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Radical cyclization cascades triggered by a trifluoromethyl radical represent a valuable tool for accessing highly complex

and biologically relevant scaffolds. Herein, we introduce a strategy employing ynamides as pivotal functions for the

diastereoselective synthesis of y-lactam polycyclic compounds incorporating a trifluoromethyl group. Using photoredox

conditions, this cascade featuring notably a 1,5 hydrogen atom transfer proceeds with high efficiency and

diastereoselectivity. Additionally, a mechanoredox approach utilizing piezocatalysis proved to be competent in providing

the same highly functionalized polycyclic products.

Introduction

Since the seminal total synthesis of (t)-hirsutene by Curran in
1985, radical cascades,1 i.e. the combination of several inter-
or intramolecular homolytic steps, have dramatically
transformed the way we approach the synthesis of complex
polycyclic molecules over the last three decades.’ They have
also demonstrated that, in some cases they were the only
viable routes to the target molecules.’ A variety of reaction
conditions including the use of stoichiometric mediators such
as tributyltin hydride and congeners2 or of single electron
transfer (SET) reagents were initially mobilized.” In the latter
case, some versatile catalytic processes were also developed.5
In addition, with the advent of photoredox catalysis, which
allows for very mild conditions and enjoys a broad scope of
possible reactions,6 new synthetic horizons have emerged.

Over the last two decades, many groups, including our own,
have demonstrated the versatility of ynamides as radical
cascade partners.7'8 In initial strategies of types | and Il, the
ynamide served as a relay function, i.e. each carbon atom of
the triple bond was mobilized only once through radical
addition, affording polycyclic structures bearing an enamide
function.’ Initially run using stoichiometric amounts of the now
undesirable BusSnH/AIBN mediating system (Scheme 1A) to
perform the halogen atom abstraction, Evano judiciously
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upgraded this chemistry by reporting a copper photocatalyzed
version of strategy | that relies on the reductive cleavage of a
carbon-iodine bond to initiate the cycIization.10

While monocyclic or bicyclic products involving a radical
intermediate generated through prior intermolecular addition
on another acceptor of the ynamide precursor could be
formed,11 intermolecular radical additions onto ynamides have
also been reported but those have generally provided acyclic
products.12 A noticeable exception consisted in our recently
reported access to trifluoromethylated isoindolinones
triggered by the addition of a trifluoromethyl radical (Scheme
1A).13

All these examples have so far led to flat enamide substrates
lacking stereogenic centres on the polycyclic backbone. This
observation motivated us to develop a second generation of
cascades leading to more complex chiral structures. Thus, we
aimed at y-lactam polycyclic frameworks, that are found in a
large number of plant alkaloids and have received over the
past few decades considerable attention from biochemists and
biologists, uncovering various interesting biological activity.™
A showcase example of this activity is Oleracein E (Scheme
1B),15 which was found to be a promising candidate for the
treatment of Parkinson’s disease by preventing neuronal
apoptosis. In addition, y-lactams were found to possess
neuroprotective effect against NMDA-induced excitotoxicity in
PC12 cells.'® Schizozygane indoline showed good antimicrobial
activity against fungi and bacteria,”” while Tylophora alkaloids
were found to have good hypoxia-inducible factor-1 (HIF-1)
and HIV inhibitory activity.18 A tetrahydroisoquinoline
derivative has been used to target AKR1C3," displaying good
inhibitory properties for the treatment of pancreatic cancer.
Considering the importance of the trifluoromethyl group in
medicinal chemistry,20 its introduction on the aimed y-lactam
polycyclic scaffolds could enhance their pharmacological
properties.
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Scheme 1 a) In prior works, the processes do not fully consume the insaturations of the relay ynamides and lead to enamides; b) Natural products and biologically active

molecules; c) In this work: both carbons of the pivotal ynamide plays a dual role in the cascade process leading to full consumption of the insaturations and setting two controlled

stereogenic centres.

In that context, we aimed at developing new photoredox
radical cascades using an ynamide as a pivotal function, i.e.
each carbon of the triple bond was mobilized twice. In order to
reach such level of complexity, we devised a sequence
involving a preliminary trifluoromethyl radical addition — a 1,5-
hydrogen atom transfer (HAT) from the generated vinyl radical
(at the expense of cyclization on the pendant aryl ring) — a
subsequent 5-exo-trig cyclization and a final cyclization on the
aryl ring (Scheme 1C).

Results and discussion

Ynamides are a unique class of compounds, combining an
alkyne moiety with a nitrogen atom bearing an electron-
withdrawing group, which contributes greatly to their
enhanced stability.21 Given the proposed strategy, our focus
was on preparing ynamides 1 containing a N-C=0 group and
we initially relied on two synthetic methods for the
preparation of the TMS-protected ynamides 1-TMS. Method A
consisted in a copper-catalysed Ullmann coupling reaction and
Hsung’s protocol proved to be instrumental in our case.”?
Alternatively, Witulski’s method B involving the N-alkynylation
of amides by the use of hypervalent iodonium salts in the
presence of a sterically hindered base was also used”® (Scheme
2).

