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The Au(l)-catalyzed reactions of (2-alkynyl)phenylsulfonyl azetidines bearing terminal and non-terminal
alkynes in the presence of methanol as protic nucleophile to form benzosultams derivatives were studied by
density functional theory (DFT) calculations. Our study highlights that gold(l) catalyzed nucleophilic addition of
the nitrogen on the alkyne is favored over the direct ring opening of the azetidine by methanol, confirming the
ammonium-based mechanism. In addition, the reverse regioselectivity observed experimentally where non-
terminal alkynes favors the formation of 6-endo-dig-benzosultams while terminal alkynes favor 5-exo-dig
products is also explored through two different scenarios. The first one embraces the classical activation of the
alkyne by a single Au(l) species while the second one tackles the formation of a o,m-digold acetylide complex.
Calculations identify both pathways as competitive although only mono Au(l) complexes can lead to final
products, in good agreement with experimental observation. Further details on the importance of the presence
of an excess of the protic nucleophile on the protodemetallation step and the final aminal formation is also
discussed.

Keywords: benzosultam formation, cascade reaction, density functional calculations, gold(l) catalysis, reaction
mechanisms.

Introduction

Since the beginning of the century, gold has undoubt-
edly become the star metal to promote nucleophilic
additions to unsaturated carbon—carbon bonds, espe-
cially alkynes."~3! The large relativistic effect impacting
this element confers to gold(l) cation a strong m-Lewis
acidity.*~”! Thus, gold(l) provided a powerful tool
towards the elaboration of complex carbo and hetero-
cycles and especially towards the formation of nitro-
gen containing heterocycles through intramolecular

Supporting information for this article is available on the
WWW under https://doi.org/10.1002/hlca.202100133

nucleophilic addition of primary or secondary amine
on a gold-activated insaturation.®~' The protic nature
of the amine allows the protodemetallation to readily
occur through the release of a proton from the so-
formed vinyl-ammonium-gold(l) species, ensuring the
regeneration of the catalyst."'~'* If instead of primary
or secondary amine a tertiary amine is used, no proton
can be generated by the nucleophile itself and the
resulting vinyl-ammonium-gold(l) intermediate is
blocked at this stage."™ Three different strategies can
be considered to ensure the regeneration of the
catalyst: 7) the addition of a strong acid to force the
demetallation step!'®! (Scheme 1,A, path a), or 2) a
sigmatropic rearrangement (Scheme 1,A, path b) or 3)
the ammonium can be intercepted by a protic
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Scheme 1. A) Strategies used for the regeneration of Au(l)
species from vinyl ammonium-gold(l) intermediate; Postulated
mechanism (B) and mechanistic experiments (C) for the syn-
thesis of benzosultam from (2-alkynyl)phenylsulfonyl azetidine.
CyJohnPhos = 2-(Dicyclohexylphosphino)biphenyl.

nucleophile (Scheme 1,A, path c). These two last
appealing approaches open the way to new cascade
reactions leading to highly sophisticated aza-cyclic
structures and was already harnessed in various
transformations.'”” =24 Recently, we described a series
of cascade reaction based on the so-called gold(l)-
catalyzed ammoniumation strategy combined with the
peculiar reactivity of azetidines. Thus, starting with
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similar azetidine derivatives, a large variety of sophisti-
cated azacyclic structures could be reached such as
hydroazepines, pyrroles, pyrrolizines, pyrrolin-4-ones
and carbapenem derivates.”>=3% |t is worth mention-
ing that clear evidence of the involvement of a vinyl-
ammonium-gold(l) intermediate was settled in such
cyclization.

To extend this concept of gold(l)-catalyzed ammo-
niumation, we recently described the gold(l)-catalyzed
formation of benzosultams 2 from an original starting
material, the (2-alkynyl)phenylsulfonyl azetidines 1 in
the presence of a protic nucleophile (Scheme 1,8).5"
The postulated mechanism for this reaction proceeds
through a nucleophilic addition of the nitrogen on the
alkyne leading to a spirocyclic vinyl-ammonium-gold(l)
intermediate that can then react with a protic
nucleophile by ring opening of the azetidine moiety.
To assess the proposed mechanism a series of experi-
ments, including isotopic labelling, were performed
(Scheme 1,C). The azetidine analog 3 lacking the alkyne
group did not evolve toward the ring opened product
4 in the presence of gold(l) catalyst and an excess of
methanol. This experiment revealed the necessity of
the alkyne moiety to ensure the ring opening of the
azetidine. The reaction performed with (D,)methanol
as nucleophile starting from alkynyl azetidine deriva-
tive 1a gave the benzosultam 2a deuterated at the
expected position according to the proposed mecha-
nism.

