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Abstract

While 1,3-dipolar three-atom components are widely used in (3+2) cycloaddition chemistry, their
exotic counterparts of neutral three-atom components are significantly less studied. These neutral
three-atom components have a large synthetic potential, as their resulting (3+2) cycloadducts are
zwitterionic and unstable in nature, providing new opportunities for functionalization and

diversification.

In this thesis, the participation of heteroatom-substituted alkynes, a unique class of neutral three-
atom components, in intramolecular (3+2) cycloadditions with tethered alkyne is described and

further explored.

Specifically, alkyne-tethered ynamides and alkynyl sulfides were found to produce fused pyrroles
and thiophenes, respectively. On the basis of experimental and theoretical studies, this thermally
promoted process is proposed to occur through the stepwise formation of a (3+2) cycloadduct via
diradical intermediates. These zwitterionic cycloadducts are highly reactive and provide a diverse
array of pyrroles and thiophenes depending strongly on both scaffold substitution and reaction

conditions.

Additionally, similar (3+2) cycloaddition processes involving ynamides or alkynyl sulfides tethered
with terminal alkynes can be catalyzed at much lower temperatures in the presence of copper and
silver salts. This catalytic process is suggested to employ mechanisms reminiscent of that of copper-

catalyzed azide-alkyne couplings.
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Concerning the style of the thesis

The contents of Chapters 2,3 and 4 consist mainly of results previously published in three full
research articles, whose manuscripts were originally written by myself. The figures and discussion
used in this thesis are directly adapted from these articles, modified to follow the style of a thesis,

and each article is properly referenced at the beginning of every chapter.
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The three articles adapted herein consist of joint experimental results obtained by myself, Alice
Pommainville, and Mila Gorodnichy. Major contributions to the work in Chapters 3 and 4 were
performed by Alice Pommainville. Minor contributions by Alice Pommainville in Chapter 2 and Mila
Gorodnichy in Chapter 4 are also included. All results contributed by A.P. and M.G. are clearly
indicated in the concerned figures. All of the remaining results presented herein has been

accomplished by myself unless otherwise noted.
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1. Chapter 1 -Introduction
1.1. Thermal cycloadditions

Cycloadditions are a class of cyclization reaction involving the formation of two new bonds from two
unsaturated fragments 1.001 to generate cycloadducts 1.003 (Figure 1-1). Thermally-allowed (and
pericyclic) cycloadditions, as introduced by Woodward and Hoffmann,' possess cyclic transition
states 1.002 involving [4n+2] Tt electrons. While the Diels-Alder reaction is a classical example of
[4+2] cycloadditions (where n=1), 1,3-dipolar cycloadditions also involve [4+2] Tt electrons, yet only

(3+2) atoms.

Thermally-allowed cycloadditions Examples of [4r+2x] cycloadditions

+ —_— re

{ N @
U . . . Oy . [ *
1.003 ! Huisgen reaction X X"|} ‘X

_ 1.002 E - t
o - t ' Diels-Alder reaction = o :l
: : @ ; (4+2) cycloaddition A + ” Lot
o — , L

1.001  jnvolve (4n+2) r electrons ' (3+2) cycloaddition ®Y. + || Y

Figure 1-1. Examples of relevant thermally allowed cycloadditions.
1.2. Thermal 1,3-dipolar cycloadditions

The (3+2) cycloaddition of “1,3-dipoles” is a very well-studied area in synthetic organic chemistry.
While sporadic instances of relevant (3+2) additions had been reported as early as the 1880s,? this
class of cycloaddition was first conceptualized by Rolf Huisgen in the 1960s as “1,3-dipolar
cycloadditions”.®** These cycloadditions, which are now sometimes dubbed “Huisgen
cycloadditions”, involve the reaction between a 1,3-dipole 1.004 and a “dipolarophile” 1.005 bearing
a reactive unsaturation (Figure 1-2). A (3+2) cycloaddition occurs between these two reactants to
provide a 5-membered cycle 1.006 devoid of partial charges in its Lewis structure, with varying
degrees of saturation, depending on whether allyl-type 1.007 or propargyl-allenyl type 1.008 1,3-
dipoles are utilized. Although they are overall neutral, the name of “1,3-dipole” was given to this class
of structures, as the only way to satisfy the octet rule while drawing their Lewis structures is to assign
charges. It has been noted by Breugst and Reissig® that Huisgen later regretted the name of “1,3-

dipoles”, as these species do not possess high dipole moments, which may be misleading.



"1,3-dipolar” !
P ' @X\Y,Z - X:Y,Z@ allyl type, 1.007

0 ® cycloaddition A-B
X-Y=2 + A=B = —————— X.‘Y"Z ; ® ®
1,3-dipole dipolarophile ° : O ® ® O
1.004 1.005 1.006 X-Y=Z == X=Y=Z propargyl-allenyl type, 1.008

Figure 1-2. The 1,3-dipolar cycloaddition (or the Huisgen reaction)

1,3-Dipolar cycloadditions have had a monumental impact in the field of chemistry, and the topic is
much too large to be covered herein. Many reviews, books and chapters have however been written
on the topic, covering its history® and its wide-reaching applications, such as in the fields of natural

product synthesis,® material science’® and biorthogonal chemistry.®"°

1.2.1. The evolving mechanistic understanding of 1,3-dipolar cycloadditions

Backing his original review of the topic in 1963,* Huisgen also published on the kinetics and
mechanism of the 1,3-dipolar cycloaddition, based on a series of results obtained by his laboratory.™
He proposed that 1,3-dipolar cycloadditions generally proceed through a concerted mechanism,
directly leading from reactants to the observed cycloadducts through a 5-membered transition state

1.009 (Figure 1-3).

favoured by Huisgen

A-B
concerted g
X:.-Z
Y
1.009
A=B @ B
+ ___ stepwise )A\B or "I\/ Y A-B
X-Y=2 (ionic) @X i X‘Y"Z Y. .Z
e ® Y’ 3 it
1.010

‘A\
\— stepwise % B 4/
V4

diradical) *X._ .
( ) Y

1.011

Figure 1-3. Original possible mechanisms evoked for 1,3-dipolar cycloadditions.

This mechanism, as opposed to the alternate mechanisms involving ionic 1.010 and biradical 1.011
intermediates, was based on many observations: high stereoselectivity, low dependence on solvent

polarity, high entropic contribution to the activation energy, to name a few.



Huisgen recognized early on that a bent geometry is necessary at the transition state to favour a
concerted process, explaining the significantly higher rates of reactivity within the allyl class of 1,3-
dipoles.” He proposed that, at the “activated complex” with dipolarophiles, propargyl-allenyl type
dipoles 1.012 take a bent conformation 1.013, associated with electronic reconfiguration to place a
lone pair of electrons on the central nitrogen atom (Figure 1-4). This optimal overlapping of the
participating pi systems in the 1,3-dipole and dipolarophile would permit a concerted (3+2)
cycloaddition to take place, associated with a reorganization of the cycloadduct to a more favourable
planar geometry 1.014.

Huisgen's molecular orbitals considerations (1963):

reorganization to planar geometry
4¢e

0050 D, e . e
_® _ OO re—@N A 10 WU~ e SN
= &/\&O 6~ O\g\ S S ( /¥

1.012 B Y
( roorisas S X
bending of 1,3-dipole

he "acti lex"
at the "activated complex (A) 1.014

Figure 1-4. Huisgen’s early MO drawings describing 1,3-dipolar cycloadditions.

In order to explain substituent effects which seemed to vary in different classes of 1,3-dipoles,
Sustmann later evaluated the multiple frontier molecular orbital (FMO) interactions possible with
perturbation theory, and separated cycloadditions as either type I, Il or lll (Figure 1-5).'%"* In type |,
the main contributing interaction at the activated complex is between the HOMO of the dipole and
the LUMO of the dipolarophile are involved. In type lll, it is the inverse: involving mainly the LUMO of
the 1,3-dipole and the HOMO of the dipolarophile. In type Il, both of these interactions participate

significantly.

HOMO O/B\O O/ \o LUMO
: C A (o] .
of 1,3-dipole O O O O of 1,3-dipole
Classification of 1,3-dipolar cycloadditions
by Sustmann (1971-1974): Q O Q Q T)ép;lll
LUMO D—E HOMO (both)
of dipolarophile 0 O O 0 of dipolarophile
Type | Type Il



Figure 1-5. Type |, Il and Il 1,3-dipolar cycloadditions.

This classification was used by Sustmann to qualitatively explain the curious case of phenyl azides,
where adding either electron-donating or electron-withdrawing substituents on the dipolarophile

both increase the rate of cycloaddition (i.e. a type Il cycloaddition).™

In the meantime, some scientific disagreement took place in the late 1960s involving back-to-back
communications between Firestone’ and Huisgen' concerning the possible intermediacy of
diradical intermediates. Firestone argued that some trends observed, such as low dependency on
solvent polarity and reactivity differences between alkyne and alkene dipolarophiles, could be
rationalized by a diradical mechanism. Yet it seems that the concerted mechanism has been

favoured over time, and is covered in textbook materials to this date.

Although the concept has changed little from then until now, there are several contributions that
divulge interesting facets of the 1,3-dipolar cycloaddition. For example, Houk and Ess reported in
2007 having found a linear correlation between the “distortion energy” (previously described as
“deformation energy” by Morokuma'” and “activation strain” by Bickelhaupt'®) of the 1,3-dipole at the
transition state, and the activation energy itself (Figure 1-6)."® Within this frame of thought, the
authors calculated the difference in enthalpy between the ground state structure of the 1,3-dipoles
1.015 and its “distorted” shape 1.016 extracted from the transition state 1.017, this difference in
enthalpy was called the “distortion energy” (AHp). The smaller difference between the transition state
enthalpy (AHr) and the distortion enthalpy was found to be relatively constant across the series of

1,3-dipoles studied and was called the “interaction energy”.

Houk & Ess (2007): : Braida, Hiberty et al. (2010):
1.016 1 :
“distorted" [ X‘Y,'Z } A_B ;
geometry X:.-Z 1.017 ; critical diradical
T Y ! character reached
AHp T : 1.018 | X\, __A=B

ground state

geometry 0 ® diradical character

E barrierless (3+2)
E distortion increases

Y

@

Their observation:




Figure 1-6. The distortion-interaction model of 1,3-dipolar cycloadditions invoked by Houk & Ess,

and Braida & Hiberty’s modification taking in account diradical character.

Taking it one step further, Braida, Hiberty and coworkers found that the distorted geometries
investigated by Houk et al. possess a high and consistent diradical character when analyzed through
a breathing orbital valence bond (BOVB) framework (Figure 1-6).2° So, they supplemented Houk’s
model by proposing that, in their reactive conformation, 1,3-dipoles are distorted to a shape
possessing a certain critical level of diradical character 1.018, which then undergoes a barrierless
(3+2) cycloaddition with dipolarophiles. This correlates well with the “concerted diradical”
mechanism proposed earlier by Harcourt in the 1970s, which was also attained through the lens of

valence bond theory.??

