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ABSTRACT: While 1,3-dipolar cycloadditions have appeared to
be a fertile area for research, as attested by the numerous synthetic
transformations and resulting applications that have been
developed during the past 60 years, the use of neutral three-atom
components (TACs) in (3+2) cycloadditions remains compara-
tively sparse. Neutral TACs, however, have great synthetic
potential given that their reaction with a π system can produce
zwitterionic cycloadducts that may be manipulated for further
chemistry. We report herein that ynamides, a class of carbon π
systems that has seen wide interest over the last two decades, can be used as neutral TACs in thermally induced intramolecular
(3+2) cycloaddition reactions with alkynes to yield a variety of functionalized pyrroles. The transformation is proposed to occur in a
stepwise manner via the intermediacy of a pyrrolium ylide, from which the electron-withdrawing group on the nitrogen atom
undergoes an intramolecular 1,2-shift to produce the neutral pyrrole. This work demonstrates a yet unexplored facet of ynamide
reactivity with great potential in heterocyclic chemistry.

■ INTRODUCTION
1,3-Dipolar cycloaddition reactions, pioneered by the group of
Huisgen, have attracted increasing attention over the last 60
years.1,2 The field has undoubtedly reached an advanced
degree of maturity, which reflects nowadays its various
synthetic applications3−7 and the ongoing refinement of its
reactivity models.8−12 From a synthetic point of view, Huisgen
reactions are arguably among the most useful transformations
to access five-membered heterocycles in an easy, rapid,
efficient, and selective manner. 1,3-Dipoles of propargyl-allenyl
type (1prop ↔ 1all), which represent one of the two classes of
1,3-dipoles,13 are largely employed reaction partners (Figure 1,
part A). Their popularity mostly relies on their reactions with
alkyne dipolarophiles 2, which not only allow for the formation
of heteroaromatic motifs 3 that are relevant to natural product
synthesis and drug discovery3 but are also particularly useful in
bio-orthogonal chemistry7 and material science.6

It is interesting to note that all these heteroaromatics contain
at least one N atom as the result of an underlying limitation in
the structure of the 1,3-dipole 1. As noted by Breugst and
Reissig in their 2020 review on the Huisgen reaction, for
C,N,O-based “allenyl-propargyl type 1,3-dipoles, only nitrogen
is possible” as the central atom.2 This appears to be a logical
requirement from a valency and electronegativity standpoint,
considering that the central atom of the 1,3-dipole must
accommodate a lone pair of electrons in the newly formed
neutral cycle. However, discounting their Lewis structure-
based charges, the general feature shared by all 1,3-dipoles is
the delocalization of four electrons over a three-atom π system.
The entirety of three-atom components (TACs)a general

term used to describe a core three-atom framework that
participates in (3+2) cycloadditions14that share this
criterion is limited not only to 1,3-dipoles but also to some
neutral counterparts.15 Neutral TACs are however exotic
species in the field of cycloadditions.16−18 The very few of
them that have been studied to date are usually difficult to
manipulate17 and/or have been partnered with highly reactive
species.16a−e A cycloaddition between a C-centered TAC 4
analogous to 1,3-dipole 1 and an alkyne 2 could, in principle,
be envisaged (Figure 1, part A). In contrast to 1,3-dipolar
cycloadditions that directly lead to neutral heteroaromatic
products 3, the resulting zwitterionic cycloadduct 5 would in
this case be an unstable species, a feature that could however
be exploited in a subsequent step to provide an additional
degree of complexity in the transformation. Despite the
apparent maturity of the field, such a reactivity profile remains
underexplored, leaving plenty to discover in the chemical
reaction space of neutral TACs.
In this context, and with the idea to further develop the

synthetic potential of cycloaddition reactions, we considered
that N-alkynyl derivatives 6 could qualify as TACs capable of
(3+2) cycloadditions (Figure 1, part B). These species, which
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are isoelectronic carbon-centered analogues of propargyl-
allenyl type 1,3-dipoles, could react with an alkyne to produce
a pyrrolium ylide cycloadduct 7. Depending on the nature of
the groups attached to the positively charged nitrogen atom in
7, a formal N to C migration event may occur, leading
ultimately to the formation of the neutral and aromatic pyrrole
8. In the envisaged cycloaddition/rearrangement sequence, the

N-alkynyl TAC would advantageously appear as the synthetic
equivalent of an α-imino carbene, a type of species that has
been previously reported to react with alkynes to produce
pyrroles.19

We report herein the successful implementation of this
reactivity principle to the synthesis of polycyclic pyrroles 10 via
a thermally induced intramolecular (3+2) cycloaddition of

Figure 1. Ynamides as a novel class of neutral three-atom components in (3+2) cycloadditions. (A) Background: Propargyl-allenyl 1,3-dipoles
based on second-row elements react with alkynes to produce stable and neutral N-containing heteroaromatic cycloadducts. Analogous reactivity
with C-centered TACs has been underexplored. (B) Proposal: N-Alkynyl derivatives react as TACs with alkynes in a cycloaddition/rearrangement
sequence involving an unstable pyrrolium ylide cycloadduct intermediate. (C) This work: Readily prepared yne-ynamide derivatives can be
cycloisomerized into polycyclic pyrroles via a thermal intramolecular (3+2) cycloaddition process. The transformation is a valuable springboard for
the synthesis of various hetero(poly)cyclic motifs.
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yne-ynamide derivatives 9 (Figure 1, part C). Ynamides (N-
alkynyl amides) were targeted as TACs in this work, as they
can be readily accessed with a variety of substitutions on the
nitrogen atom,20 are easy to handle and manipulate, and
exhibit enhanced stability as compared to their parent
ynamines.21 It is interesting to note that despite the popular
use of ynamides in organic synthesis, their reactivity has been
limited, almost exclusively, to the functionalization of their C−
C alkynyl portion22 without any direct participation of the
nitrogen atom in the formation of new nitrogen−carbon
bonds.23 The synthetic interest of this new (3+2) cyclo-
addition was further highlighted by the possibility to derivatize
the pyrrole products in various heterobicyclic compounds
relevant to medicinal chemistry. A combined experimental and
density functional theory (DFT) mechanistic study was also
performed to gain insight into the nature of the cycloaddition
reaction.