However, no clear evidence could be provided to
attest of the formation of spirocyclic vinyl-ammonium-
gold(l) intermediate which could never be observed
by NMR or isolated using stochiometric amount of
gold(l). Furthermore, regioselective issues appeared
while switching from non-terminal to terminal alkynes.
To decipher the mechanism of the benzosultam
formation, the system was computationally studied,
and the results are described herein.

Results and Discussion

All calculations were carried out using Gaussian 0952

software at the DFT level of theory. Optimization of
the structures were performed using the hybrid func-
tional B3LYP including Grimme dispersion model
D3.33-3¢] The effective-core potential valence basis set
LANL2DZE”! was used to describe Au and the other
atoms were described by the 6-31G** basis set.!38744
Thermal corrections to the Gibbs free energy were
obtained at the same level of theory. Single-point
energy calculations were carried out using the same
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Scheme 2. Free energy reaction profile (kcal/mol) for the ammoniumation/nucleophilic substitution step using 1-Me as substrate
computed at B3LYP-D3(DCM)/ LANL2TZ(f)/6-311+ + G**//LANL2DZ/6-31G**|level of theory. Computed geometries for the
transitions states of the ring opening of the azetidine are shown in boxes.

functional with the triple-C valence LANL2TZ(f)*! basis
set on Au and the 6-311+ + G**6! basjs set on other
elements. To account for the solvation energy the
SMD model was used (dichloromethane, €=8.93) on
both, optimizations and single point calculations. All
reported data are Gibbs free energies given in
kcal-mol™" at 298 K and 1 atm. All optimized struc-
tures were characterized by frequency analysis either
as energy minima without imaginary frequencies or
with only one imaginary frequencies for transition
states. To ensure the reliability of the transition states
found, the latter were linked to their product through
intrinsic reaction coordinate (IRC) analysis.!*”48!

To set up a reliable computational model for the
reaction, 1-Me (Scheme 2) was used as model sub-
strate’ and (2-biphenyl)-dimethylphosphine (MeJohn-

'The alkyl chain attached to the alkyne is replaced by a
methyl group in order to avoid conformation issues and
to reduce computational time. The aryl substituent was
replaced by a proton due to its low impact on the
reaction process.

Phos) as a model ligand for the cationic gold
complex.**>% Scheme 2 shows the reaction profile for
the ammoniumation reaction followed by nucleophilic
substitution of the (2-alkynyl)phenylsulfonyl azetidine
1-Me in the presence of the gold catalyst. The reaction
starts with the coordination of the gold complex
[MeJohnPhosAu]*t to the nitrogen lone pair of the
azetidine 1-Me leading to the very stable intermediate
A lying at —15.8 kcal-mol~". The formation of A is
favored over the coordination of the alkyne (B) by
1.7 kcal-mol~". At this stage, two different scenarios
can be considered: 7) the direct ring opening of the
azetidine by methanol (A to C) and 2) the expected
nucleophilic addition of the nitrogen to the activated
triple bound (B to D or B to E). The former was
discarded as the formation of C involves a high barrier
of 31.0 kcal-mol™" via TS(A-C), confirming our initial
assumption where the mechanism is based on a gold
(I) catalyzed ammoniumation process. Therefore, the
following C—N bond formation from B was computed
through both, the 6-endo-dig (B to E) and the 5-exo-
dig (B to D) ammoniumation process. The 6-endo-dig
cyclization is clearly favored over the 5-exo-dig by an
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energy difference of AAG™=5.1kcal-mol™" in the
transition state and a AAG=6.6 kcal-mol™' over the
product. This result is in full agreement with the
experimental observation where no five membered
ring D was observed on non-terminal alkynes. The
next step of the reaction consists in the ring opening
of the azetidine moiety of the spirocyclic vinyl-
ammonium-gold(l) species E by a methanol molecule.
This step proceeds through a Sy2 mechanism leading
to the ring opening of the azetidine moiety (E to F).
Due to the desymmetrization of the system induced
by the MelohnPhos ligand, two different transition
states, TS(E-F,) and TS(E-F;,), were found for the
ring opening of the azetidine since the two electro-
philic carbons of the azetidine become non-equiva-
lent. The approach of the nucleophile from the slightly
less sterically hindered position of the azetidine via
TS(E-F;,,) is favored by only 0.3 kcal-mol~". This step is
the rate limiting step with an activation barrier of
22.4 kcal-mol™', affordable at the experimental con-
ditions  (Nucleophile (10 equiv.), [CyJohnPhosAu
(MeCN)]SbF¢ (5 mol-%), CH,Cl,, room temperature, 1-
72 h) and depicts well the experimental behavior of
the system where the steric and the electronic proper-
ties of the nucleophile drastically influence the reac-
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tion rate. The protonated gold sultam F is found at
—10.1 kcal-mol™".