Additional approaches that do not necessarily involve analysis through frontier molecular orbital
(FMO) models are also worthy of note. Domingo has alternatively applied the molecular electron
density theory (MEDT) framework he developed to 1,3-dipolar cycloadditions.?* MEDT rather consists
of the analysis of how the electron density distributed within a system changes along multiple points
of a reaction pathway, and using this to explain chemical reactivity. While the chemistry described
herein will not be analyzed through Domingo’s MEDT, his introduction of the term three-atom
components (TACs), “a neutral species whose core framework is constituted by three continued
heavy nuclei sharing an electron density of at least 8 electrons”,? is particularly fitting and will be

used throughout this thesis.
1.3. “Neutral” 3+2 cycloadditions

In the case of 1,3-dipolar cycloadditions, 1,3-dipoles 1.019 react with a dipolarophile in (3+2)
cycloaddition to provide neutral cycloadducts 1.020, which is often the reaction endpoint (Figure 1-
7). By removing the formal charges on the three-atom component, one could envisage the presence
of an analogous class of “neutral” (3+2) cycloadditions. In this case, neutral three-atom components
1.021 (isoelectronic to their dipolar counterparts) would react with a certain munsaturationin a (3+2)
cycloaddition to provide zwitterionic cycloadducts 1.022. Considering that 1,2-zwitterionic species
are often reactive, these zwitterionic cycloadducts may be reaction intermediates, rather than

endpoints, and could lead to subsequent chemistry.



"1,3-dipolar” (3+2) cycloadditions "Neutral” (3+2) cycloadditions
A=B 3+2 A-B A=B 3+2 A8
SN —— = Y 1.020 SN — e gX 7 1022 —= gg‘e’f:igt‘f”’
X-Y=2 Y’ X-Y=2 Y y
® . C]
1,3-dipole neutral cycloadduct neutral TAC zwitterionic cycloadduct
1.019 reaction endpoint 1.021 reaction intermediate

Figure 1-7. The difference between “1,3-dipolar” and “neutral” (3+2) cycloadditions.

Anticipating that these “neutral” (3+2) cycloadditions are likely to be much less exothermic than 1,3-

dipolar cycloadditions, the mechanism by which these could take place may vary significantly.

NOTE: 1,3-Dipoles could also be considered as “neutral”, since they possess a net charge of 0. It
would be, however, superfluous to refer to simple TACs possessing no formal charges as “non-
dipolar” or “non-zwitterionic”. So, the term “neutral” TAC has been kept for the sake of

convenience in this thesis.

A thorough search of literature did not produce any review on the topic of “neutral” three-atom
components in (3+2) cycloadditions. This is perhaps unsurprising due to the potentially unstable
nature of the zwitterionic species produced. Unless mechanistic studies are involved, a portion of
the literature analysis has to be done indirectly, by attributing observed and isolated products to a

potential origin from a zwitterionic (3+2) cycloadduct.

Nevertheless, herein is compiled a series of reported chemistry involving “neutral” three-atom
componentsin (3+2) cycloadditions with alkenes and alkynes, where the cycle formed from the (3+2)

cycloaddition is maintained in the isolated product.
1.3.1. (3+2) Cycloadditions of allyl-type “neutral” TACs with carbon it systems

The “criss-cross” cycloaddition of azines with alkenes is a classical example of “1,3-dipolar”
character in a formally neutral molecule (Figure 1-8). In this case, azines 1.023, a class of diaza-
butadienes react once with a two-atom component, typically alkenes, to form a zwitterionic
cycloadduct 1.024. This reactive intermediate is an azomethine imine, a classical 1,3-dipole which
is prone to undergo a (3+2) cycloaddition as well, which ultimately provides a neutral bicycle 1.025.
These two consecutive (3+2) cycloadditions taking place across the 1,3 and 2,4 positions of the azine
explains the “criss-cross” name given to this transformation. Developments in the use of azine-

based criss-cross cycloadditions have been recently reviewed.?*2



"Criss-cross" cycloadditions with azines
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Figure 1-8. Early contributions on the criss-cross cycloaddition of azines.

In 1917, Bailey and coworkers reported on the reactivity between azines 1.026 and isocyanate
derivatives 1.027, demonstrating the formation of bis-cycloadducts with structure 1.028.%%” While
early work on this transformation focused on isocyanates as two-atom components, work on the use
of alkene and alkyne partners was later achieved. Specifically, Burger and coworkers were able to
make use of the tetra(trifluoromethyl)azine 1.029 to isolate a stable azomethine imine intermediate
1.030.%*% While confirming the intermediacy of a zwitterionic cycloadduct, it also demonstrated that
“mixed” criss-cross cycloadditions were also possible, where the two units of two-atom components

incorporated in the final product 1.031 are different.



Double intramolecular trapping
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Figure 1-9. Intramolecular versions of the criss-cross cycloaddition with azines.

Further extension of the chemistry to intramolecular variants permitted to generate quite complex
polycyclic motifs (Figure 1-9). The first intramolecular criss-cross cycloaddition was reported by
Mathur and Suschitzky,®' where a doubly allylated azine 1.032, upon heating, was seen to undergo a
criss-cross addition to the polycycle 1.033. Later, Potacek, Viehe and coworkers reported a different
type of criss-cross adduct 1.035 produced from bis-allenyl azine 1.034, where the hydrazine moiety
is “centralized” in the bis-cycloadduct.®? These two types of connectivity were dubbed “central” and
“lateral”, preference to which was suggested to be predicated by geometrical constraints and
electronic variations within the azine starting materials. Pota¢ek and coworkers later explored their
system in a single allenyl-functionalized azine 1.036.% In this case, a mixed criss-cross product 1.039
could be observed in the presence of an isocyanate trap 1.038, while aromatization to a fused
pyrazole 1.040, presumably via multiple proton-transfer sequences, was observed in the absence of

any additive.



The criss-cross reactivity originally observed in azines was later observed in other aza-butadienes.
Closely related to the case of azines is that of imino-substituted isocyanates (Figure 1-10). In a short
communication in 1982, Jones reported observing that triazolinedione-derived ylide 1.041, upon
boiling in toluene in the presence of alkenes and alkynes, produces analogous azomethine imines
1.043. Jones proposed the intermediacy of an imino isocyanate 1.042, through initial release of
phenyl isocyanate. Despite its synthetic potential, this reactivity was not further investigated for
several decades. In a series of reports starting in 2012, the Beauchemin group developed multiple
useful methodologies which permit to take advantage of this reactivity. 8 The highly reactive imino
iso(thio)cyanates 1.045, having a tendency to dimerize, were slowly generated at low concentrations
through the thermal and reversible release of alcohols from imino carbamates 1.044. When done in
the presence of alkenes and imines, zwitterionic (3+2) cycloadducts 1.046 of the azomethine imine
type are generated. In many cases, the authors found that these species could be directly isolated,
but have also subsequently involved them in various transformations towards valuable nitrogen-

containing scaffolds.

Jones (1982):
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Figure 1-10. Imino isocyanates in neutral (3+2) cycloadditions.
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Figure 1-11. Azoalkenes in neutral (3+2) cycloadditions.

In 1979, Sommer observed the formation of a precipitate when mixing a 1:1 ratio of azoalkene 1.047
and enamine 1.048 (Figure 1-11).% Upon heating this precipitate, the N-aminopyrrole 1.050 was
obtained. This was explained by ascribing the azomethine imine structure 1.049 to the precipitate,
which was confirmed through spectroscopic evidence and trapping experiments with methyl

acrylate leading to 1.051.

The nature of this curious cycloaddition was proposed, a few years later, to be concerted yet
asynchronous by Gilchrist et al.*° The (3+2) reactivity between azoalkenes and electron-rich alkenes
has however been very little used, except in a few thermal and catalyzed methodologies more

recently developed by the groups of Favi and Lu towards the synthesis of pyrroles and pyrrolines.*'

The oxygen-substituted analogs of aza-alkenes, nitrosoalkenes, preferentially undergo (4+2)
cycloadditions with alkenes, yet zwitterionic species deriving from (3+2) cycloadditions have been

observed as very minor by-products by Gilchrist et al in 1983.484°
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Thionoester derivatives as neutral TACs
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Figure 1-12. Thionoester derivatives as neutral TACs in (3+2) cycloadditions.

The reaction between disulfide thione 1.055 and dimethylacetylene dicarboxylate (DMAD) to give
1.058 was first reported by Behringer and Wiedenmann in 1965 (Figure 1-12).%° In the same vyear,
Easton and Leaver published their investigations on the same class of organosulfur compounds,
where they observed the same (3+2) reactivity.5? In addition to 1.058, they also observed that 1.059
reacts with in-situ generated benzyne to give the analogs 1.060. Easton and Leaver also observed
that trithiocarbonates 1.061 behave similarly with DMAD to provide 1.063 in hear-quantitative yields.
By observing ethylene as a by-product of the reaction, the authors suggested that (3+2) cycloadduct

ylide 1.062 was a probable intermediate to this transformation.



Analogous chemistry between DMAD and selenodithiocarbonate was studied by Cava and

coworkers.535

By working with diazonium salt 1.064 as a benzyne precursor in the absence of base, Nakayama and
coworkers were able to isolate the hydrochloride salt 1.066 of the proposed zwitterionic adduct

1.065.%°

O’'Connor & Jones (1970):

COzMe
X A Y. CO,Me
R S
z CO,Me - CaHa 27 >co,Me

(= [ [~ [

reactive reactive unreactive unreactive
1.067 1.068 1.069 1.070

Figure 1-13. Identifying the reactive thiocarbonate derivatives.

Subsequent investigations by O’Connor and Jones in 1970 showed the importance of the S-C=S motif
for the success of this reactivity,*® as S,S’-dithiocarbonate 1.069 was unreactive, and O,0’-
thiocarbonate 1.070 decomposed more quickly than any (3+2) reactivity could be observed (Figure

1-13).

Other (3+2) cycloadditions with aza-analogs of the above described thiocarbonates have also been

sporadically reported in literature.’”-%®
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Hoye et al. (2018):
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Figure 1-14. Thionoamides in (3+2) cycloadditions with complex benzynes.

As part of their research program on the formation of reactive benzyne species 1.072 from triyne
scaffolds 1.071, the Hoye group discovered an unexpected set of reactivity when attempting trapping

with thionoamides (Figure 1-14).%® When using alkyl or aryl-substituted thionoamides 1.073, the
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thiocarbonyl moiety acts as a classical 2m partner in a (2+2) cycloaddition given the proposed
intermediate 1.074. A reaction cascade then leads to the thiazine derivative 1.075. To their surprise,
when using EWG-substituted thionoamides 1.076, they observed instead 5-membered adducts
1.078 and 1.079, which they proposed came from the two possible regioisomers of zwitterionic (3+2)
cycloadduct 1.077. The diversity of products that could be obtained from this reactivity is well
exemplified in a pyrrolidine-derived scaffold leading to zwitterion 1.080. In this case, beta-
elimination product 1.082, 1,2-migration product 1.083 and C-H insertion product 1.084 (via
formation of carbene 1.081) could all be observed in the reaction mixture. DFT studies performed by
the authors suggested a concerted but asynchronous (3+2) cycloaddition step, where significantly

more C-S bond is present at the transition state.