■ RESULTS AND DISCUSSION
Validation of the Approach, Reaction Optimization,

and Scope. We started our investigation with diyne 9a, which
was chosen as a model substrate to validate our reactivity
proposal. This diyne was conveniently accessed by Cu-
catalyzed coupling between bromoalkyne 11 and sulfonamide
12 (Table 1). The initial choice of the tosyl group on the
ynamide moiety was based on the well-documented coupling
of sulfonamides under Cu catalysis20a−c and the known ability

of sulfonyl groups to migrate from sulfonylammonium
intermediates.24

Heating a solution of 9a in toluene at 80 °C for 15h led to
its slow conversion (42%) mostly into degradation products25

(entry 1). We could, however, detect in the crude reaction
mixture the formation of a new compound in very low
amounts (13% NMR yield). This compound was isolated as a
solid and its structure pleasingly assigned after 1H NMR
analyses as the targeted bicyclic pyrrole 10a. Single-crystal X-
ray diffraction analysis of 10a confirmed the connection
around the pyrrole core and the migration of the tosyl group
from the N atom of the ynamide moiety in the substrate to its
α carbon in the product (see Table 1). While the yield was
low, the formation of 10a validated our approach and the
possibility to use ynamides as TACs in cycloaddition
processes. By raising the temperature to 130 °C (oil bath)26

9a was fully consumed after 2 h of reaction and an improved
yield of 72% was obtained (entry 2). Running the reaction
under argon had almost no influence on the course of the
reaction (entry 3). Hypothesizing that the loss of material may
be due to deleterious uncontrolled radical processes consum-
ing the diyne substrate,27 additives known to stop radical chain
degradation processes were examined.28 As seen in entries 4−
7, the addition of 2,6-di-tert-butyl-4-methylphenol (BHT), a
phenolic radical scavenger, proved to be quite beneficial, and
an almost quantitative yield of pyrrole 10a (96%) could be
obtained when 1 equiv of the additive was used. Another
radical scavenger, γ-terpinene, was slightly beneficial, but not as
effective (entry 8). The conditions described in entry 6,
employing 0.5 equiv of BHT, were deemed sufficient and were
therefore used to evaluate the scope of the transformation. It is
interesting to note that the reaction was very selective toward
the migration of the tosyl group and that no alternative (4+2)
dehydro Diels−Alder cycloadduct29 derived from 9a could be
observed.
A variety of strategies were employed in the synthesis of the

yne-ynamide substrates in order to vary the substitution
pattern on the ynamide, the alkyne moiety, and the nature of
the chain tethering them (see Supporting Information for
details).30 As seen from the results compiled in Tables 2 and 3,
the reaction exhibits good functional group compatibility, and
a variety of bicyclic cycloadducts could be obtained from yne-
ynamides 9a−ak. As for the nature of the alkyne terminus
(Table 2, part A), the reaction proceeded rapidly and cleanly
for all screened aryl derivatives 9a−h. An array of electron-
donating (EDG) and electron-withdrawing groups (EWG)
were well tolerated on the aromatic moiety, leading to the
desired pyrroles in yields ranging from 79% to 97% after only 1
h of reaction at 130 °C. Heteroaromatic substituents were also
shown to be compatible, as attested by the conversion of
thiophene and pyridine derivatives 9i−j into pyrroles 10i−j
with respective 82% and 90% yields. Pleasingly, a C-sp2-
hybridized alkenyl substituent was also tolerated and cyclo-
hexenyl derivative 10k could be formed in 83% yield after 2 h
of reaction. The use of a conjugated 1,3-diyne unit was,
however, detrimental to the yield of the reaction. In the case of
substrate 9l, the major product obtained was 10l, with a
modest yield of 33%, and byproducts derived from a potential
(4+2) hexadehydro Diels−Alder reaction, if present, were only
minor.31 While the reaction of alkyl-substituted derivative 9m
and terminal alkyne 9n proceeded very slowly and with low
yields (15−20%), that of trimethylsilyl (TMS)-substituted
alkyne 9o was comparatively very efficient (80%), yet slow.

Table 1. Optimization of the Reaction Conditions

entry
T

(°C) additive
n

(equiv)
time
(h)

conversion
(%)c yield (%)c

1d 80 15 42 13
2 130 2 100 72
3e 130 2 100 69
4 130 BHT 0.1 2 100 79
5 130 BHT 0.25 2 100 86
6 130 BHT 0.5 2 100 90
7 130 BHT 1 2 100 96 (90)f

8 130 γ-terpinene 1 2 100 77

aReaction conditions: CuSO4·5H2O (10 mol %), 1,10-phenanthroline
(20 mol %), K3PO4 (2 equiv), toluene, 80 °C, 48%; see SI for more
details. bUnless otherwise noted, reactions were performed with 0.05
mmol of 9a in screw-cap NMR tubes in toluene-d8 (0.1 M) under air
and monitored by 1H NMR spectroscopy. cConversions and yields
were determined by 1H NMR spectroscopy using mesitylene as
internal standard. dIn a sealed vial in toluene (0.1 M). Conversion
and yield were determined by analysis of the crude reaction mixture
using mesitylene as a standard. eNMR tube was purged with argon.
fIsolated yield.
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This result demonstrated that increasing the steric demand
around the alkyne does not affect the efficiency of the
cycloaddition process but considerably decreases its rate.
Finally, the electron-poor trifluoromethylated alkyne 9p did
not prove to be an appropriate reaction partner, and only a low
13% of the desired pyrrole 10p was observed.
A variety of alkyne-ynamide linkers proved compatible with

the (3+2) cycloaddition process (Table 2, part B). In general,
substrates with a three-membered linker led to the formation
of cycloadducts similarly to model substrate 9a, as exemplified
by the formation of 10q in 94% yield from a substrate
possessing an ether linkage. Amide and ester tethers were both
compatible (see 10t and 10u). Notably, the reaction of 9t
could even be performed at a lower temperature of 60 °C. The
all-carbon malonate derivative 9r also reacted well (90%),

although surprisingly slowly.32 The introduction of a phenyl
substituent in the tether had a pronounced effect on the rate of
the reaction, as attested by the rapid and efficient formation of
pyrroles 10s and 10j (>90% yield, <0.5 h). Four-membered
linkers were also investigated, but the cycloaddition process
proved to be less efficient in this case. Derivative 9v, which
differs from model substrate 9a only by the presence of an
extra CH2 unit in its linker, led to a poor yield (30%) and very
unselective reaction. No reaction or only degradation was
observed for carboxylic ester derivatives 9w and 9x. In contrast,
excellent yields were obtained for geometrically restricted
phenol and aniline derivatives 9y and 9z (87% and 73%).
These variations in tether length, nature, and substitution
(Table 2, part B) clearly demonstrate that higher yields and

Table 2. Yne-ynamide (3+2) Rearrangement: Reaction Scope of Alkynes and Linkersd

aA complex mixture of products was observed; yield assessed by 1H NMR of reaction crude. bReaction run at 60 °C in CDCl3 without BHT.
cNo

reaction was observed up to 160 °C (using microwave irradiation); degradation of substrate at 200 °C. dUnless otherwise noted, reactions were
performed at 0.02−0.07 mmol scale in sealed tubes with 0.5 equiv of BHT in toluene (0.1 M) under air.
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shorter reaction times can be attained when the cyclization
conformation can be easily accessed.
Three-membered linkers leading to the formation of 5,5-

fused bicyclic products and geometric restrictions imposed by
linker substitution are favorable kinetic factors. As an example,
merging the favorable three-atom tosylamide linker and a
dimethyl-induced Thorpe−Ingold effect in 9aa led to an
extremely efficient transformation that proceeded at room
temperature (Figure 2).