The protodemetallation step from intermediate F is
shown in Scheme 3. First, a direct intramolecular
demetallation was computed. This step occurs through
a refolding of the methoxypropyl chain allowing the
approach of the cationic moiety towards the carbon
stabilizing the complex by 7.7 kcal-mol™" (Fgoq). In this

disposition, the proton transfer occurs through
TS(F-G) and requires an activation barrier of
19 kcal-mol~". This step yields complex G at

—44.5 kcal-mol~". Owing to the presence of an excess
of methanol in the mixture, the addition of one/two
explicit methanol molecules was considered to assist
this demetallation process.>"! The addition of the first
explicit methanol molecule led to the formation of a
cationic MeOH," which favors the proton transfer
through TS(F(MeOH)-G) transition state. Our efforts to
locate the concerted version of this transition state
were unsuccessful. Finally, the inclusion of a second
methanol molecule led to the formation of intermedi-
ate F(MeOH),. As previously observed, the proton of
the side chain is already transferred to the methanol
dimer however, in this case, the second methanol
molecule favors hydrogen bonding with the sulfoxide
moiety. Then, the final proton transfer transition state,
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Scheme 3. Free energy reaction profile (kcal/mol) for the protodemetallation step using 1-Me as substrate computed at the B3LYP-
D3(DCM)/ LANL2TZ(f)/6-311 + + G**//LANL2DZ/6-31G**level of theory.
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TS(F(MeOH),-G) led to the carbon—gold bond cleav-
age through a barrier-free process. The inclusion of
explicit molecules of methanol in the calculations are
key to stabilize the system and to promote the proton
transfer even if the non-assisted process is also
competitive. The assistance of the methanol for this
step can be considered as both intermolecular as the
proton is first transferred to the solvent and then
transferred back to the molecule, and intramolecular
through a refolding of the ether arm. This step could
also be promoted by a second intermediate F. This
hypothesis was not considered due to the low
activation barriers previously discussed and the huge
steric hindrance of the system. The final release of the
sultam product 2-Me from the gold complex and the
coordination of a new molecule of 1-Me is favored by
2.4 kcal-mol™', closing the catalytic cycle. The overall
process from reactants to product is highly exergonic
by 46.9 kcal-mol ™.

If the use of (2-alkynyl)phenylsulfonyl azetidines
bearing a substituted alkyne experimentally led only
to the formation of six-membered ring benzosultams
2, the use of a terminal alkyne (1b) led almost
exclusively to the five-membered ring sultam aminal 8
(Scheme 4). 1t is worth to mention that now the
reaction is very slow at room temperature and needs
the use of the nucleophile as a co-solvent.? Interest-

Ho OMe
. 25°C, T
V@S 4 gl MEO\H/N‘US\\
0o g0
L8 N-S%0 8
- VS MeoX, O
H ratio 8/9 = 98:2
R H S
% @ ong, H
N 70
s; < 3
[e}Ne] 6
1b Al 70°C HW
Y app MeO N.o.
SN ‘oo
' on-g 9
50 ratio 8/9 = 6:4
7

Scheme 4. Temperature dependence on the regioselectivity of
the reaction while using a terminal alkyne on the (2-alkynyl)
phenylsulfonyl azetidine (1b).?! Reaction performed with:
[CyJohnPhosAu(MeCN)ISbFg (5 mol-%), MeOH/CH,Cl, (1:1),
20°C, 4d.®! Reaction performed with: [CyJohnPhosAu(MeCN)]
SbF¢ (10 mol-%), (10 equiv.) MeOH, CH,Cl,, 70°C, 4 h.