Vinyl sulfides as neutral TACs
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Figure 1-15. Vinyl sulfides in neutral (3+2) cycloadditions.
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Vinyl sulfides may also be seen as electronic analogs of the thioesters. Studer and coworkers
reported, more recently in 2016, on the reactivity between linear vinyl sulfides 1.087 and benzyne
precursors 1.088 (Figure 1-15).%° Following a proposed (3+2) cycloaddition step leading to zwitterion
1.089, a proton shift event can occur leading to 1.090, permitting breakage of the C-S bond to provide

the observed alkenyl phenyl thioether derivatives 1.091.

Very similar reactivity was later reported independently by Chen & Li and Yu, Zhang & Meng in 2019.5"
52 |n these cases, the vinyl sulfide derivatives used, 1.092, were cyclic in nature. An equivalent series
of steps involving a (3+2) cycloaddition to 1.094, proton shift to 1.095, and C-S breakage explains the

formation of dibenzothiocine derivatives 1.096.
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X-isocyanates as neutral TACs
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Figure 1-16. X-isocyanates in neutral (3+2) cycloadditions.

To the best of my knowledge, simple hydrazones have never been reported to produce zwitterionic
(3+2) cycloadducts. Lockley and Lwowski have however, in 1974, made the interesting observation
that N-aminoisocyanates 1.100, thermally generated from amidimine precursors 1.099, could be
intercepted in the presence of alkynes to produce zwitterionic cycloadducts 1.101 (Figure 1-16).%3

The authors made use of large crystals of the starting material 1.099, poorly soluble in the chosen
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tetrachloroethylene solvent, in order to keep low concentrations of the N-aminoisocyanate

intermediate 1.100, which would otherwise irreversibly dimerize to 1.102.

The Beauchemin group has more recently explored this chemistry by making use of more accessible
and versatile isocyanate precursors.®¢ Interestingly, by tethering carbazates 1.103 with alkenes, the
group was able to reversibly generate tethered N-aminoisocyanate derivatives 1.104 under thermal
conditions. These species could then undergo a (3+2) cycloaddition to generate zwitterionic
aminimides 1.105. While in some cases these species could be isolated, upon further heating, these
zwitterions underwent 1,2-shift (or proton transfer if R=H) to provide neutral pyrazolone derivatives

1.106.

The same group later expanded this chemistry to intra- and intermolecular reactions between
alkenes and N-alkoxyisocyanates 1.108 using an analogous strategy from precursors 1.107.%” In this
case, the zwitterionic (3+2) cycloadduct 1.109 is significantly less stable than in previous cases, and
readily undergo either 1,2-shift chemistry to 1.110 or 1.111, or O-N fragmentation to nitrene 1.112,

permitting to observe C-H insertion products 1.113.
1.3.2. (3+2) Cycloadditions of propargyl-allenyl-type “neutral” TACs with carbon 1t systems

Some interesting structural limitations take place when looking at the propargyl-allenyl class of (3+2)
cycloadditions (Figure 1-17). Both propargyl and allenyl types of 1,3-dipoles, 1.114 and 1.115,
possess a central atom that is both tetravalent and cationic. So, when looking at the C,N,O-based
series of TACs, the central atom is limited only to nitrogen. This has been noted by Huisgen in his
original review on the topic.* A similar analysis of potential propargyl-allenyl TACs of the neutral type

leads to the conclusion that the central atom can only be carbon (without considering third-row

elements).
propargyl-allenyl (3+2) cycloadditions
"1,3-dipolar” type "Neutral" type
A=B  3+2 A-B A=B 342 A-B
» ' A .
> X .z oo > X Y z
X-Y=Z Y X-Y=z o)
Yis © e . 1.116 Yis
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A=B 342 A-B A=B 342 AB
o N T X, .z Lo T X Y'Z
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Figure 1-17. Structural restrictions in propargyl-allenyl TACs.

This is interesting, since only a handful of known structures fit this requirement. These are
summarized in Figure 1-18. Although conceptually interesting, there are some practical aspects
which would render the participation of many of these proposed TACs in (3+2) cycloadditions
difficult. First, the resulting lone pair of electrons located on the central atom in these cycloadducts
is not stabilized on carbon as well as it is on nitrogen and oxygen, posing a thermodynamic challenge
to this process. Second, many of these proposed TACs have their Tt unsaturations polarized in a
direction opposite as what is required to displace a pair of electrons onto the central atom. Third,
many of these proposed TACs (especially of the allenyl type) are well-known to participate in (2+2)
cycloadditions with 21 counterparts, which could surely be a competing pathway when attempting

to promote 3+2 processes.

C,N,O-based propargyl-allenyl neutral TACs

C3 C,N CN, C,0 CO, CNO
c-C-C N-C-C N-C—N 0-C-C 0-C-0 O-C—-N
-- . . .
X-Y=z ./%0 N——e N—=N o—o X 0—=N
' ‘ ‘ d
propargyl! alkynyl carbene ynamine aminonitrile ynol ether cyanate
.. » »
X=yY=2 —.=f N=- N=<=N O=- O=.= O=-=N
¢ ¢ ‘
allenyl allene ketenimine carbodiimide ketene carbon dioxide isocyanate

Figure 1-18. Possible structures of propargyl-allenyl type neutral TACs.

Nevertheless, some products deriving from thermal (3+2) processes of these proposed TACs have
been reported in literature. To date, these reports seem to be limited only to the X-alkynyl class of
propargyl-allenyl neutral TACs (such as ynamine derivatives and ynol ethers, as well as their third-
row counterparts), some of which has been recently reviewed in our perspective article on the
subject.®® This limitation is perhaps expected, when considering points 2 and 3 described above.

Reports of this chemistry are described in the next section.

1.3.2.1. X-Alkynyl species as neutral TACs in (3+2) cycloadditions
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Likely the first use of X-alkynyl species in neutral (3+2) cycloadditions was observed by Boonstra and
Arens in 1960, in their broad studies of chalcogen-substituted alkynes (Figure 1-19).° When the
authors heated alkynyl sulfide 1.118 neat, they observed the generation of ethylene gas and of a
major product 1.119, which was isolated upon distillation of the reaction mixture. While the authors
did not speculate on the mechanism of this transformation, itis reasonable to suggest, based on our
current understanding of the reactivity of alkynyl sulfides, that a (3+2) cycloaddition leading to

zwitterionic dimer 1.120 may explain their observation.

Boonstra & Arens (1960):

A /78 /R

~-S —_— =] + C,H =] | 1120
N neat, ~ 40% S _ 2 />@S —
o

Markovsky et al. (1998):
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1.122, ~ 30% (~30% after oxidation) 3\/\/

Figure 1-19. (3+2) Cycloadducts in alkynyl sulfides dimerizations.

Later in 1998, Markovsky and coworkers observed that fluoroalkylated alkynyl sulfides 1.121 lead to
analogous thiophenes 1.122 via a certain dimerization process.”” Under basic, conditions, the trimer
1.123 was instead obtained as the major product. The mechanism the authors proposed involved
the heterolysis of the alkynyl sulfides starting material to product an alkynyl sulfide anion 1.124
(Figure 1-20). This anion would then undergo addition to another equivalent of starting material to
provide thienyl anion 1.125. The latter could undergo either protonation towards 1.122, or further
addition to a third equivalent of starting material under basic conditions to ultimately provide trimer
1.123. Inlight of the studies reported in this thesis, an alternative mechanism involving a neutral (3+2)

cycloaddition is proposed in section 3.10.
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Mechanism proposed by Markovsky et al. (1998):

HF,C
A S} 2 @
oS ® s s H
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1.121 CFzH S “CFH
H® 1.124
H 1.125
NF
HF,C
S\/\/
~ ®
S H
= —> 1123
CF,H

1.126
s\/\/
Figure 1-20. Original mechanism proposed by Markovsky and coworkers.

While the reaction between alkynyl sulfides and alkyne derivatives was not further reported in the
literature, other instances of the use of alkynyl sulfides as TACs briefly appear. In 1968, Wasserman
and Fernandez reported some of their observations on the reactivity between chalcogen-substituted
alkynes and benzyne (Figure 1-21).”" When generating benzyne 1.128 from precursor 1.127 in the
presence of alkynyl sulfides, the authors observed the formation of benzothiophenes 1.129 and
ortho-alkynyl phenyl thioethers 1.130, in addition to a few other minor products. Analogous reactivity
was observed with ynol ethers. They proposed that the process is initiated by nucleophilic attack of
the heteroatom to the electrophilic benzyne to generate the zwitterion 1.131. Then a divergence
would occur, attack at the alpha carbon would ultimately provide 1.130, while attack at the beta
carbon would generate the cyclic zwitterion 1.132, explaining the formation of cyclic product 1.129.
It is worthy to note that the formation of 1.130 could instead be explained by the same cyclic
zwitterion 1.132, which can also be seen as a stabilized vinylidene species 1.133, through a Fritsch-
Buttenberg-Wiechell (FBW)-type 1,2-shift. While Wasserman & Fernandez’ work provide a more
complete picture of the mixture obtained when reacting ynol ethers with benzyne, the formation of
formal C-O insertion product 1.130 in this reaction was earlier observed by Stiles and coworkers in

1962.7
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Wasserman & Fernandez (1968):
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Figure 1-21. Original observations of (3+2) reactivity between alkynyl (thio)ethers and benzyne.

Interestingly, the C-X insertion product has also been observed by McAusland, as part of his PhD
studies in the Greaney group, when generating benzyne intermediates in the presence of ynamides
1.136 (Figure 1-22).”® The mechanism proposed in the thesis involved a series of steps, seemingly
quite difficult, initiated by nucleophilic attack of the ynamide by its B-carbon to the benzyne. An
alternative mechanism proceeding through (3+2) cycloaddition followed by Fritsch-Buttenberg-
Wiechell rearrangement, as earlier proposed in Figure 1-21, would be important to consider as well

here. The chemistry was described by the author as difficult to optimize due to a very complex

reaction mixture, and no work on the topic has been published by the group to date.

McAusland, PhD Thesis in Greaney group, (2014):
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Figure 1-22. Benzyne C-N insertion products that could be explained via (3+2) cycloadditions.

The scope of reactivity between alkynyl sulfides and benzynes for the formation of benzothiophenes
was further explored by the group of Yoshida in 2020 (Figure 1-23).”* In their case, the use of
Kobayashi-type aryne precursors 1.140 permitted a swift access to a wide variety of substituted
aryne species 1.141. Using the aryne distortion model by Houk and coworkers,”® the regiochemistry
of a series of (3+2) cycloadditions leading to benzothiophenes products 1.144 could be explained,

assuming the sulfide would act as an initial nucleophile onto the electrophilic aryne.