We finally investigated the scope of ynamides and the
corresponding EWGs that could participate in the N to C
migration step of the rearrangement (Table 3). Pleasingly, the
benzyl group in model substrate 9a could be replaced by a
methyl or phenyl group without noticeable change in
efficiency. N-Me and N-Ph pyrroles 10ab and 10ac were
both isolated in 90% yield after 1 h of reaction. Alkylsulfones
9ae and 9af, as well as sulfonamide 9ag, reacted similarly to
arylsulfones (9a and 9ad). Carbonyl-based EWGs were also
very well tolerated in this transformation. For instance, urea
derivative 9ah efficiently rearranged into pyrrole 10ah (64%)
via a migration of the carboxamide moiety. In the case of cyclic
carbamate derivatives, such as oxazolidinones 9ai and 9aj, the

shifting of the EWG resulted in a ring expansion, providing
novel tricyclic structures. This strategy could also be applied to
saccharin-derived ynamide 9ak, which could be readily
converted into polycyclic pyrrole 10ak.
Overall, examples collected in Tables 2 and 3 testify to the

broad applicability of this cycloisomerization process, which
allows for a rapid increase of structural complexity under
simple experimental conditions and from relatively easily
accessible substrates.

Applications and Derivatizations. To further highlight
the synthetic potential of the method, the reaction of model
substrate 9a was conducted at a gram scale starting from
bromoalkyne 11 and tosylamide 12 (Figure 3, part A). A two-
step procedure involving copper catalysis and thermal
rearrangement with minimum intermediate workup success-
fully yielded 1.97 g of pyrrole 10a (50% yield). Conveniently,
the white product precipitates out of solution once cooled to
room temperature. This single preliminary result is highly
encouraging when considering developing a cascade trans-
formation from haloalkynes and diverse amides.
Structural diversification in pyrrole products could also be

further expedited in the development of a one-pot coupling/
cyclization sequence (Figure 3, part B). The coupling strategy
devised here relies on the in situ formation of an imine as the
bridging functionality between the cycloaddition partners. By
simply mixing and matching propargyl amines 13a,b with
amidopropynals 14a−c in the presence of molecular sieves,
followed by mild heating, a small library of bicyclic pyrroles
15aa−bc could be rapidly obtained in moderate yields.33

In addition to the structural diversity that can be achieved by
varying the nature of the migrating EWG (vide supra) the
presence of this group at position 2 of the pyrrole ring can also
be advantageously employed to operate functional group

Table 3. Yne-ynamide (3+2) Rearrangement: Reaction Scope of Amidesa

aReactions were performed at 0.02−0.07 mmol scale in sealed tubes with 0.5 equiv of BHT in toluene (0.1 M) under air.

Figure 2. Room-temperature (3+2) rearrangement. Reaction was
performed at 0.013 mmol scale in a screw-cap NMR tube in CDCl3
(0.025 M) under air.
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interconversions. The tosyl group, in particular, was found to
be easily cleaved in an oxidative dearomatization process on
the pyrrole (Figure 3, part C). As an example, treatment of
pyrrole 10a with a mixture of Oxone and KBr in methanol led
to the formation of 5-methoxypyrrol-2-one derivative 16 in
58% yield. Alone, this demonstrates a rapid pathway to highly
functionalized polycyclic γ-lactams, a structural motif found in
a large array of bioactive compounds.34 Sequential reduction of
16 allows for the synthesis of pyrrolone 17 and then lactam 18
in a stereoselective manner. This rapid redox sequence
highlights the synthetic usefulness of the migrating sulfonyl
group that can be easily manipulated to access various
oxidation levels of the pyrrolo[3,4-c]pyrrole core, whose fully
reduced version is a privileged motif in medicinal chemistry
(see Seltorexant,35 A-582941,36 Figure 3, part C).
Mechanistic Studies. Aside from investigating the

synthetic potential of the transformation, a combined
experimental and theoretical study was performed to gain
knowledge on its mechanism and the parameters that may
influence its course. Kinetic studies using NMR monitoring
and analysis were performed showing a first-order dependence
on the yne-ynamide substrates and no kinetic dependence on
the BHT additive (see Supporting Information, Figures SI-1
and SI-2), suggesting a unimolecular rate-limiting step. With
this knowledge, the transformation can be simplified into two

main events: a (3+2) cyclization event and a 1,2 migration of
the EWG with the involvement of a common pyrrolium ylide
intermediate. Considering that products derived from a
spontaneous 1,2-shift of the EWG on ynamides have never
been observed to date, the cyclization event is much more
likely to occur first. Several mechanistic considerations can be
made for both events when elaborating the reaction pathway
(Figure 4, part A).
The mechanism of classical (3+2) dipolar cycloadditions has

been a hot topic of debate during the past century,11,12 and
both closed-shell (Figure 4, part A, path a) and open-shell
(Figure 4, part A, path b) processes have been defended. While
ynamides are typically used in two-electron processes, radical
addition to ynamides to obtain enamine radical intermediates
has seen growing interest.37 In order to gain more information
on this transformation, a series of para-substituted phenyl-
derived substrates 9ah were investigated to probe electronic
effects on the alkyne moiety (see Supporting Information,
Table SI-1). Plotting the experimentally determined rate
constants in a Hammett plot (Figure 4, part B) resulted in
an interesting U-shaped curve. Such a shape suggests three
possibilities: the cyclization event may proceed (a) via a type II
cycloaddition process,38 (b) via a diradical species,12 or (c) via
divergent mechanisms.39 The result obtained with the CF3-
subtituted phenyl derivative is noteworthy. It fits well on the

Figure 3. Applications and derivatizations of pyrrole products. (A) Two-step, no purification, gram-scale synthesis of pyrrole 10a. (B)
Combinatorial approach to the rapid synthesis of a small library of bicyclic fused pyrroles via a one-pot condensation/(3+2) sequence. (C)
Accessing various oxidation levels of the pyrrolo[3,4-c]pyrrole core via key pyrrolone derivatives: (a) Oxone, KBr, MeOH, 45 °C, 2 h, 58%; (b)
Et3SiH, BF3·OEt2, DCM, reflux, 3 h, 73%; (c) H2, 10% Pd/C, EtOH, rt, 1 h, 91% (see Supporting Information for more details).
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obtained curve, and since the CF3 substituent is known to
significantly destabilize the formation of radicals at benzylic
positions,40 this result may be an indication that a closed-shell
process is in play. However, the nature of the hypothesized
radical (benzylic yet also vinylic) may differ from those
previously studied, and an open-shell process cannot be ruled
out.
Characterization of the potential energy surface for the

closed-shell (3+2) cycloaddition was possible using DFT
calculations at both the B3LYP/6-31G(d) and M06-2X/6-
31+G(d) levels of theory41 (Figure 5, part A). For the phenyl-
derived model I-Ph, the (3+2) cycloaddition step was found to
be rate-limiting with a transition state TS-I-Ph calculated to be

30.3 kcal/mol higher than I-Ph using the M06-2X method.42

The methyl-derived model I-Me required a higher energy of
around 35 kcal/mol for the corresponding transition state TS-
I-Me. It is worth noting that in both cases, the (3+2)
cycloaddition step was quite asynchronous, with significantly
more C−C bonds having been formed at the transition state.
The proposed pyrrolium ylide intermediates II-Ph and II-

Me were convincingly located as stable minima in this pathway
using both B3LYP (10−12 kcal/mol) and M06 (∼3 kcal/mol)
methods.
The plausibility of a closed-shell process, as supported by