2Using the standard conditions (10 equiv. of MeOH) leads
to the formation of the desired aminal 8. However, the
reaction is very slow.
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ingly, raising the temperature up to 70°C reduces the
reaction time although a loss of selectivity towards 9 is
observed. Indeed, the ratio between 8 and 9 switches
from 98:2 at 25°C to 6:4 at 70°C. '"H-NMR showed
that aminal 8 could unambiguously arise from a 5-exo-
dig pathway. The favored 5-exo-dig pathway at lower
temperature is consistent with the known gold-
catalyzed cyclization of terminal alkynes®? and sug-
gest the possible involvement of a o,;t-digold acetylide
complex in the mechanism.*>=>"1 Thus, two distinct
pathways can be considered to explain the observed
temperature dependent regioselectivity: 7) the mo-
nogold pathway involving the formation of a five- (6)
or six- (5) membered ring spirocyclic vinyl-ammonium-
gold(l) species or, 2) the digold pathway involving the
formation of a spirocyclic vinyl-ammonium-digold(l)
(7) species.”8>

Up to here, the small MeJohnPhos model ligand
was used. Nevertheless, since the formation of o-m-
digold acetylide species was considered, the steric
hindrance generated by both ligands on both gold
complexes may play a role on the ammoniumation/
nucleophilic substitution step of 1-H. Therefore, and in
order to evaluate its impact on the selectivity as well
as on possible conformational restrictions, the full
CyJohnPhos? ligand was used.”

Scheme 5 shows both scenarios starting by the
coordination of 1-H to the gold complex
[CyJohnPhosAul™ through the nitrogen lone pair of
the azetidine moiety leading to the very stable
intermediate H lying at —14.9 kcal-mol~'. As previ-
ously discussed, this coordination mode is slightly
favored over the alkyne (I) by 2.6 kcal-mol™' (see
Scheme 2 for comparison with the [MeJohnPhosAu]™
system). This monogold complex then evolves to the
ammoniumation step through the 6-endo-dig
(Scheme 5, 1| to J) or the 5-exo-dig cyclization
(Scheme 5, 1 to K). In contrast to previous calculations
with non-terminal alkyne, the 5-exo-dig is slightly
favored over the 6-endo-dig with an energy difference
of AAG™ =24 kcal-mol™" in the transition state. This
result agrees with experimental observation where the
five membered ring (8) is favored over the six
membered ring (9). Nevertheless, the small energy
difference between both transition states still allows
the formation of the six membered sultam (9).

3The initial structure of the [CyJohnPhosAu] (Scheme 5)
used to set up the calculation was taken from the crystal
structure of the [CyJohnPhosAu(MeCN)]SbF.
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Scheme 5. Free energy reaction profile (kcal/mol) for the ammoniumation step involving mono- and di-gold species using 1-H as
substrate computed at the B3LYP-D3(DCM)/LANL2TZ(f)/6-311 + + G**//LANL2DZ/6-31G**level of theory. Computed geometry for
the transitions state of the di-gold ammoniumation step is shown in the box.