In a special case, Yoshida and coworkers demonstrated that the proposed zwitterionic cycloadduct

1.143 could be trapped by carbon dioxide, leading to the benzothiophene analog 1.146.

Yoshida et al. (2020):

1 142
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1,4- dloxane 110°C 1.143
aryne
(distorted)
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S@o@
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Figure 1-23. Methodology developments into the (3+2) cycloaddition between alkynyl sulfides and

arynes by the Yoshida group.

Among the different X-alkynyl species known, alkynyl phosphines are somewhat more exotic
species. Their involvement in (3+2) cycloaddition cascades have, however, been reported (Figure 1-
24). Specifically, the criss-cross reaction involving alkynyl diphosphines 1.147 and dialkyl

acetylenedicarboxylates was observed by Latscha et al. in 1997:7¢
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Latscha et al. (1997) :

—_— & Q 4 sequential cycloadditions
o » E—¢E _P ® = NMe, or NEt, q 4
P— F—’\. > e L )=E Y=
4 o N E = CO,Me or CO,Et
1.147 ‘ E .
1.148 .\X —
| Y,
Trishin et al. (1988-1997) : Y __
Ox X M
Xy or ®x_/
X © ©
2x .)J\. X 2
RO, . RO_1 p X Y§
,PT. —_— _P or L //
RO RO X. RO—,/P
X=0,N (0]
1.149 H
1.151
1.150

Figure 1-24. Exotic phosphacycles from alkynyl phosphine derivatives as neutral TACs.

Although not strictly involving carbon-based 1 partners, it is worthy of note that the group of Trishin
earlier reported a series of communications between 1988-1997 showing a very similar set of criss-
cross (3+2) reactivity between alkynylphosphonite esters 1.149 and carbonyl or imine derivatives to
give interesting bicyclic phospholene derivatives 1.150 and 1.151.77°" The reported transformations
involving alkynyl phosphines have led to unusual bicyclic structures due to the possibility for

phosphorus to adopt stable higher valencies.

In addition to our own efforts described in this thesis,®?®* a few contributions to the topic have been
published by the Anderson group®® and the Takasu and Takikawa group® since our initial forays in this

chemistry. These are described and further discussed in section 5.1.

1.4. Introduction to coinage metal-catalyzed 1,3-dipolar cycloadditions involving terminal

alkynes

The broad use of catalysis has permitted the use of milder conditions while achieving higher regio-
and stereoselectivities than could be reached in classical thermal 1,3-dipolar cycloadditions. This

field of research is quite broad and advances on the subject are periodically reviewed.®’

In particular relevance to the chemistry that will be discussed in Chapter 4, the involvement of
terminal alkynes in metal-catalyzed azide-alkyne couplings, nitrile oxide alkyne couplings and the

Kinugasa reaction will be selectively introduced here.

1.4.1. The copper-catalyzed azide-alkyne coupling (CuAAC)

23



The (3+2) cycloaddition between azides 1.153 and alkynes 1.152 to give triazoles 1.154/1.155 is one
of the first 1,3-dipolar cycloadditions to have been observed (Figure 1-25).%8 While a wide variety of
transition metals were later found to catalyze this cycloaddition to provide only one of the two
possible regioisomers,* its most famous variant is surely the copper-catalyzed azide-alkyne
coupling (CUAAC), which was independently reported by the groups of Meldal and Fokin/Sharpless
in 2002.'°°"%" This copper-catalyzed variant and the use of the strained-alkyne version applied by
Bertozzi in 2004 towards bioorthogonal applications™? have become eponymous with the concept

of “click chemistry”. This topic was the theme of the Nobel Prize in Chemistry in 2022."%

1,3-dipolar cycloaddition of azides and alkynes

Strained variant for bioorthogonal applications

Original 1,3-dipolar cycloadditions, Michael (1893) Bertozzi et al. (2004)
z2zi . :

(Topic reviewed by Huisgen, 1963) '

1.152 ' a9 ._\_ | |
— o A H w ' tag:

SN _— + - H N
[SH - N, N . ' —_— \
./N_%EN o Ny N\N,N\o ! + L C)I N

1.154 1.155 ; ) N

1.153 i ® N target
mix of regioisomers ' N/”N/ ~A farg

observed '

target

Copper-catalyzed azide-alkyne coupling (CuAAC)
Meldal et al (2002); Sharpless, Fokin et al (2002)

°® (cu) H)_( .
- He— o . — only one regioisomer
./N—N:N + A= t N _N obtained
1.156 -+ N

Figure 1-25. Selected contributions towards the 1,3-dipolar cycloaddition of azides and alkynes.

The CuAAC is particularly interesting, because it permits to involve terminal alkynes 1.156, many of
which are typically sluggish dipolarophiles, in a (3+2) cycloaddition at surprisingly low temperatures.
In addition, it exclusively produces the 1.157 regioisomer, which permits a much cleaner reaction

profile than under classical thermal conditions.

The mechanism of CUAAC has been extensively studied in the decade following its discovery, and

progresses in its general mechanistic understanding has been reviewed.'®
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In their seminal articles on the topic, both Meldal and Fokin/Sharpless independently observed that
this reactivity was only observed for terminal alkynes, and that catalysis only occurred from copper(l)
(and not from copper(l1))."°"%' This led both groups to propose stepwise mechanisms (rather than

concerted) involving the complexation of azides to copper(l) acetylides.

The original mechanism drawn up by Sharpless and Fokin involved mononuclear intermediates
(Figure 1-26)." They proposed the initial formation of copper acetylides 1.159. Rather than a direct
(3+2) event taking place, which would not explain well the exclusive regioselectivity observed, they
proposed the formation of a complex 1.161 between the azide’s internal nitrogen atom and the
copper unit. Based on preliminary DFT calculations, they proposed that a metallacycle 1.162 would
take form, generating the first C-N bond. Then, a ring contraction to the copper triazole 1.163 would

follow, providing the observed triazole 1.164 after protodemetallation.

&—H 1.158

N. _N
N < ® ®
D/v [L,Cu]
Original mononuclear mechanism ’\‘ (CUL” 1.165 .
proposed for CUAAC 1163 [/— &———Cul, 1.159
Sharpless, Fokin et al (2002): Noy'N-e
S}
® N
N ®
N 1.160
N e— cCuL, :
.\( CulL, '
1.162 N ,1‘ . 1.161
N T/ ,N,N\.

2

N 4
Figure 1-26. Original mononuclear mechanism proposed for CUAAC.

This first mechanistic draft was amended over time as more experimental data was obtained. After
initial reaction kinetics investigations by Fokin and Sharpless displayed a second-order dependence
on the copper catalyst (Figure 1-27),"%° Fokin soon after shared computational studies demonstrating
that dinuclear copper complexes provide additional lowering of the reaction activation barrier."®
Fokin later demonstrated experimentally that isolated mono copper acetylide species 1.167 were
unreactive towards azides until exogeneous copper(i) salt is added.'” Additionally, use of
isotopically enriched copper salts led to enriched copper triazole adducts 1.169, suggesting that
multiple copper units are involved in the cycloaddition process (control experiments ruled out

independent copper exchange in 1.167 and 1.168). Finally, Bertrand and coworkers were able, for the

first time, to isolate dinuclear acetylide complex 1.172 using a special class of cyclic alkyl amino
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carbene (CAAC) ligand.’® They showed that these had cycloaddition rates with azides orders of

magnitude above that of their mononuclear equivalent 1.170.

Key experimental evidence for a dinuclear mechanism in CuUAAC

Sharpless, Fokin et al. (2005): Fokin et al. (2013):
___________________________________________________ Only when cat.
E ' (Ph3P)2CUNO3 N
H Varying [Cu] BnN; 1.166 present Bn~N-ToN
. from 10 -> 40 mol% ' + > —
1 BnNj . B N, H .
I (+ reducing agent) "SN"SN | Ar—==—cu(Pr) 1.167 THF 35°C,1h (IPr)Cu Ar
' + > __ |
| ph——=— DMSO / H,0 '\Ph | 1.168
5 ; [Cu*(MeCN),JPFq \
------------------------- CoTTTTTTTT T (1eq.) Bn\N’ N . .
, » . 50% isotopic
THE. rt. enrichment
£l c *
rate o< [Cu]2 (IPr)Cu Ar
Cu* = enriched with %*Cu 1.169
Bertrand et al. (2015):
BnN;  Bn~p-Ney N
LCu———Ph ___ 5 .
Bt Et 1.170 ky Led.  Ph
1171 >
- ) kolk; > 94
L= N iPr —I ® —l ®
iPr\© cuL ' o BnNg B~ p-Nepy-Cul
; oTf —» —
_ )—( C)
LCu—==—Ph ks Lol ph oTf )
1.172 1173

Figure 1-27. Experimental evidence for the participation of dinuclear copper species in CUAAC.

To this date, the dinuclear mechanism (Figure 1-28) seems to be generally accepted and has been

backed up by multiple computational studies of the possible reaction pathways. %2
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Generally accepted dinuclear
mechanism for CUAAC
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Figure 1-28. The updated dinuclear mechanism generally accepted for CUAAC.

1.4.2. The silver-catalyzed azide-alkyne coupling (AgAAC)

This catalytic activity leading regioselectively to 1,4-substituted triazole is not only observed with

copper, but also its nearest periodic table neighbourin group 11, silver. This can be perhaps reasoned

considering the shared structural and reactivity profiles of silver and copper acetylides.

113-114

The silver-catalyzed azide-alkyne coupling (AgAAC) had first been observed by the group of McNulty

in 2011, where they used well-defined silver(i) complexes bearing bidentate ligands 1.182 to catalyze

the cycloaddition (Figure 1-29).""5""¢ Various sets of reaction conditions making use of silver salts to

catalyze azide-alkyne couplings were later reported,'”'?° some of which are highlighted here.

First observations of AGQAAC:
McNulty et al. (2011,2012)

' iPr<  iPr
LAgOAc (20 mol%) N

N CO,H )
o' M 21 (20 mol%) .\N'N°N L= o)
+ > ‘_( F)/tBu

— toluene, 90°C, 24 h |
L4 tBu

1.182

Selected examples of AQAAC:

Domingo, Stiriba et al. (2020)

AgCl in H,0 o N

+ or > —
PR— AgN(CN), + DIPEA ‘o

in H,0 / (CH,0H),

Sarma et al. (2015)

Figure 1-29. Use of silver in the azide-alkyne coupling (AgAAC).