DFT calculations, does not rule out an open-shell pathway for
the cycloaddition step.43 To probe the possibility of an open-

Figure 4.Mechanistic considerations for the yne-ynamide (3+2) rearrangement. (A) Both closed- and open-shell pathways were considered for the
(3+2) cycloaddition step of the reaction. Both intramolecular and intermolecular pathways were considered for the 1,2-migration of the EWG. (B)
Hammett plot. An uncommon U-shape was observed in the plot produced from substrate series 9a−h. (C) Effect of persistent radicals. No
byproduct and no significant lowering of yield were observed in the presence of 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) or at a high
concentration of O2. (D) Radical clock experiment. The use of an intramolecular syn-disubstituted phenylcyclopropyl probe allowed the
observation of cyclopropyl isomerization via ring opening, suggesting the involvement of a radical species. A control experiment shows the
isomerization does not occur in the pyrrole product (see Supporting Information for more details).
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shell process and the involvement of radical species, the
reaction of model substrate 9a was performed in the presence
of TEMPO (Figure 4, part C). No TEMPO-derived product
could be detected. The transformation proceeded smoothly
and produced 10a in the same reaction time and with an even
better yield than without any additive. TEMPO is likely to
behave similarly to BHT in intercepting runaway radicals. A
similar observation was made when the sealed reaction tube
was purged with O2 gas before heating (Figure 4, part C). No
oxidized product derived from 9a was observed, and the yield
in 10a was almost unchanged. It should be noted, however,
that particularly short-lived diradicals would unlikely be
affected by other molecules in the reaction medium. Therefore,
an intramolecular radical probe 9al that features a syn-
disubstituted cyclopropyl alkynyl group was prepared (Figure
4, part D). 2-Phenylcyclopropyl carbinyl radicals are known to
undergo very rapid (k20 °C = 2.7 × 1011 s−1) ring opening44 and
would therefore probe the involvement of radical species in the

process. A significant amount of isomeric product was
observed in the rearrangement of 9al to 10al, which may
indicate that the formation of a radical at the α position of the
cyclopropyl group is participating. NMR kinetic analyses
during the reaction (Supporting Information, Table SI-2) and
a control experiment (Figure 4, part D) suggest minimal cis/
trans isomerization to be occurring at the cyclopropyl motif in
either the starting material or the product.
The open-shell potential energy surface was characterized at

the unrestricted UB3LYP/6-31G(d) level of theory (Figure 5,
part B). Interestingly, the phenyl-derived model led to a
transition state TS-III-Ph of about 25 kcal/mol for the C−C
bond forming and rate-limiting conversion of I-Ph into
biradical intermediate IV-Ph, found at 18.8 kcal/mol. The
barrier for the C−N bond formation (TS-V-Ph) was only
slightly higher at 22.8 kcal/mol. In the case of methyl-derived
model I-Me, an open-shell transition state TS-III-Me could be
located slightly higher at 33.9 kcal/mol. The minima associated

Figure 5. DFT calculations of closed- and open-shell potential energy surfaces for the (3+2) yne-ynamide rearrangement. All calculations were
done under the following parameters: gas phase, 1 atm, 298 K. Intrinsic reaction coordinate (IRC) calculations were performed to connect the
transition states to their corresponding local minima (dotted lines). Values in bold: Relative Gibbs free energy at the B3LYP/6-31G(d) level of
theory. Values in italics: Relative electronic energy at the B2PLYPD/aug-cc-pVDZ//B3LYP/6-31G(d) level of theory. (Values in parentheses):
Relative Gibbs free energy at the M06-2X/6-31+G(d) level of theory. (A) Closed-shell potential energy surface. (B) Open-shell (singlet diradical)
potential energy surface. The unrestricted functionals were employed for the calculation of the open-shell surface. aA stable closed-shell TS-I-Ph
could only be located using the M06-2X functional (see Supporting Information for more details).
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with diradicals IV-Me and V-Me could also be located with
respective free energies of 29.2 and 28.1 kcal/mol. The small
barrier TS-IV-Me of radical center inversion allows accessing
the right conformation for the cyclization to occur. The
subsequent C−N bond formation has a barrier TS-V-Me at
29.9 kcal/mol to produce the cyclic ylide. Although differing
slightly in magnitude, single-point energy calculations done
along the open-shell pathway using the more accurate
B2PLYPD/aug-cc-pVDZ level of theory show a very similar
qualitative picture for the diradical process. This method has
previously shown good correlation with high-level computa-
tions regarding the formation of diradical species from diynes45

and diradical (3+2) processes.43

Considering both experimental observations and DFT
calculations, a divergence in open- or closed-shell processes
may happen for the (3+2) cycloaddition step depending on the
substitution at the alkyne terminus. The clear U-shaped
Hammett plot obtained along with the radical probe
experiments support such a possibility. While DFT studies
show a slight favor for the open-shell pathway, neither pathway
can be completely ruled out yet. At the moment, both closed-
shell and open-shell processes can still be considered as viable
processes. In any case, the cyclization step was found
asynchronous, and intermediates, if formed, are extremely
short-lived. A common point observed in the computation of
both pathways, nevertheless, is a higher activation energy for
alkyl-substituted alkynes, which fits with the significantly
slower reaction times observed for scope examples 10m and
10n.
The second step of the process, the N to C migration of the

EWG, may occur via an intramolecular 1,2-shift (Figure 4, part
A, path 1) or via a fragmentation/recombination sequence
(Figure 4, part A, path 2).
These two possibilities could be distinguished in a crossover

experiment as shown in Figure 6. When an equimolar mixture

of structurally comparable 9e and 9ad substrates was heated,
only the respective pyrroles 10e and 10ad were obtained. Since
no crossover product was observed (Supporting Information,
Figure SI-4), an intermolecular process could be ruled out,46

thus leaving an intramolecular 1,2-shift of the EWG as the
most probable pathway. This 1,2-shift was easily located on the
closed-shell potential energy surface (Figure 5, part A). A very
low barrier located at 6.1 kcal/mol was found for the migration
of the sulfonyl group. This migration can rather be described as
a [1,5]-sigmatropic rearrangement of the sulfonyl group along

the π system of the pyrrolium cycle, immediately followed by
relaxation to the final “flat” aromatic structure.

■ CONCLUSION
In summary, an efficient and easy-to-perform thermal (3+2)
rearrangement of yne-ynamide derivatives into polycyclic
pyrroles has been developed, expanded, and mechanistically
investigated. Aside from the large variety of substituted alkynes
and linkers that were shown to efficiently promote the
cyclization reaction, a notable observation remains that all
the ynamides investigated herein efficiently behaved as TACs
in cycloaddition reactions to form pyrroles. The (3+2)
cycloaddition step may occur through a concerted or a singlet
diradical pathway, depending on the substitution of the
reacting alkyne. A subsequent 1,2-migration of the EWG likely
proceeds in a concerted intramolecular fashion from a
pyrrolium ylide intermediate.
The reactivity described herein brings to light an under-

estimated character of ynamides: these should be considered
not only as electronically enriched polarized alkynes but more
accurately as a three-atom system sharing a π electron cloud.
Capitalizing onto this character may help in designing and
developing novel transformations in the field of heterocyclic
chemistry. It is ultimately our hope that this investigation will
encourage and help to expand the use of neutral TACs in
(3+2) cycloaddition reactions.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.1c04051.