On the digold scenario, the intermediate I evolves
towards the formation of the gold acetylide L which
requires addition of a cluster of solvent molecules to
allow its deprotonation®. After the deprotonation, a
second gold complex can coordinate the system. Two
coordination modes were considered; on the nitrogen
of the azetidine or on the alkyne (M vs. N, respec-

“The intermediate | evolves towards the formation of the
gold acetylide L-H* through deprotonation of the alkyne
and protonation of the azetidine due to its basicity. The
following deprotonation of the azetidine moiety may be
assisted by methanol as it is experimentally used as a co-
solvent. Therefore, calculations of one, three and six
molecules of methanol to catalyze the process were
considered. The use of the monomer (MeOH)H™ and the
trimer (MeOH)3H+ led to a destabilization of the complex
by 25.0 and 3.7 kcal-mol™" respectively, whereas the
consideration of the cyclic hexamer stabilized (MeOH)ﬁH+
the system by only 0.7 kcal-mol~". This small energy
difference highlights both, the acid/base equilibrium, and
the importance of a methanol cluster to redeem the
nucleophilic nitrogen required for the further ammoniu-
mation step (see full reaction pathway on Scheme S2 in
the Supporting Information).

tively). Coordination of the gold complex into the
triple bound is favored by 8.4 kcal-mol~' and stabilizes
the system by 28.2 kcal-mol~".

The calculated ammoniumation step requires a
barrier of 14.9 kcal-mol™' and yields the five mem-
bered ring complex O, at —25.3kcal-mol™". Any
attempt to locate the transition state for the six
membered ring product was unsuccessful. Interest-
ingly, this digold pathway confirms the feasibility of
the ammoniumation process, in agreement with the
experimentally observed selectivity of the reaction.
The full reaction profile was additionally computed
using the smaller MeJohnPhos model (see Schemes 6
and 7 and Schemes SI3, SI4). Both systems behave in
the same manner, therefore, and in order to decrease
the complexity of the system, the smaller MeJohnPhos
ligand was further used.

A short version with the key steps of the reaction
profile of the monogold pathway with terminal alkyne
1-H as substrate is depicted in Scheme 6> The
formation of the vinyl-ammonium-gold(l) species R

5See full reaction pathway on Scheme SI3 in the
Supporting Information.
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Scheme 7. Free energy reaction profile (kcal/mol) for the
[MeJohnPhos] di-gold complex with 1-H as substrate and
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(f)/6-311+ + G**//LANL2DZ/6-31G**|level of theory. 1-H and
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Helv. Chim. Acta 2021, 104, e2100133

HELVETICA

and S follow the same behavior than those computed
with the full system.® The ammoniumation process
yields the 6-membered (R) and the 5-membered (S)
ring ammonium intermediate, but the first is slightly
thermodynamically favored over the second (AAG=
1.3 kcal-mol™").” The following ring opening of the
azetidine by methanol was computed and similar
barriers were located. The protonated gold(l)-sultam
intermediates, T and U, rapidly undergo protodeme-
tallation leading to the formation of the very stable
complexes V and W lying at 53.9 and 52.6 kcal-mol ™'
below the initial reactants, respectively. Finally, the
coordination of a new molecule of 1-H to gold
promotes the release of both sultams X and 2-H, in a
highly exergonic process (—53.9 kcal-mol™' for 2-H
and —52.0 kcal-mol ™" for X).

Previous calculations of digold species with the
CyJohnPhos ligand feature specific conformational
restrictions. Taken those into account, similar geo-
metries were used for the MelJohnPhos ligand to
mimic accurately the full system, even if they do not
represent the most stable conformation on the latter
model. The full reaction profile for the process
involving 1-H is depicted is Scheme 72 From inter-
mediate AA, the nucleophilic addition of the nitrogen
into the alkyne followed by the opening of the
azetidine moiety to reach the formation of 5-mem-
bered ring sultam AC requires an overall activation
barrier of 35.2 kcal-mol~". This high activation barrier
highlights the unviability of this step at the exper-
imental conditions. Hence, the digold pathway can be

5These results are in accordance with the initial assump-
tion that the steric hinderance of the cyclohexyl sub-
stituents plays a minor role on the monogold pathway
and can be replaced by methyl groups in the calculation
without any remarkable impact.

’In terminal alkynes, the formed spirocyclic vinyl-
ammonium-gold(l) species R and S are clearly favored
over the reactant P by an energy difference of 4.7 and
3.4 kcal-mol™' for R and S, respectively suggesting that
these intermediates could be potentially isolable.