Multiple computational studies on the AgAAC suggest that a dinuclear mechanism, analogous to

that proposed for the CuAAC, likely takes place.'8 21122
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Other than (3+2) additions involving inorganic azides,'?*'?* there is no convincing example to date

demonstrating the use of gold(l) for catalyzing the (organic) azide-alkyne coupling.
1.4.3. The copper-catalyzed nitrile oxide azide coupling (NOAC)

Early mechanistic studies on the CuUAAC performed by Sharpless and Fokin permitted the group to
predict similar reactivity in nitrile oxides." Although the thermal 1,3-dipolar cycloaddition between
nitrile oxides 1.183 and alkynes typically form the 3,5-regioisomer exclusively,’ it is not always the
case. In a model reaction showcased by Sharpless and Fokin making use of aryl nitrile oxide
precursor 1.185 and phenylacetylene 1.184, the thermal cycloaddition requires heating, an extended
reaction time, lower overall yields, and exhibits low regioselectivity between the two possible
regioisomers 1.186 and 1.187 (Figure 1-30). On the other hand, by applying their copper-catalyzed
conditions (originally developed for CUAAC), they could see high yields after a short period of time at

room temperature, and exclusive formation of the 3,5-substituted regioisomer 1.186.

Cu-catalyzed nitrile oxide - azide coupling
Sharpless, Fokin et al. (2005):

® O Aryl /N‘o Aryl /N‘o
Ay—=N-0 + pp—= 60°C, 8 h \(:( " \S:/
1.183 1.184 Ph PH

A 1.186 1.187
base

N,OH L A: 50 12
CuS0,4°5H,0 (cat.) B: 92 0

I c * Ph—= — reducing agent, KHCO3 ] :
H,O/MtBUOH, rt., 1 h

MeO
1.185

Figure 1-30. Copper catalysis applied to the nitrile oxide alkyne coupling.

Although the use of catalyzed nitrile oxide azide coupling did not find as widespread use as the

CuAAC, it has become a recognized tool in bioconjugation chemistry.'®
1.4.4. The Kinugasa reaction

A catalyzed variant of 1,3-dipolar cycloadditions of particular relevance to this section is the
Kinugasareaction. This process involves the conversion of terminal alkynes 1.192 and nitrones 1.191
in the presence of a copper catalyst to form beta-lactams 1.193 (Figure 1-31). Due to the medicinal
relevance of the products obtained, this reaction is of particular interest to the pharmaceutical

industry.'?’
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Kinugasa's observations (1972): First catalytic conditions
Miura et al. (1993):
1.188
Cu—=——-mPFh Ph Aryl ) Cul + PR3 (10 mol%) Ph, Ph
o K2003 “
e idine, rt., 1h N N O B0C Ny N
ridine, r.t., hz . 80°C, N
? P 0" Ayl Ph a2 2 2o en
Ayl N® N2 1.191
Z "Myl then hydrolysis 1.190 : 1.193
1.189

Figure 1-31. Initial works on the Kinugasa reaction.

The original report by Kinugasa in 1972 actually involved the reaction between copper acetylides
1.188 and nitrones 1.189, which provided beta-lactams 1.190 upon workup.'?® The first catalytic

conditions were reported much later by Miura and coworkers in 1993.'*

Current mechanism for the
Kinugasa reaction
N 1.195
1.194 &——H 7 e

o

>—< _ CuLn 2xL”CuX
1.20151‘/. + L,CuX 1196 /\ &——H
0 /=N-~cuL,

.@ 1.197
CuL, .\/
LaCu L, X
Cu 1199 = (I:u--Ln Cu\
1200 )=\ X =1 o i Ln 1108
0 N” L Q0
: ¢ i

Figure 1-32. Current mechanism of the Kinugasa reaction.

Although early mechanistic ideas involved mono nuclear pathways, on the basis of hew evidence
provided from the CuAAC, Himo and coworkers reported in 2015 a lower reaction barrier when
involving two copper units when performing computational studies on the Kinugasa reaction (Figure
1-32)."*° The mechanism they proposed involved an initial sequence of steps quite similar to the
CuAAC, where a complex 1.198 between dinuclear copper acetylide 1.196 and nitrone 1.197 is first
formed. The formation of a metallacycle 1.199 ensues, followed by ring contraction to 1.200. From
here, the mechanism diverges (from CuAAC) in order to explain the formation of the observed lactam

1.195.

A second-order dependence on the copper catalyst within kinetic studies on the reaction by the Hein

group later provided some experimental evidence that a dinuclear mechanism may be involved.™
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Subtleties on the conversion of bis metallated cycloadduct 1.200 to the observed lactam 1.195 were

more recently investigated computationally by Himo et al."®?
1.5. Motivation for further investigations in (3+2) cycloaddition chemistry

The literature reviewed herein points to several gaps in our current knowledge within the broad topic

of (3+2) cycloadditions.

First, the use of heteroatom-substituted alkynes as TACs in “neutral” (3+2) cycloadditions is
extremely sparse. Upon the beginning of our studies on this topic, only a few scattered observations
of this reactivity had been reported, and no useful methodology had been developed making use of
it. Yet these (3+2) cycloadditions produce reactive intermediates of high interest, as they are

potential precursors to valuable, highly functionalized heterocycles.

Second, relatively new principles uncovered from catalytic variants of 1,3-dipolar cycloadditions
have potential to be applied towards other classes of (3+2) cycloadditions, such as the “neutral” type

introduced herein.
With these opportunities in mind, a series of broad objectives could be elaborated:

1) Investigate the propensity of synthetically useful heteroatom-substituted alkynes towards
(8+2) cycloadditions within an intramolecular context.

2) Gain a better mechanistic understanding of neutral (3+2) cycloadditions involving
heteroatom-substituted alkynes through experimental and computational studies.

3) Evaluate the scope of these (3+2) cycloadditions and identify catalytic systems that may

promote this chemistry under milder conditions.
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2. Chapter 2-The intramolecular (3+2) reactivity between ynamides and alkynes

Reprinted (adapted) with permission from [Campeau, D.; Pommainville, A.; Gagosz, F., Ynamides as
Three-Atom Components in Cycloadditions: An Unexplored Chemical Reaction Space. J. Am. Chem.

Soc. 2021, 143 (25), 9601-9611]. Copyright 2021 American Chemical Society.

This report involves results by both D. Campeau and A. Pommainville. Results in this chapter were

obtained by D. Campeau unless otherwise noted with “Results in this figure obtained by ...”.
2.1. Ynamides as synthons in cycloaddition chemistry

Ynamides 2.002 are the stabilized analogs of ynamines 2.001 (Figure 2-1). Although unstabilized
ynamines were the first N-alkynyl species studied,’? their high reactivity made them particularly
difficult to isolate and work with, making them little-used synthons to this date. Renewed interest in
the N-alkynyl synthon quickly followed from breakthroughs in cross-coupling methods permitting to

access them, such as those of Danheiser,® Hsung,* Stahl® and Evano.®

- Q
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Figure 2-1. Ynamines and ynamides.

A cursory look at possible cycloaddition events involving any other synthon with ynamides provides
only three outcomes (Figure 2-2, excluding (n+1) cycloadditions). The a,B outcome can be readily
explained by treating ynamides as simple functionalized alkynes. The N,a and N, outcomes are, on

the other hand, less trivial and make direct use of the nitrogen atom to form new N-heterocycles.

. *
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Figure 2-2. Possible cycloaddition events involving ynamides.

Ynamides are classically understood to be nucleophilic from their B-carbon, and consequently

electrophilic from their a-carbon, as suggested by their mesomeric form 2.004 (Figure 2-3). This logic
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has largely guided the early use of ynamides in synthetic organic chemistry, which has predominantly

involved the q,B functionalization of ynamides.”®

nucleophilic at g

K N
N—— Q@_ _0 > ! _ a-f functionalization
EWG O‘_B EWG/N_" \ —> N typical reactivity observed
2.003 04 EWG

electrophilic at 1;
Figure 2-3. The classical a-B reactivity of ynamides.

The a,B cycloaddition reactivity of ynamides, more specifically, is vast enough to have already been
reviewed multiple times,*'® comprising of many examples of (2+2), (3+2), (4+2) cycloadditions

amongst more.

The direct use of the nitrogen atom in ynamides to form new bonds is comparatively quite rare. This
is perhaps unsurprising, as the nitrogen atom in amides is not particularly nucleophilic, and the
linear nature of ynamides renders it difficult to induce reactivity at nitrogen even with strategies

involving geometrical constraints.

A well-studied outcome of chemistry directly involving the N-atom of ynamides 2.005 is the
formation of ketenimine species 2.006 (Figure 2-4). Some of the typical routes to ketenimines from
ynamides involve deprotection of the EWG and 1,3-transposition of allyl groups. These strategies
have been previously reviewed by Cariou.” A unique radical-based method involving chain

polymerization has also been reported.’
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Figure 2-4. Conversion of ynamides to ketenimines.
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The N,a cycloaddition of ynamides is best observed through the intermediate generation of such
ketenimine species. A particularly fitting example can be found in the Cariou group’s studies on the
base-mediated generation of ketenimines 2.009 from ynamides 2.007 (Figure 2-5)."* When these
ketenimines are generated alongside aza-allyl anions 2.010 upon heating, formal (3+2) products

2.011 are obtained.

Cariou et al. (2021):

Bac tBUOLi , .| 80°C (MW) Ap_ N _ap
\N_: + Ar'\/NwAr' /N=-= + AF\V/IN%/AF \( N
/ Ar @ @ —_— N
Ar DMF Li /
2.007 2.008 2.009 2010 Ar

2.011
Figure 2-5. N,a cycloaddition products via ketenimine intermediates.

While N,a products have been observed, it is interesting to note that possible N,B cycloaddition
products, on the other hand, had never been reported prior to our investigations on the topic (Figure
2-6). The N,B reactivity would in fact imply use of ynamides as neutral three-atom components in a

cycloaddition reaction.

LY
./N—-E-—O + g .9 T ./N’ P Never reported!
a p

N,
Figure 2-6. Lack of literature precedents for the N,3-cycloadditions of ynamides.

Although ynamides may be used as synthons to form new N-containing heterocycles, these cases
are rarer exceptions to the typically reported reactivity of ynamides. New ways of making use of all
three atoms of the ynamide synthon could lead to valuable N-containing heterocycles. N,

cycloaddition products may be a potential gap in the cycloaddition chemistry of ynamides.
2.2. Unexpected results and discovery of a new mode of reactivity in ynamides

Ouir first foray into the “neutral” (3+2) chemistry of ynamides came serendipitously when attempting
to access the yne-ynamide scaffold 2.014a. Upon submitting bromoalkyne 2.012 and sulfonamide

2.013 to Hsung’s cross-coupling conditions* overnight, a minor product 2.015a was observed
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alongside the expected product 2.014a (Figure 2-7). Although these two products eluted quite closely
by silica gel chromatography, the minor product was quite crystalline, and could be observed to
precipitate out of some of the collected fractions. This was a curious observation, since the expected
yne-ynamides of the type 2.014a tend to manifest as thick oils. These two products were ultimately
isolated, and upon heating the yne-ynamide 2.014a under similar conditions overnight, without any
of the reagents used in the copper catalysis, a mixture of 2.014a and 2.015a was obtained. This

meant that 2.015a is the product of a thermal isomerization occurring in yne-ynamide 2.014a.