Synthetic procedures, characterization data, and spectro-
scopic data for all new compounds; experimental data
associated with mechanistic studies (PDF)

Accession Codes
CCDC 2062485 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Authors

Dominic Campeau − Department of Chemistry and
Biomolecular Sciences, University of Ottawa, K1N 6N5
Ottawa, Canada; orcid.org/0000-0003-0260-8952;
Email: dcamp028@uottawa.ca

Fabien Gagosz − Department of Chemistry and Biomolecular
Sciences, University of Ottawa, K1N 6N5 Ottawa, Canada;
orcid.org/0000-0002-0261-4925; Email: fgagosz@

uottawa.ca

Author
Alice Pommainville − Department of Chemistry and
Biomolecular Sciences, University of Ottawa, K1N 6N5
Ottawa, Canada; orcid.org/0000-0001-8309-6535

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.1c04051

Notes
The authors declare no competing financial interest.

Figure 6. Crossover experiment. Reaction was performed at 0.05
mmol scale in a sealed tube with 1 equiv of BHT in toluene (0.1 M)
under air. Reaction crude was analyzed by MS-APCI (atmospheric
pressure chemical ionization) (see Supporting Information for more
details).

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c04051
J. Am. Chem. Soc. 2021, 143, 9601−9611

9609

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c04051/suppl_file/ja1c04051_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04051?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c04051/suppl_file/ja1c04051_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2062485&id=doi:10.1021/jacs.1c04051
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dominic+Campeau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0260-8952
mailto:dcamp028@uottawa.ca
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabien+Gagosz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0261-4925
https://orcid.org/0000-0002-0261-4925
mailto:fgagosz@uottawa.ca
mailto:fgagosz@uottawa.ca
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alice+Pommainville"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8309-6535
https://pubs.acs.org/doi/10.1021/jacs.1c04051?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04051?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04051?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04051?fig=fig6&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c04051/suppl_file/ja1c04051_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04051?fig=fig6&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c04051?rel=cite-as&ref=PDF&jav=VoR


■ ACKNOWLEDGMENTS
Dedicated to late Professor Rolf Huisgen in recognition of his
major contributions to the field of (3+2) cycloadditions. This
work was supported by the University of Ottawa and the
Natural Sciences and Engineering Research Council (FG).
D.C. is thankful for financial support from the NSERC CGS-M
and OGS programs, and A.P. for the NSERC-USRA program.
The authors are deeply appreciative of Prof. Derek Pratt and
Prof. Dean Tantillo for friendly scientific discussions during
the preparation of the manuscript, where their insights
concerning mechanistic studies and DFT calculations were of
great help. The authors also thank Dr. Jeffrey Ovens
(University of Ottawa X-ray Core Facility) for X-ray analysis
and Glenn Facey (University of Ottawa NMR Facility) for
guidance in kinetic NMR experiments. Computational studies
were enabled by support provided from Compute Ontario and
Compute Canada.

■ REFERENCES
(1) (a) Huisgen, R. 1,3 Dipolar Cycloadditions. Proc. Chem. Soc.
London 1961, 357−369. (b) Huisgen, R. 1,3-Dipolar Cycloadditions,
Past and Future. Angew. Chem., Int. Ed. Engl. 1963, 2, 565−632.
(2) Breugst, M.; Reissig, H.-U. The Huisgen Reaction: Milestones of
the 1,3-Dipolar Cycloaddition. Angew. Chem., Int. Ed. 2020, 59,
12293−12307.
(3) Padwa, A.; Pearson, W. H. Synthetic Applications of 1, 3-Dipolar
Cycloaddition Chemistry toward Heterocycles and Natural Products;
John Wiley & Sons, 2003; Vol. 59.
(4) Hashimoto, T.; Maruoka, K. Recent Advances of Catalytic
Asymmetric 1,3-Dipolar Cycloadditions. Chem. Rev. 2015, 115,
5366−5412.
(5) Moses, J. E.; Moorhouse, A. D. The growing applications of click
chemistry. Chem. Soc. Rev. 2007, 36, 1249−1262.
(6) Lutz, J.-F. 1,3-Dipolar Cycloadditions of Azides and Alkynes: A
Universal Ligation Tool in Polymer and Materials Science. Angew.
Chem., Int. Ed. 2007, 46, 1018−1025.
(7) Lutz, J.-F.; Zarafshani, Z. Efficient construction of therapeutics,
bioconjugates, biomaterials and bioactive surfaces using azide-alkyne
“click” chemistry. Adv. Drug Delivery Rev. 2008, 60, 958−970.
(8) Ríos-Gutiérrez, M.; Domingo, L. R. Unravelling the Mysteries of
the [3 + 2] Cycloaddition Reactions. Eur. J. Org. Chem. 2019, 2019,
267−282.
(9) Ess, D. H.; Houk, K. N. Theory of 1,3-Dipolar Cycloadditions:
Distortion/Interaction and Frontier Molecular Orbital Models. J. Am.
Chem. Soc. 2008, 130, 10187−10198.
(10) Ess, D. H.; Jones, G. O.; Houk, K. N. Conceptual, Qualitative,
and Quantitative Theories of 1,3-Dipolar and Diels-Alder Cyclo-
additions Used in Synthesis. Adv. Synth. Catal. 2006, 348, 2337−
2361.
(11) Huisgen, R. Mechanism of 1,3-dipolar cycloadditions. A Reply.
J. Org. Chem. 1968, 33, 2291−2297.
(12) Firestone, R. A. Mechanism of 1,3-dipolar cycloadditions. J.
Org. Chem. 1968, 33, 2285−2290.
(13) The other class comprising 1,3-dipoles of allylic type.
(14) “TAC” is employed here according to the definititon proposed
by Domingo et al.: a neutral core three-atom framework sharing at
least eight electrons that participates in (3+2) cycloadditions. See for
instance ref 8.
(15) The term “neutral” is employed here as a means to distinguish
TACs that do not possess formal charges in their Lewis structure, as
opposed to classical 1,3-dipoles. Other neutral species yielding (3+2)
cycloadducts, such as cyclopropanes, are not discussed here since they
do not fit within Domingo’s definition of TACs.
(16) Selected articles on (3+2) reactions with thioester derivatives:
(a) Matsuzawa, T.; Hosoya, T.; Yoshida, S. One-step synthesis of
benzo[b]thiophenes by aryne reaction with alkynyl sulfides. Chemical
Science 2020, 11, 9691−9696. (b) Hwu, J. R.; Chang Hsu, Y.