8The addition of the second gold complex bearing the
MeJohnPhos ligand in the calculation only led to a small
energy difference compared to the full system. Thus, the
ammoniumation step occurs with a comparable barrier,
12.8 kcalmol™" instead of 14.9 kcalmol™’', for the Me-
JohnPhos and CyJohnPhos systems, respectively. These
results emphasize the limited impact of the steric
hinderance induced by the Cy groups of the phosphine
and that the main steric interaction comes from its
biphenyl substituent.
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discarded as a possible scenario for the formation of
the 5-membered ring sultam X.

The detail analysis of the digold scenario show that
the formation of the o,m-digold acetylide AA is
competitive to the ammoniumation step catalyzed by
monogold species (see Schemes SI3 and S/4 in the
Supporting Information). This observation not only
confirms the slow kinetic at room temperature but is
also consistent with the lack of reactivity reported in
the literature regarding these digold species.'%

Interestingly, the final methylene sultam X was
only observed by 'H-NMR in the crude reaction
mixture. Its isolation led to the formation of the aminal
upon evaporation or column chromatography. To
understand the overall process, calculations of the
mechanism by gold catalyzed species were run but
found to be unsuccessful’. Therefore, a metal free
pathway was considered, and the most favored
process found is shown in Scheme 8. The methylene
sultam intermediate proceeds through a concerted
six-membered ring transition state involving two
molecules of methanol, with an activation barrier of
26.4 kcal-mol™', leading to the slightly more stable
aminal product AE.'® This activation barrier could be
potentially lowered by the addition of more explicit
methanol in the calculations, stabilizing the transition
state through hydrogen bond interactions. It is thus
clear that the aminal formation occurs through a
classical enamine protonation process, in agreement
again with the experimental observation.

Scheme 9 summarizes experimental and theoretical
observation on a catalytic cycle including 7) mono-
and di-gold species and 2) the selectivity of the
process using terminal and non-terminal alkynes.

Conclusions

We have computed the full mechanism of benzosul-
tam formation through gold(l)-catalyzed ammoniuma-
tion process in presence of an external nucleophile
using (2-alkynyl)phenylsulfonyl azetidine 1-Me or 1-H
alkynes as model substrates. The study of the reaction
using 1-Me as a non-terminal alkyne, confirms the

°Any attempt to locate a transition state led to a high
energy cationic intermediate.

Calculations modeling a concerted four-membered ring
transition state were launched, but no concerted tran-
sition state could be located. Only the direct addition of
methanol on the carbon center could be found and led
to a high barrier.
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ammoniumation based mechanism as the most fa-
vored process. Indeed, the nucleophilic addition of the
nitrogen to the Au(l)-activated alkyne showed to be
clearly favored over the direct ring opening of the
azetidine by methanol. As experimentally, the use of
terminal alkynes led to the formation of the 5-exo-dig
sultam instead of the classical 6-endo-dig, calculations
with the terminal alkyne 1-H were also studied and, in
order to decipher the origin of this reversed regiose-
lectivity, two different scenarios were considered: 7)
the classical activation of the alkyne by a single gold(l)
complex or, 2) the digold pathway involving the
formation of a o,m-digold acetylide complex. The first
scenario revealed that the formation of the 5-
membered ring transition state was favored by
2.4 kcal-mol™' whereas the second scenario was
unproductive. In fact, due to the high barrier of the
nucleophilic substitution as well as the disfavored
formation of the spirocyclic vinyl-ammonium-digold(l)
species (Scheme 7, AC species), the digold pathway is
unable to reach the final sultam. However, the
formation of such o,m-digold acetylide is in equilibrium
with the monogold species becoming competitive to
the productive monogold process. Thus, the digold
scenario represents a reversible deactivation pathway
accounting for the slow kinetic observed under the
experimental conditions. In addition, the small energy
difference computed for the formation of the 5- and 6-
membered sultams agrees with the loss of selectivity
observed when the temperature was increased. Our
study also revealed that the rate limiting step of the
process is the ring opening of the azetidine by the
nucleophile (E to F) which is consistent with exper-
imental observations, for which steric and electronic
properties of the nucleophile drastically influence the
kinetic of the reaction.

Overall, the full mechanistic analysis of these
complex reactions may facilitate not only the design
of new gold(l)-catalyzed ammoniumation process but
also the optimization of the selective formation of the
aminal sultam.
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