CuS0,+5H,0 (10 mol%)

1,10-phenanthroline (20 mol%) Ph— Ph
Ph——— H K3POy4 (2 eq.) B \N—T =
N-Ts + _N. > N ) + Bn—N__| N-Ts
Br%/ Bn Ts toluene, 80°C, overnight ,N i
Ts Ts
2.012 2.013 2.014a 2.015a
major product minor product

T

toluene, 80°C, overnight
Figure 2-7. Initial observations of the unexpected by-product 2.015a.

Although its curious structure could be ascertained through the use of 2D NMR (see Supporting
Information, section 6.2.9), it was ultimately confirmed through single crystal x-ray diffraction

(SCXRD) studies of a sample co-crystallized with DMSO (Figure 2-8).

Figure 2-8. SCXRD structure of 2.015a co-crystallized with DMSO (hydrogens omitted). See CCDC

deposition # 2062485 for acquisition data.

Extensive literature search at the time did not produce any report of the use of ynamides as three-

atom synthons towards the formation of 5-membered cycloadducts through simple thermal means.
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It was quite clear that we had stumbled on an interesting and yet unexplored facet of ynamide
chemistry, so the choice was made to investigate the mechanism and scope of this intramolecular

cyclization.
2.3. Optimization of the reaction conditions

To accessreasonable reaction times, the temperature was increased to 130 °C, where full conversion
of the starting material was observed after 2 hours (Entry 2, Table 2-1). While this provided a
reasonable NMR yield of 72%, approximately a quarter of the material was degraded towards other
products. When obtaining this range of yields, a complex mixture of small signals were observed from
the NMR spectrum of the crude reaction mixture, and no specific by-product could ever be isolated
in large enough quantity to be characterized. Considering that there was no initial purging of the
oxygen in the sealed tubes employed and that the material was heated at high temperatures, purging

with argon was attempted (Entry 3). This did not cause any significant deviation to the observed yield.

A literature search done in parallel during these initial studies provided some suggestions on what
additives may be beneficial. In particular, Danheiser and coworkers observed in multiple studies
involving the intramolecular thermal cycloaddition of analogous poly-yne systems that phenol
additives tend to increase their observed yields.'"® The authors also noted that the yields were
augmented without significantly affecting the rates of the reactions, and suggested that the role of

phenols may be to suppress polymerization of the starting material.

So, butylated hydroxy toluene (BHT), a cheap phenol-type additive, was tested under our reaction
conditions (Entries 4-7). An improvement in yield was gratifyingly achieved by increasing the amount
of BHT up to 1 equivalent, where an NMRyield of 96% (isolated 90%) was obtained. Another hydrogen
atom donor, y-terpinene, was also tested (Entry 8) but was not as effective as BHT. It was interesting
to observe, similarly to Danheiser and coworkers, that the addition of BHT did not significantly affect
the rate of the reaction, as the same reaction times were needed for full conversion of the starting

material, regardless of the quantity of BHT used.
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Ph

Ph—=— additive (n equiv)’ -
Bn, N—Ts > Bn—N _ N-Ts
N——

Ts/ toluene(-dg), T (°C), time T
2.014a 2.015a

Entry T(°C) additive n (equiv) time (h) conversion (%)b yield (%)b
1¢ 80 — — 15 42 13
2 130 — — 2 100 72
37 130 _ _ 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) °
8 130 y-terpinene 1 2 100 77

Table 2-1. Optimization of the reaction conditions.

@ Unless otherwise noted, reactions were performed with 0.05 mmol of 2.014a in screw-cap NMR
tubes in toluene-ds (0.1 M) under air and monitored by 'H NMR spectroscopy. ®* Conversions and
yields were determined by 'H NMR spectroscopy using mesitylene as internal standard. ¢ In 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. ¢ NMR tube was purged with argon. ¢ Isolated yield.

It is also interesting to note that the reaction was very selective towards the migration of the tosyl
group, i.e. no other major pyrrole product was obtained, and that no alternative (4+2) dehydro Diels—

Alder cycloadduct'® derived from 2.014a could be observed.
2.4. Synthesis of the yne-ynamide substrates

The model yne-ynamide 2.014a was constructed linearly beginning from propargylamine (Figure 2-
9). Amine group protection and Sonogashira cross-coupling provided the functionalized propargyl
tosylamide 2.017. Then, propargylation and subsequent bromination of the crude intermediate diyne
permitted to access bromo-diyne 2.018 in good yields. Finally, copper-catalyzed cross-coupling*
with benzyl tosylamide provided the desired yne-ynamide 2.014a. Note that the last step in this
synthetic route requires heating. So, this route requires careful monitoring of the final C-N cross-

coupling step if one desires to minimize the formation of thermal (3+2) cycloaddition products. For
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this particular yne-ynamide, substrate consumption was observed after approximately 2 hours, and

therefore stopped immediately.

Ph-I
Pd(PPhe,)zClz (Cat.)
= TsCl, EtsN = Cul (cat.), Et3N Ph——=—\
- - L
NHz  pem 0°C tort. NHTS ~ Tie i 1an NHTs = B
97% 2.016 74% 2017 1) K,COs, TBAI (cat.)
MeCN, 50°C, 1.5 h
N
Ts” "Bn 2) NBS, AgNOj; (cat.)
acetone, r.t., 15 min
CuSO04+5H,0 (cat.)
— 1,10-phenanthroline (cat.)
Ph—=—— — 87% (two steps)
Bn, N=Ts K3PO4 Ph———— e
N—= toluene, 80°C, 2 h Br—/
74%
2.014a ° 2.018

Figure 2-9. Representative procedure for the synthesis of yne-ynamides.

Although multiple substrates were produced using a very similar route to that above, 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
(Figure 2-10). The ynamide moiety was generated either through Hsung’s C-N coupling method,*
Stahl’'s C-N coupling,® or Anderson’s route via dichloroenamides.” The tethered alkyne was
derivatized to various analogs either by generating lithium acetylides, or via one of multiple classical
(Sonogashira, Cadiot-Chodkiewicz) or specialized® cross-coupling methods. The linker structure
was generally constructed via substitution or condensation reactions between two appropriate

functional groups.
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yne-ynamide R—== functionalization R-X
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1,10-phen (cat.)
KsPO, TMSCF,
/ toluene, 80°C Cu cat. (Oy) .
Q : Evano (2016)
/NH Stahl et al. (2008): ,
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ridine, Na,CO
by s, N——R o—-{: O
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— X
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Anderson et al. (2015): XH
; — '
cl 1) PhLi (2 eq.) LG
THF, -78°C _/
« _ \/\
N 2) R-X ~ 0000
EWG cl substitution _ ,X

Figure 2-10. Synthetic strategies employed herein to construct yne-ynamide scaffolds.

Various combinations of any of these strategies were used to access a library of yne-ynamides

possessing specific desired functionalities.
2.5. Scope of the yne-ynamide (3+2) cycloaddition cascade

As seen from the results compiled in Figures 2-11 to 2-15, the reaction exhibits good functional group

compatibility and a variety of bicyclic cycloadducts could be obtained from yne-ynamides.

As for the nature of the alkyne terminus (Figure 2-11), the reaction proceeded rapidly and cleanly for
all screened aryl derivatives 2.014a-j. 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 2.014i-j

into pyrroles 2.015i-j with respective 82% and 90% yields. Pleasingly, a C-sp? hybridized alkenyl
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substituent was also tolerated and cyclohexenyl derivative 2.015k 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 2.014l, the major product obtained was 2.015l with a modest yield
of 33%, and by-products derived from a potential (4+2) hexadehydro Diels-Alder reaction, if present,
were only minor.” While the reaction of alkyl-substituted derivative 2.014m and terminal alkyne
2.014n proceeded very slowly, and with low yields (15-20%), that of TMS-substituted alkyne 2.0140
was comparatively very efficient (80%), yet slow. 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 2.014p did not

prove to be an appropriate reaction partner and only a low 13% of the desired pyrrole 2.015p was

observed.
R
R—— BHT (0.5 equiv.) .
2014a-p X > Bn—N X 2.015a-p
(0.02-0.07 mmol) ‘N— toluene, 130 °C =
Ts/ (0.1 M) Ts
EDG EWG
—_—
S
=~
S ~ ~ S
Bn—N N—Ts Bn—N N—Ts Br%I)NTs Bnié:l:)NTs
— — — —
Ts Ts Ts Ts
2.015a, 90%, 1.5 h EDG =| Me,N- 2.015b, 79%,1h  EWG =| Cl-  2.015f, 97%, 1 h 2.015i, 82%, 1 h
HoN-  2.015¢,91%, 1 h F4C- 2.015g, 96%, 1 h
MeO- 2.015d, 93%, 1 h NC- 2.015h, 93%, 1 h
Me-  2.015e, 97%, 1 h

\ N
Y
Me \\ Me H
~ S =~ ~ ~
Bn—N N—Ts Bn—N 0] Bn—N 0] Bn—N 0] Bn—N N—Ts
— — — — —
Ts Ts Ts

Ts Ts
2.015j, 90%, 15 min 2.015k, 83%, 2 h 2.015l, 33%, 30 min? 2.015m, 15%, 16 h? 2.015n, 20%, 16 h?
\ /
~S;i FsC
~
Bn—N N—Ts Bn—N N—Ts
—
Ts Ts
2.0150, 80%, 51 h 2.015p, 13%, 4 h?
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Figure 2-11. Yne-ynamide (3+2) rearrangement: reaction scope of alkynes. * A complex mixture of

products was observed; yield assessed by "H NMR of reaction crude.

Ph—= ) BHT (0.5 equiv) ™
.5 equiv
2.0149-z ~
— > Bn—N 2.015q9-z
(0.02:0.07 mmol)  gr-N—= toluene, 130 °C _— 9
Ts (0.1 M) Ts

Ph Ph Ph Ph Ph 0 Ph 0

~3 ~ CO,Et ~ ~ - ~

Bn—N o) Bn—N 2 Bn—N N—Ts Bn—N N\ N Bn—N o]

— — CO,Et — — / —

Ts Ts Ts Ts Ts
2.015q, 94%, 2 h 2.015r, 90%, 68 h 2.015s, 99%, 30 min 2.015t, 99%, 11 h 2.015u, 53%, 30 min
Ph ph O Ph Me_ Me Ph Ph
_Ts O
~3 N S (0] S S S5
Bn—N Bn—N Bn—N Bn—N Bn—N
= — — o) = 0 = N.
Ts
Ts Ts Ts Ts Ts
2.015v, 30%, 16 h? 2.015w, no reaction®  2.015x, complex mixture 2.015y,87%, 41 h 2.015z,73%, 26 h

Figure 2-12. Yne-ynamide (3+2) rearrangement: reaction scope of linkers. ® A complex mixture of
products was observed; yield assessed by '"H NMR of reaction crude; ® Reaction run at 60 °C in CDCls
without BHT; ¢ No reaction was observed up to 160 °C (using microwave irradiation), degradation of

substrate at 200 °C.