Stereospecific Benzyne-Induced Olefination from β-Amino Alcohols
and Its Application to the Total Synthesis of (−)-1-Deoxy-D-fructose.
Chem. - Eur. J. 2011, 17, 4727−4731. (c) Nakayama, J.; Kimata, A.;
Taniguchi, H.; Takahashi, F. Reactions of 1,3-benzodithiole-2-thione
and ethylene trithiocarbonate with benzyne generated from 2-
carboxybenzenediazonium chloride: preparation of novel bicyclic
sulfonium salts by trapping 1,3-dipolar cycloaddition intermediates.
Chem. Commun. 1996, 205−206. (d) Zhang, J.; Page, A. C. S.; Palani,
V.; Chen, J.; Hoye, T. R. Atypical Mode of [3 + 2]-Cycloaddition:
Pseudo-1,3-dipole Behavior in Reactions of Electron-Deficient
Thioamides with Benzynes. Org. Lett. 2018, 20, 5550−5553.
(e) Easton, D.; Leaver, D. 1, 3-Dipolar reactivity of 1, 2-dithiole-3-
thiones and 1, 3-dithiolan-2-thiones. Chem. Commun. (London) 1965,
22, 585−586. (f) Lakshmikantham, M. V.; Cava, M. P. Isomeric
ethylene selenodithiocarbonates. J. Org. Chem. 1976, 41, 879−881.
(17) Selected articles on (3+2) reactions with heteroatom-
substituted isocyanates: (a) Bongers, A.; Ranasinghe, I.; Lemire, P.;
Perozzo, A.; Vincent-Rocan, J.-F.; Beauchemin, A. M. Synthesis of
Cyclic Azomethine Imines by Cycloaddition Reactions of N-
Isocyanates and N-Isothiocyanates. Org. Lett. 2016, 18, 3778−3781.
(b) Allen, M. A.; Ivanovich, R. A.; Beauchemin, A. M. O-Isocyanates
as Uncharged 1,3-Dipole Equivalents in [3 + 2] Cycloadditions.
Angew. Chem., Int. Ed. 2020, 59, 23188−23197.
(18) Review on (3+2) reactions with azines: Rádl, S. Crisscross
cycloaddition reactions. Aldrichim. Acta 1997, 30, 97−100.
(19) Selected reviews on α-imino carbene chemistry: (a) Chatto-
padhyay, B.; Gevorgyan, V. Transition-Metal-Catalyzed Denitrogena-
tive Transannulation: Converting Triazoles into Other Heterocyclic
Systems. Angew. Chem., Int. Ed. 2012, 51, 862−872. (b) Davies, H. M.
L.; Alford, J. S. Reactions of metallocarbenes derived from N-sulfonyl-
1,2,3-triazoles. Chem. Soc. Rev. 2014, 43, 5151−5162. (c) Zhao, X.;
Rudolph, M.; Asiri, A. M.; Hashmi, A. S. K. Easy access to
pharmaceutically relevant heterocycles by catalytic reactions involving
α-imino gold carbene intermediates. Front. Chem. Sci. Eng. 2020, 14,
317−349.
(20) Selected methodologies on ynamide synthesis: (a) Coste, A.;
Karthikeyan, G.; Couty, F.; Evano, G. Copper-Mediated Coupling of
1,1-Dibromo-1-alkenes with Nitrogen Nucleophiles: A General
Method for the Synthesis of Ynamides. Angew. Chem., Int. Ed. 2009,
48, 4381−4385. (b) Hamada, T.; Ye, X.; Stahl, S. S. Copper-
Catalyzed Aerobic Oxidative Amidation of Terminal Alkynes:
Efficient Synthesis of Ynamides. J. Am. Chem. Soc. 2008, 130, 833−
835. (c) Zhang, Y.; Hsung, R. P.; Tracey, M. R.; Kurtz, K. C. M.;
Vera, E. L. Copper Sulfate-Pentahydrate-1,10-Phenanthroline Cata-
lyzed Amidations of Alkynyl Bromides. Synthesis of Heteroaromatic
Amine Substituted Ynamides. Org. Lett. 2004, 6, 1151−1154.
(d) Mansfield, S. J.; Campbell, C. D.; Jones, M. W.; Anderson, E.
A. A robust and modular synthesis of ynamides. Chem. Commun.
2015, 51, 3316−3319. (e) Rodríguez, D.; Martínez-Esperón, M. F.;
Castedo, L.; Saá, C. Synthesis of Disubstituted Ynamides from β,β-
Dichloroenamides and Electrophiles. Synlett 2007, 2007, 1963−1965.
(21) General reviews on ynamide and ynamine chemistry:
(a) DeKorver, K. A.; Li, H.; Lohse, A. G.; Hayashi, R.; Lu, Z.;
Zhang, Y.; Hsung, R. P. Ynamides: A Modern Functional Group for
the New Millennium. Chem. Rev. 2010, 110, 5064−5106. (b) Evano,
G.; Coste, A.; Jouvin, K. Ynamides: Versatile Tools in Organic
Synthesis. Angew. Chem., Int. Ed. 2010, 49, 2840−2859. (c) Evano, G.;
Michelet, B.; Zhang, C. The anionic chemistry of ynamides: A review.
C. R. Chim. 2017, 20, 648−664. (d) Zificsak, C. A.; Mulder, J. A.;
Hsung, R. P.; Rameshkumar, C.; Wei, L.-L. Recent advances in the
chemistry of ynamines and ynamides. Tetrahedron 2001, 57, 7575−
7606.
(22) Selected reviews concerning the functionalization of the alkynyl
portion of ynamides: (a) Wang, X.-N.; Yeom, H.-S.; Fang, L.-C.; He,
S.; Ma, Z.-X.; Kedrowski, B. L.; Hsung, R. P. Ynamides in Ring
Forming Transformations. Acc. Chem. Res. 2014, 47, 560−578.
(b) Luo, J.; Chen, G.-S.; Chen, S.-J.; Yu, J.-S.; Li, Z.-D.; Liu, Y.-L.
Exploiting Remarkable Reactivities of Ynamides: Opportunities in
Designing Catalytic Enantioselective Reactions. ACS Catal. 2020, 10,

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c04051
J. Am. Chem. Soc. 2021, 143, 9601−9611

