., the ynamide PhC=C-N(Ms)Me.
These reactions regioselectively produce 2-amino-3-phenyl-7-acyl indoles, N-acyl-5-aminoi
midazoles, or N-H-5-phenyl-4-aminoimidazoles, respectively. In the proposed mechanisms,
the vinyl gold intermediate evolves by the oxazole or oxadiazole ring opening to a key
a-imino gold carbene complex. In all cases the regioselectivity is decided early, at the
initial nucleophilic attack of N in anthranil or N2 in oxadiazole on the C1 carbon of the
Au(I)-activated ynamide in combination with an energy drop during «-imino gold carbene
formation. In the five-member rings, however, a late-stage reaction path manifold opens the
door for regioselectivity reversal, although this is not the case in the reactions considered
and tested experimentally. Such possibility is opened through an unexpected four-member
ring formation, which necessitates a posterior ring expansion stage during which the C-N
bond formed in the starting step may be conserved or may be broken. This late-stage
mechanism manifold could therefore be exploited to steer regioselectivity towards the
so far non-observed product. Our ongoing studies seek to explain via simulations the
regioselectivity in reactions of anthranil with ynamides activated by various forms of
gold catalyst.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/catal12080915/s1: Solvation effects, cartesian coordinates
for all the structures computed in this work, reaction profiles including discarded, non-competitive
paths (Figure S1: A-series reaction mechanism; Figure S2: B-series reaction mechanism; Figure S3:
C-series reaction mechanism; Figure S4: B-series reaction mechanism including the alternative path
of nucleophilic attack of N-4 of 1,2,4-oxadiazole on ynamide; Figure S5: C-series reaction mechanism
including the alternative path of nucleophilic attack of N-4 of 1,2,4-oxadiazole on ynamide); Table S1:
values of partial charges for Series-B; Table S2: values of partial charges for Series-C; Table S3: val-
ues of partial charges on the structures of alternative cyclization for Series-B/C are provided as
supporting information.
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