A variety of linker structures proved capable of promoting the intramolecular (3+2) cycloaddition
process (Figure 2-12). In general, substrates with a 3-membered linker led to the formation of
cycloadducts similarly to model substrate 2.014a, as exemplified by the formation of 2.015q in 94%
from a substrate possessing an ether linkage. Amide and ester tethers were both compatible (see
2.015u and 2.015t). Notably, the reaction of 2.015t could even be performed at a lower temperature
of 60 °C. The all-carbon malonate derivative 2.015r also reacted well (90%), although surprisingly
slowly. This is interesting as very similar rate effects have been observed by Hoye and coworkers for
tri-yne scaffolds promoting HDDA reactions.? 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 pyrrole 2.015s (>90% vyield, <0.5 h). 4-Membered linkers were also investigated but the
cycloaddition process proved to be less efficient in this case. Derivative 2.014v, which only differs
from model substrate 2.014a by the presence of an extra CH, unit in its linker, led to a poor yielding

(30%) and very unselective reaction. No reaction or only degradation was observed for carboxylic
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ester derivatives 2.014w and 2.014x. In contrast, excellent yields were obtained for geometrically
restricted phenoland aniline derivatives 2.014y and 2.014z (87% and 73%). These variations in tether
length, nature, and substitution (Figure 2-12) clearly demonstrate that higher yields and shorter

reaction times can be attained when the cyclization conformation can be easily accessed.

Me Ph Me
__ Me o Me
Ph‘k— CDClj, 20 °C s
Bn, N—Ts —— Bn—N _ N—Ts
N—=— (0.025 M)
Ts' 1.5 weeks Ts
2.014aa, 0.013 mmol 99% 2.015aa

Figure 2-13. Room temperature (3+2) rearrangement of 2.014aa.

3-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 2.014aa led

to an extremely efficient transformation that proceeded at room temperature (Figure 2-13).

Ph
Ph—=—\ .
2.014ab-ah . X BHT (0.5 equiv) R - ~
(0.02:0.07 mmol) " N—=—/ ] X 2.015ab-ah
{ toluene, 130 °C
EWG 0.1 M) EWG
Ph ‘ Ph Ph Ph
S “\ S S S
Me—N N—Ts ‘ Bn—NiI)N—Ts Bn—Niji)N—Ts Bn—NiI)N—Ts
— ‘\ — — —
Ts Ph~$30 Me~ S50 %/S\So
2.015ab, 90%, 1 h 0 © ©
2.015ad, 93%, 1.5 h 2.015ae, 79%, 2 h 2.015af, 74%, 4 h
Ph Ph Ph
S “‘ S S
Ph—N N—Ts \ Bn—N o) Ph—N o)
— “ —
| Et,
rd o N
' 0 e ©
2.015ac, 90%, 1 h
g 2.015ag, 99%, 1.5 h 2.015ah, 64%, 4.5 h

Figure 2-14. Yne-ynamide (3+2) rearrangement: reaction scope of acyclic amides.

We finally investigated the scope of amides and their corresponding electron withdrawing groups
(EWGs) that could participate in the N to C migration step of the rearrangement (Figure 2-14).

Pleasingly, the benzyl group in model substrate 2.014a could be replaced by a methyl or phenyl group
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without noticeable change in efficiency. N-Me and N-Ph pyrroles 2.015ab and 2.015ac were both
isolated in 90% yield after 1 h of reaction. Alkylsulfones 2.015ae and 2.015af, as well as sulfonamide
2.015ag were obtained with similar efficiency to aryl-sulfones (2.015ad and model 2.015a).
Carbonyl-based EWGs were also very well tolerated in this transformation. For instance, urea
derivative 2.014ah efficiently rearranged into pyrrole 2.015ah (64%) via a migration of the

carboxamide moiety.

S\\O 2.014ak (0 1 M)

Ph——— BHT phﬁ BHT
R O (0.5 equw (0 5 equiv)
(=
N toluene, 130 °C ZA @\
1
(0}

N .
toluene, 130 (o}
°‘<\ 2.014ai, aj (0.1 M) /
o

R=|H 2.015ai, 72%, 2.5 h 2.015ak, 75%, 2 h
Bn 2.015aj, 46%, 1.5 h

Figure 2-15. Yne-ynamide (3+2) rearrangement: use of cyclic amides.

In the case of cyclic carbamate derivatives, such as oxazolidinones 2.014ai and 2.014aj, the shifting
ofthe EWG resulted in aring expansion, providing novel tricyclic structures (Figure 2-15). This strategy
could also be applied to saccharin-derived ynamide 2.014ak that could be readily converted into

polycyclic pyrrole 2.015ak.

Overall, examples collected in Figures 2-11 to 2-15 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.
2.6. Applications of the yne-ynamide (3+2) chemistry and derivatizations of products

To further highlight the synthetic potential of the method, the reaction of model substrate 2.014a was
conducted at a gram scale starting from bromoalkyne 2.012 and tosylamide 2.013 (Figure 2-16). A
two-step procedure involving copper catalysis and thermal rearrangement with minimum
intermediate workup successfully yielded 1.97 g of pyrrole 2.015a (50% vyield). 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 transformation from

haloalkynes and diverse amides.
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2.013
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CUSO4‘5H20
1,10-phen, K5PO,4
toluene, 80°C, 2.5 h
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reaction
filtration

BHT, toluene

reflux, 17 h
—_—

Ph
=~
Bn—N N—Ts
—
Ts  2.015a

1.97 g, 3.38 mmol
(50% over 2 steps)

Figure 2-16. Telescoped copper-coupling and (3+2) at the gram scale with no chromatography.

Structural diversification in pyrrole products could also be further expedited in the development of a

one-pot coupling / cyclization sequence (Figure 2-17). 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 2.016 with amidopropynals 2.017 in the presence of

molecular sieves, followed by mild heating, a small library of bicyclic pyrroles 2.018 could be rapidly

obtained in moderate yields. No large amount of any specific by-product is obtained in these

reactions, despite the relatively low yields obtained. It is possible that the amidopropynals 2.017 or

intermediate imine condensates have a higher propensity towards oligomerization than simple

ynamides.

3A MS, toluene
0.5-2h

then 1-2 h, 60 °C

i\ MeO

53%

55%

45%

46%

Figure 2-17. One-pot condensation / (3+2) for the generation of a small library of fused pyrroles.

Results in this figure obtained by Alice Pommainville.

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 interconversions. The tosyl group, in particular, was found to

be easily cleaved in an oxidative dearomatization process on the pyrrole (Figure 2-18). As an example,
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treatment of pyrrole 2.015a with a mixture of Oxone and KBr in methanol led to the formation of 5-
methoxypyrrol-2-one derivative 2.019 in 58% vyield. This permitted direct access to y-lactams, a
structural motif found in a large array of bioactive compounds.?' Sequential reductions of 2.019
allows for the synthesis of pyrrolone 2.020 and then lactam 2.021 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 (contained in Seltorexant®> and A-

582941%).

Ph Ph
~ Oxone, KBr H,, 10% Pd/C
Bn—N N—Ts Bn—N || N-Ts
= MeOH, 45 °C ¢ EtOH, rt. l
- 2h, 58% 3 2.020 1h, 91%
2.015a Ph H
Ph OMe z
Et;SiH, BF;-OEt, _ _
Bn—N | N—Ts Bn—N N—Ts
DCM, reflux H
O 2.019 3h, 73% °

2.021

Figure 2-18. Accessing various oxidation levels of the pyrrolo[3,4-c]pyrrole core via key pyrrolone

derivatives.
2.7. Early mechanistic considerations

Aside from investigating the synthetic potential of the transformation, experimental and theoretical
studies were performed in tandem to gain knowledge on its mechanism and the parameters that may

influence its course.

A first observation, expected yet still important, is the first-order dependence on the concentration
of all yne-ynamide substrates. Representative NMR kinetic studies on 2.014h makes this clear in

Figure 2-19.

NC

NC\@\
— BHT (0.5 eq.) ~
Ts » Bn—N N—Ts
—

/ toluene-dg, 100 °C, 2 h
(0.1 M) Ts

2.015h
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Figure 2-19. Representative procedure of NMR kinetic data processing for rearrangement of
2.014h -First order dependence on the yne-ynamides. Using the MestreNova processing software
from stacked spectra, an integrals graph is produced including all 120 spectra collected (See Figure
2-24 for details on reaction conditions and collection of data). The integral values are then
normalized against the internal NMR standard peak for: (peak integral of S at to) = [S]o. Zero, first, and
second order fittings were tested. The linear slope, obtained only with first order fitting, shows a first
order dependence on all substrates 2.014a-h (shown above here with representative data from
2.014h). The corresponding rate constants k were obtained via linear regression of the processed

data.

Although qualitatively observed during optimization studies, it was still of interest to ascertain, in a
quantitative manner, the effect of BHT on the reaction kinetics (or more specifically the lack thereof).
In early investigations on this topic during the project, the model substrate 2.014a was heated under
optimized conditions in the presence of either 0.5 or 1.0 equivalents of BHT (Figure 2-20). As can be
seen from Figure 2-20, doubling the amount of BHT has little effect on the observed rate constant. In

fact, it seems to very slightly slow down the consumption of starting material. This is in direct
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correlation with the suggestion by Danheiser and coworkers™ that the degradation minimized by BHT

in poly-yne systems is oligo/polymeric in nature.

BHT concentration studies

[} 0.5 1 15 2 25

Infs]

BHT Ph . v=-12058x - 22872 o0 EqL”"'EH:
Ph—=="7\ (0.50r 1.0 eq.) ~ - e R e
Bn\N _ N—Ts » Bn—N _ N—Ts . Y
T/ toluene-dg, 130 °C, 2 h B
2.014a 01 M) ™ 50153 : )

Figure 2-20. BHT concentration study. NMR kinetic studies were performed on substrate 2.014a at
130°C (oil bath) in the presence of 0.5 equiv. and 1.0 equiv. of BHT. The NMR reaction tubes were
cooled to room temperature at given intervals using 5-minute periods for data collection. As can be
observed from above graph, no significant enough change in reaction rate can be observed when

doubling the concentration of BHT.

The first order dependence on the yne-ynamide substrates and the lack of kinetic dependence on

the BHT additive together suggest (unsurprisingly) a unimolecular rate-limiting step.

With this knowledge, the transformation can be simplified into two main events: a (3+2) cycloaddition
eventand a 1,2-migration of the EWG with the involvement of a common pyrroliumylide intermediate
(Figure 2-21). 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.

o (3+2) cycloaddition 0O/ 1,2-migration ~
,N - O\\S/ N — N __

./\(\) S o=o

X,

O
2.023

2.023

Figure 2-21. General mechanistic proposal.