9610

https://doi.org/10.1002/anie.196305651
https://doi.org/10.1002/anie.196305651
https://doi.org/10.1002/anie.202003115
https://doi.org/10.1002/anie.202003115
https://doi.org/10.1021/cr5007182?ref=pdf
https://doi.org/10.1021/cr5007182?ref=pdf
https://doi.org/10.1039/B613014N
https://doi.org/10.1039/B613014N
https://doi.org/10.1002/anie.200604050
https://doi.org/10.1002/anie.200604050
https://doi.org/10.1016/j.addr.2008.02.004
https://doi.org/10.1016/j.addr.2008.02.004
https://doi.org/10.1016/j.addr.2008.02.004
https://doi.org/10.1002/ejoc.201800916
https://doi.org/10.1002/ejoc.201800916
https://doi.org/10.1021/ja800009z?ref=pdf
https://doi.org/10.1021/ja800009z?ref=pdf
https://doi.org/10.1002/adsc.200600431
https://doi.org/10.1002/adsc.200600431
https://doi.org/10.1002/adsc.200600431
https://doi.org/10.1021/jo01270a024?ref=pdf
https://doi.org/10.1021/jo01270a023?ref=pdf
https://doi.org/10.1039/D0SC04450D
https://doi.org/10.1039/D0SC04450D
https://doi.org/10.1002/chem.201001735
https://doi.org/10.1002/chem.201001735
https://doi.org/10.1039/cc9960000205
https://doi.org/10.1039/cc9960000205
https://doi.org/10.1039/cc9960000205
https://doi.org/10.1039/cc9960000205
https://doi.org/10.1021/acs.orglett.8b02133?ref=pdf
https://doi.org/10.1021/acs.orglett.8b02133?ref=pdf
https://doi.org/10.1021/acs.orglett.8b02133?ref=pdf
https://doi.org/10.1039/c19650000585
https://doi.org/10.1039/c19650000585
https://doi.org/10.1021/jo00867a027?ref=pdf
https://doi.org/10.1021/jo00867a027?ref=pdf
https://doi.org/10.1021/acs.orglett.6b01788?ref=pdf
https://doi.org/10.1021/acs.orglett.6b01788?ref=pdf
https://doi.org/10.1021/acs.orglett.6b01788?ref=pdf
https://doi.org/10.1002/anie.202007942
https://doi.org/10.1002/anie.202007942
https://doi.org/10.1002/anie.201104807
https://doi.org/10.1002/anie.201104807
https://doi.org/10.1002/anie.201104807
https://doi.org/10.1039/C4CS00072B
https://doi.org/10.1039/C4CS00072B
https://doi.org/10.1007/s11705-019-1874-4
https://doi.org/10.1007/s11705-019-1874-4
https://doi.org/10.1007/s11705-019-1874-4
https://doi.org/10.1002/anie.200901099
https://doi.org/10.1002/anie.200901099
https://doi.org/10.1002/anie.200901099
https://doi.org/10.1021/ja077406x?ref=pdf
https://doi.org/10.1021/ja077406x?ref=pdf
https://doi.org/10.1021/ja077406x?ref=pdf
https://doi.org/10.1021/ol049827e?ref=pdf
https://doi.org/10.1021/ol049827e?ref=pdf
https://doi.org/10.1021/ol049827e?ref=pdf
https://doi.org/10.1039/C4CC07876D
https://doi.org/10.1055/s-2007-984529
https://doi.org/10.1055/s-2007-984529
https://doi.org/10.1021/cr100003s?ref=pdf
https://doi.org/10.1021/cr100003s?ref=pdf
https://doi.org/10.1002/anie.200905817
https://doi.org/10.1002/anie.200905817
https://doi.org/10.1016/j.crci.2016.12.002
https://doi.org/10.1016/S0040-4020(01)00681-0
https://doi.org/10.1016/S0040-4020(01)00681-0
https://doi.org/10.1021/ar400193g?ref=pdf
https://doi.org/10.1021/ar400193g?ref=pdf
https://doi.org/10.1021/acscatal.0c04180?ref=pdf
https://doi.org/10.1021/acscatal.0c04180?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c04051?rel=cite-as&ref=PDF&jav=VoR


13978−13992. (c) Lynch, C. C.; Sripada, A.; Wolf, C. Asymmetric
synthesis with ynamides: unique reaction control, chemical diversity
and applications. Chem. Soc. Rev. 2020, 49, 8543−8583.
(23) Only a few reported transition metal-catalyzed cascade
reactions have taken full advantage of ynamides’ nitrogen atom in
the formation of new nitrogenated cycles. See the following:
(a) Alexander, J. R.; Cook, M. J. Formation of Ketenimines via the
Palladium-Catalyzed Decarboxylative π-Allylic Rearrangement of N-
Alloc Ynamides. Org. Lett. 2017, 19, 5822−5825. (b) Liu, J.;
Chakraborty, P.; Zhang, H.; Zhong, L.; Wang, Z.-X.; Huang, X. Gold-
Catalyzed Atom-Economic Synthesis of Sulfone-Containing Pyrrolo-
[2,1-a]isoquinolines from Diynamides: Evidence for Consecutive
Sulfonyl Migration. ACS Catal. 2019, 9, 2610−2617. (c) Su, R.; Yang,
X.-H.; Hu, M.; Wang, Q.-A.; Li, J.-H. Annulation Cascades of N-Allyl-
N-((2-bromoaryl)ethynyl)amides Involving C-H Functionalization.
Org. Lett. 2019, 21, 2786−2789. (d) Adcock, H. V.; Chatzopoulou,
E.; Davies, P. W. Divergent C-H Insertion-Cyclization Cascades of N-
Allyl Ynamides. Angew. Chem., Int. Ed. 2015, 54, 15525−15529.
(e) Wang, Z.-S.; Chen, Y.-B.; Zhang, H.-W.; Sun, Z.; Zhu, C.; Ye, L.-
W. Ynamide Smiles Rearrangement Triggered by Visible-Light-
Mediated Regioselective Ketyl-Ynamide Coupling: Rapid Access to
Functionalized Indoles and Isoquinolines. J. Am. Chem. Soc. 2020,
142, 3636−3644.
(24) Flynn, A. J.; Ford, A.; Maguire, A. R. Synthetic and mechanistic
aspects of sulfonyl migrations. Org. Biomol. Chem. 2020, 18, 2549−
2610.
(25) Degradation products could not be determined: no clear signals
obtained by NMR analysis of the crude reaction mixture.
(26) The 130 °C/sealed vial method is used to attain a temperature
higher than the boiling point of toluene and shorten reaction times
without resorting to the use of a microwave reactor.
(27) Danheiser et al. have previously observed yield enhancements
due to the presence of BHT for thermal procedures involving diynes;
see: Dunetz, J. R.; Danheiser, R. L. Synthesis of Highly Substituted
Indolines and Indoles via Intramolecular [4 + 2] Cycloaddition of
Ynamides and Conjugated Enynes. J. Am. Chem. Soc. 2005, 127,
5776−5777.
(28) Ingold, K. U.; Pratt, D. A. Advances in Radical-Trapping
Antioxidant Chemistry in the 21st Century: A Kinetics and
Mechanisms Perspective. Chem. Rev. 2014, 114, 9022−9046.
(29) Tethered di(phenylacetylene)s yield (4+2) cycloadducts; see:
Shibata, T.; Fujiwara, R.; Takano, D. Thermal and Au(I)-Catalyzed
Intramolecular [4 + 2] Cycloaddition of Aryl-Substituted 1,6-Diynes
for the Synthesis of Biaryl Compounds. Synlett 2005, 13, 2062−2066.
(30) Attempts to perform an analogous intermolecular (3+2)
cycloaddition between a tosylynamide and a disubstituted alkyne have
been unsuccessful to date.
(31) Diynes tethered to simple alkynes may react in (4+2) reactions
upon heating (hexadehydro-Diels−Alder, HDDA): Fluegel, L. L.;
Hoye, T. R. Hexadehydro-Diels-Alder Reaction: Benzyne Generation
via Cycloisomerization of Tethered Triynes. Chem. Rev. 2021, 121,
2413−2444.
(32) Similar effects on the rate of reaction were observed for a series
of linkers investigated by Hoye et al. for the HDDA reaction. This was
explained by the linkers’ polar inductive effects from the heteroatom,
as well as shorter C−heteroatom bond lengths: Woods, B. P.; Baire,
B.; Hoye, T. R. Rates of Hexadehydro-Diels-Alder (HDDA)
Cyclizations: Impact of the Linker Structure. Org. Lett. 2014, 16,
4578−4581.
(33) No large amount of any specific byproduct is obtained in these
reactions. It is possible that the amidopropynals or corresponding
imine condensates have a higher propensity toward oligomerization
than simple ynamides.
(34) Caruano, J.; Muccioli, G. G.; Robiette, R. Biologically active γ-
lactams: synthesis and natural sources. Org. Biomol. Chem. 2016, 14,
10134−10156.
(35) Letavic, M.; Rudolph, D. A.; Savall, B. M.; Shireman, B. T.;
Swanson, D. Disubstituted octahydropyrrolo[3,4-c]pyrroles as orexin

receptor modulators and their preparation. WO 2012145581A1,
2012.
(36) Redrobe, J. P.; Nielsen, E. Ø.; Christensen, J. K.; Peters, D.;
Timmermann, D. B.; Olsen, G. M. α7 nicotinic acetylcholine receptor
activation ameliorates scopolamine-induced behavioural changes in a
modified continuous Y-maze task in mice. Eur. J. Pharmacol. 2009,
602, 58−65.
(37) Mahe, C.; Cariou, K. Ynamides in Free Radical Reactions. Adv.
Synth. Catal. 2020, 362, 4820−4832.
(38) Sustmann, R. Orbital energy control of cycloaddition reactivity.
Pure Appl. Chem. 1974, 40, 569−593.
(39) Exner, O. The Hammett Equationthe Present Position. In
Advances in Linear Free Energy Relationships; Chapman, N. B.; Shorter,
J., Eds.; Springer, 1972; pp 1−69.
(40) Pratt, D. A.; DiLabio, G. A.; Mulder, P.; Ingold, K. U. Bond
Strengths of Toluenes, Anilines, and Phenols: To Hammett or Not.
Acc. Chem. Res. 2004, 37, 334−340.
(41) (a) Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-
Salvetti correlation-energy formula into a functional of the electron
density. Phys. Rev. B: Condens. Matter Mater. Phys. 1988, 37, 785−789.
(b) Miehlich, B.; Savin, A.; Stoll, H.; Preuss, H. Results obtained with
the correlation energy density functionals of Becke and Lee, Yang and
Parr. Chem. Phys. Lett. 1989, 157, 200−206. (c) Becke, A. D. Density-
functional thermochemistry. III. The role of exact exchange. J. Chem.
Phys. 1993, 98, 5648−5652. (d) Zhao, Y.; Truhlar, D. G. The M06
suite of density functionals for main group thermochemistry,
thermochemical kinetics, noncovalent interactions, excited states,
and transition elements: two new functionals and systematic testing of
four M06-class functionals and 12 other functionals. Theor. Chem. Acc.
2008, 120, 215−241.
(42) No real transition state (possessing a stable wave function)
corresponding to TS-I-Ph could be located using the restricted B3LYP
method. See the Supporting Information for more details.
(43) For another example of a proposed diradical intermediate in a
(3+2) cycloaddition, see: Haberhauer, G.; Gleiter, R.; Woitschetzki, S.
anti-Diradical Formation in 1,3-Dipolar Cycloadditions of Nitrile
Oxides to Acetylenes. J. Org. Chem. 2015, 80, 12321−12332.
(44) Newcomb, M.; Johnson, C. C.; Manek, M. B.; Varick, T. R.
Picosecond radical kinetics. Ring openings of phenyl-substituted
cyclopropylcarbinyl radicals. J. Am. Chem. Soc. 1992, 114, 10915−
10921.
(45) Haberhauer, G.; Gleiter, R. Interplay between 1,3-Butadien-1,4-
diyl and 2-Buten-1,4-dicarbene Derivatives: The Quest for Nucleo-
philic Carbenes. J. Am. Chem. Soc. 2013, 135, 8022−8030.
(46) That is, unless a solvent cage is in operation.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c04051
J. Am. Chem. Soc. 2021, 143, 9601−9611

9611

https://doi.org/10.1039/D0CS00769B
https://doi.org/10.1039/D0CS00769B
https://doi.org/10.1039/D0CS00769B
https://doi.org/10.1021/acs.orglett.7b02780?ref=pdf
https://doi.org/10.1021/acs.orglett.7b02780?ref=pdf
https://doi.org/10.1021/acs.orglett.7b02780?ref=pdf
https://doi.org/10.1021/acscatal.8b04934?ref=pdf
https://doi.org/10.1021/acscatal.8b04934?ref=pdf
https://doi.org/10.1021/acscatal.8b04934?ref=pdf
https://doi.org/10.1021/acscatal.8b04934?ref=pdf
https://doi.org/10.1021/acs.orglett.9b00740?ref=pdf
https://doi.org/10.1021/acs.orglett.9b00740?ref=pdf
https://doi.org/10.1002/anie.201507167
https://doi.org/10.1002/anie.201507167
https://doi.org/10.1021/jacs.9b13975?ref=pdf
https://doi.org/10.1021/jacs.9b13975?ref=pdf
https://doi.org/10.1021/jacs.9b13975?ref=pdf
https://doi.org/10.1039/C9OB02587A
https://doi.org/10.1039/C9OB02587A
https://doi.org/10.1021/ja051180l?ref=pdf
https://doi.org/10.1021/ja051180l?ref=pdf
https://doi.org/10.1021/ja051180l?ref=pdf
https://doi.org/10.1021/cr500226n?ref=pdf
https://doi.org/10.1021/cr500226n?ref=pdf
https://doi.org/10.1021/cr500226n?ref=pdf
https://doi.org/10.1055/s-2005-871959
https://doi.org/10.1055/s-2005-871959
https://doi.org/10.1055/s-2005-871959
https://doi.org/10.1021/acs.chemrev.0c00825?ref=pdf
https://doi.org/10.1021/acs.chemrev.0c00825?ref=pdf
https://doi.org/10.1021/ol502131r?ref=pdf
https://doi.org/10.1021/ol502131r?ref=pdf
https://doi.org/10.1039/C6OB01349J
https://doi.org/10.1039/C6OB01349J
https://doi.org/10.1016/j.ejphar.2008.09.035
https://doi.org/10.1016/j.ejphar.2008.09.035
https://doi.org/10.1016/j.ejphar.2008.09.035
https://doi.org/10.1002/adsc.202000849
https://doi.org/10.1351/pac197440040569
https://doi.org/10.1021/ar010010k?ref=pdf
https://doi.org/10.1021/ar010010k?ref=pdf
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1016/0009-2614(89)87234-3
https://doi.org/10.1016/0009-2614(89)87234-3
https://doi.org/10.1016/0009-2614(89)87234-3
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c04051/suppl_file/ja1c04051_si_001.pdf
https://doi.org/10.1021/acs.joc.5b02230?ref=pdf
https://doi.org/10.1021/acs.joc.5b02230?ref=pdf
https://doi.org/10.1021/ja00053a031?ref=pdf
https://doi.org/10.1021/ja00053a031?ref=pdf
https://doi.org/10.1021/ja4020937?ref=pdf
https://doi.org/10.1021/ja4020937?ref=pdf
https://doi.org/10.1021/ja4020937?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c04051?rel=cite-as&ref=PDF&jav=VoR