This initial mechanistic proposal was heavily influenced by computational studies performed in early
stages of this project. Preliminary DFT studies at the B3LYP/6-31G(d) level of theory on the model
scaffold 2.024 demonstrated the clear presence of a cycloadduct 2.025 on the potential energy
surface (PES) at short scan distances between the ynamide and alkyne fragments (Figure 2-22). NBO

analysis of the obtained cycloadduct confirmed the Lewis structure proposed here.
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Figure 2-22. Identification of zwitterionic (3+2) cycloadducts as stable minima on the PES.
Geometric optimization and vibrational frequencies calculated at the B3LYP/6-31G(d) level of theory,
at the gas phase. Gibbs free energies reported in the figure. NBO analysis of the cycloadduct 2.025
locates a lone pair of electrons at position 2 of the pyrrole core, suggesting an endocyclic pyrrolium

ylide configuration.

The discovery of this stable minimum in the PES strongly suggested that zwitterionic (3+2)
cycloadducts are the key intermediates bridging the yne-ynamide substrates to the observed fused

pyrrole products.
2.8. Studies onthe (3+2) cycloaddition step

Several mechanistic considerations can be made leading to the zwitterionic (3+2) cycloadducts
(Figure 2-23). The simplest explanation would involve a concerted (3+2) mechanism, with a single
transition state 2.027 leading from the yne-ynamide 2.026 to the pyrrolium ylide 2.030. Another
reasonable explanation would entail the formation of an intermediate diradical species 2.028.
Recombination of the diradical species through the nitrogen atom would provide the cycloadduct
2.030. A third route would rather involve anionic intermediate 2.029, which could then undergo rapid
closure to 2.030. Note that the directionality of the stepwise ionic process is important: the
alternative ionic process than that chosen in Figure 2-23 would lead to a the keteniminium species
2.031, which has improper geometry to promote a ring closure to the (3+2) cycloadduct. Yet, for an
ionic process, 2.031 is a more plausible outcome than 2.029, since ynamides are nucleophilic from
their B-carbon. This consideration may be afirstindication that the stepwise ionic pathway is unlikely

to take part.
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Figure 2-23. Potential pathways leading to zwitterionic (3+2) cycloadducts.

process

These possibilities are reminiscent of the debated mechanisms of classical 1,3-dipolar

cycloadditions involving either concerted® or diradical® pathways. While ynamides are typically

used in two-electron processes, radical addition to ynamides to obtain enamine radical

intermediates has seen a growing interest.?® In order to gain more information on this transformation,

a series of para-substituted phenyl-derived substrates 2.014a-h were investigated to probe

electronic effects on the alkyne moiety (Figure 2-24).

16 Ne
1.2
— BHT _
= (0.5 eq.) < I MezN
5 N-Ts ————> Bn-N_| N-Ts =2 08| @ ®cr,
n.__ toluene-d £
/N// 100°C, 2 h Td
Ts 0.4 °
2.014a-h 2.015a-h HoN
Me cl
0 Me0®® o ®
-1 -0.5 0 0.5 1
G
Slope Data
[ ] o’ k(s™) (£ SE) (s™) R? In(k/ku) (x SE)
Me:N- -0.83 1.219E-04  (+ 4.37E-07) 0.9985 | 0.7774 (+ 6.83E-03)

' o parameters obtained from: Hansch, C.; Leo, A.; Taft, R.W. Chem. Rev. 1991, 91 (2), 165-195.
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HaN- -0.66 8.220E-05 (*+ 3.82E-07) 0.9975 0.3835 (£ 7.44E-03)
MeO- -0.27 6.088E-05 (¥ 1.80E-07) 0.9990 0.0833 (£ 6.52E-03)
Me- -0.17 6.109E-05 (¥ 2.56E-07) 0.9979 0.0867 (£7.17E-03)
H- 0 5.602E-05 (¥ 3.26E-07) 0.9960 0 -
Cl- 0.23 6.102E-05 (¥ 2.65E-07) 0.9978 0.0856 (£ 7.26E-03)
FsC- 0.54 1.254E-04 (* 4.24E-07) 0.9987 0.8056 (£ 6.73E-03)
NC- 0.66 2.912E-04 (¥ 6.99E-07) 0.9993 1.6483 (£ 6.29E-03)

Figure 2-24. Processed kinetic data for Hammett analysis. Reaction repeated with each indicated
substrate in toluene-ds (0.1 M) with 0.5 eq BHT at the 0.05 mmol scale. 2.0 pL of 1,2-DBE was added
as internal NMR standard. Reactions were done in sealed NMR tubes and heated to 100.0 °C in a
Bruker Avance Il 300 instrument. '"H NMR spectra were collected every 60 seconds for 2 h, giving a

stack of 120 spectra. Data was processed as indicated in Figure 2-19.

Plotting the experimentally determined rate constants in a Hammett plot (Figure 2-24) resulted in an
interesting U-shaped curve. Such a shape suggests three possibilities: the cyclization event may
proceed (a) via a type Il cycloaddition process,* (b) via a diradical species, or (c) via divergent

mechanisms.?®

With this curious outcome in mind, a deeper analysis of the (3+2) cycloaddition pathway was done

via DFT studies.

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 theory?-3? (Figure
2-25). For the phenyl-derived model 2.032-Ph, the (3+2) cycloaddition step was found rate-limiting
with a transition state 2.033-Ph calculated to be 30.3 kcal/mol higher than 2.032-Ph using the M06-
2X method. No real transition state (possessing a stable wave function) corresponding to 2.033-Ph
could be located using the restricted BALYP method. The methyl-derived model 2.032-Me required a
higher energy of around 35 kcal/mol for the corresponding transition state 2.033-Me. It is worth
noting that in both cases, the (3+2) cycloaddition step was quite asynchronous, with significantly

more C-C bond having been formed at the transition state.
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Figure 2-25. DFT calculations of closed shell potential energy surface for the (3+2) cycloaddition
step. 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
MO06-2X/6-31+G(d) level of theory. @ Stable closed shell 2.033-Ph could only be located using the
M06-2X functional

The proposed pyrrolium ylide intermediates 2.034-Ph and 2.034-Me were convincingly located as

stable minima in this pathway using both B3LYP (10-12 kcal/mol) and M06-2X (~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. In fact, even within classical 1,3-dipolar
cycloadditions, high-level computational studies have shown energetically lower pathways involving

diradical species for the (3+2) cycloaddition between nitrile oxides and aryl acetylenes.®

To probe the possibility of an open shell process and the involvement of radical species, the reaction
of model substrate 2.014a was performed in the presence of TEMPO (Figure 2-26). No TEMPO-
derived product could be detected. The transformation proceeded smoothly and produced 2.015a
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 O, gas before heating (Figure 2-26). No oxidized product

derived from 2.014a was observed and the yield in 2.015a was almost unchanged. It should be noted,
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however, that particularly short-lived diradicals would unlikely be affected by other molecules in the

reaction medium.

Ph
Ph———" s No change: 72%
Bn, N-Ts . Bn—N N—Ts +1 eq. TEMPO: 84%
N— = + O, purge: 67% ’
Ts toluene-dg, 130 °C, 2 h 2 PR
[ Ts
2.014a 2.015a

Figure 2-26. Attempting radical trapping. No by-product and no significant lowering of yield was

observed in the presence of TEMPO or at high concentration of O,.

Therefore, an intramolecular radical probe 2.014al that features a syn-disubstituted cyclopropyl
alkynyl group was prepared (Figure 2-27). 2-Phenylcyclopropyl carbinyl radicals are known to
undergo very rapid (kaeec = 2.7 x 10" s™) ring opening® and would therefore probe the involvement of
radical species in the process. A significant amount of isomeric product was observed in the
rearrangement of 2.014al to 2.015al, which may indicate that the formation of a radical at the a

position of the cyclopropyl group is participating.

Ph
=
Ph BHT

2.014al o) ~ 2.015al, 70% (NMR)
(cis:trans 17:1) Bn\Nﬁ/ foluene-dg, 130 °C Bn—N _ O (cis:trans 6:1)
! 48 h
Ts Ts

Time (h) (cis)-2.014al (%) (trans)-2.014al(%) (cis)-2.015al(%) (trans)-2.015al (%)

0 100 6 0 0
2.25 87 5 16 1
6.25 60 3 40 2

60 - - 60 11

Figure 2-27. Kinetic data for reaction of substrate 2.014al. Reaction completed with 2.014al (29.9
mg, 0.0637 mmol) and BHT (7.0 mg, 0.0318 mmol) in toluene-ds (0.64 mL). 2.0 yL of 1,2-DBE was
added as internal NMR standard. Reaction was completed in a sealed NMR tube and heated in an oil
bath set to 130 °C. The reaction was followed by '"H NMR at given time intervals until completion.

Data above is represented using relative percentage (%).

NMR kinetic analyses during the reaction (Figure 2-27) and a control experiment (Figure 2-28) suggest
minimal cis/trans isomerization to be occurring atthe cyclopropyl motif in either the starting material

or the product.
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Figure 2-28. Kinetic data for heating of pyrrole 2.015al. Mixture prepared with 2.015al (15.0 mg,
0.0319 mmol) and BHT (7.0 mg, 0.0318 mmol) in toluene-ds (0.60 mL). 2.0 uL of 1,2-DBE was added
as internal NMR standard. Reaction was completed in a sealed NMR tube and heated in an oil bath
set to 130 °C. The reaction mixture was analyzed by '"H NMR after 24 h. Data above is represented

using relative percentage (%).

Attention was then turned towards identifying diradical intermediates through computational
studies. The open shell potential energy surface for the phenyl acetylene derived model 2.032-Ph
was characterized at the unrestricted UB3LYP/6-31G(d) level of theory (Figure 2-29). Interestingly, the
phenyl-derived model led to a transition state 2.035-Ph of about 25 kcal/mol for the C-C bond
forming and rate-limiting conversion of 2.032-Ph into diradical intermediate 2.036-Ph, found at 18.8

kcal/mol. The barrier for the C-N bond formation (2.037-Ph) was only slightly higher at 22.8 kcal/mol.
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b t p
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Figure 2-29. DFT calculations of the open shell potential energy surfaces for the (3+2) cycloaddition
step for model 2.032-Ph. 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 uB3LYP/6-31G(d) level of theory. Values in italics: Relative electronic energy at the
uB2PLYPD/aug-cc-pVDZ//B3LYP/6-31G(d) level of theory.
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In the case of methyl-derived model 2.032-Me, a slightly more complex pathway can be observed,
due to the inability of the methyl substituent to significantly stabilize the adjacent alkenyl radical
(Figure 2-30). For this model, an open shell transition state 2.038-Me could be located slightly higher
at 33.9 kcal/mol. The minima associated with diradicals 2.039-Me and 2.041-Me could also be
located with respective free energies of 29.2 and 28.1 kcal/mol. The small barrier 2.040-Me of radical
center inversion allows to access the right conformation for the cyclization to occur. The subsequent
C-N bond formation has a barrier 2.042-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
computations regarding the formation of diradical species from diynes®* and diradical (3+2)

processes.*®
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Figure 2-30. DFT calculations of the open shell potential energy surfaces for the (3+2) cycloaddition
step for model 2.032-Me. 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 uB