Despite the versatility of these methods, limitations remained
for the preparation of some functionalized ynamide
derivatives, which prompted us to explore a new synthetic
route. Inspired by Hanessian’s work on the synthesis of N,N’-
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Scheme 2 Different methods for the preparation of ynamides 1-SiR;

disubstituted cyanamides from tetrazoles,”® we hypothesized
that easily reachable N-aryl-4-(trimethylsilyl)-5H-triazoles
could serve as synthons for ynamide synthesis (Scheme 2,
method C). Conveniently, treatment of the triazole substrate
with a strong base such as n-Buli leads to a N-metalated
ynamide intermediate formed through the cycloreversion of
the triazole releasing dinitrogen. The latter could react in situ
with various acid chlorides to smoothly give the desired
ynamides 1-TMS.

Please do not adjust margins




We initially focused on benzylic ynamide 1a for validating our
strategy as this precursor bears a dimethyl group on the acyl
chain aimed to promote an efficient 1,5-HAT.” By using 2.5
mol % Ir(ppy)s (E(Ir(11)*/1(IV))=-=1.73 V vs. SCE in MeCN)?*®
photocatalyst and 1.2 equiv of Togni | reagent (-1.41 V vs. SCE
in MeCN)27 as the trifluoromethyl radical source in MeCN (0.1
M) (Table 1, entry 3), we were pleased to obtain the expected
tricyclic product 2a in 53% yield as single diastereomer. Of
note, no product resulting from a cyclization of the vinyl
radical 3"> was observed (Scheme 4).

A further solvent screening (Table S1 entry 1-6) showed that
the reaction proceeds well in DMSO, MeOH and to a lesser
extent in DMF, DCM and EtOAc. Screening of trifluoromethyl
radical sources, such as Umemoto reagents in MeCN indicated
that the reaction works less efficiently compared to Togni
reagents (Table S1). The best reaction conditions were found
when using Togni Il reagent (-0.32 V vs. SCE in MeCN)?’ (Table
1, entry 1), which also led to the formation of the minor
carboxylate side product 2aa in 13% vyield. The formation of
2aa would occur through an ipso-cyclization of the y-CF;
radical on the pendant benzyl group, followed by a 1,4-aryl
shift,28 oxidation of the resulting N-methylene radical
followed, and addition of the iodobenzoate by-product
(Scheme 4). We nevertheless decided to use Togni Il for all
further studies. When the reaction was conducted with other
photocatalysts, lower yields of 2a were obtained (Table S1).
Control experiments supported that all reaction components
were required for the reaction to proceed efficiently.

Having established the optimized reaction conditions, we
surveyed the substrate scope of this cyclization cascade (Table
2). We began by testing benzylic ynamides (n = 1) bearing a
tertiary or a secondary C-H moiety. When an electron poor aryl
derivative (1b) was used, only 2b was obtained in 60% vyield.
Conversely, when an electron rich ynamide 1c was used, a
mixture of both products was obtained in similar yield. We
then turned our attention to the scope of the C-H bond that
could be engaged in the 1,5-HAT. Ynamide 1d bearing a
cyclobutyl group underwent the expected cascade process,
resulting in the formation of product 2d in a moderate yield
(34%). Nevertheless, this unprecedented intramolecular HAT
from a cyclobutyl moiety, represents a new approach for the
generation of cyclobutyl radicals complementary to the use of
chloride radicals as described in literature.”

Table 2 Optimization of reaction conditions®

%] Togni reagent Il (1.2 equiv.)

/ikN (ppy)s (25 mol%) ? K?@ »\©
o (@— S
\‘\ MeCN(OlM) 27°C
la (*) 2

1-21 h, 450 nm

entry Deviation from standard conditions 2a (%) 2aa (%)
1 none 60 13
2 MeOH as solvent 30
3 Togni | (1.2 equiv.) as CF3 radical donor 53
4 Umemoto (1.2 equiv.) as CF3 radical donor 22
5 [Ir(dtbby)(ppy)2][PFe] (2.5 mol %) 35

Table 1 Scope of ynamides bearing a benzyl group

o] Togni reagent Il (1.2 equiv) o \ /
I(ppy)s (2.5 mol%)
N PC Q
—
o ‘h MeCN (0.1 M), 25°C
1-4 h, 450 nm
laf
o o
N N
TN F
CFs CFs
2a 2b 2c
54%, 13% 60% 30%, 26%
ll o
0

2d 2e
34% 45%, d.r 87:13
l
00
CFs
2f &

40%
% Reactions were performed on a 0.1 mmol scale. 1 (1.0 equiv), Togni I (1.2
equiv), Ir(ppy)3 (2.5 mol %) in MeCN (0.1 M), blue LED at rt, Yields were
determined by 1H NMR by using trimethoxybenzene as internal standard.

Reactions were performed on a 0.2 mmol scale. 1 (1.0 equiv), Togni Il (1.2 equiv),
Ir(ppy)s (2.5 mol %) in MeCN (0.1 M), blue LED at rt for 1-16h, isolated yields are

reported.

Interestingly, the use of an ynamide flanked with a
phthalimide group afforded the mixture of two
diastereocisomers 2e. Finally, substrate 2f was generated
through the C-H abstraction from adamantyl precursor 1f in
40% vyield. The X-ray diffraction (XRD) structures of both 2a
and 2d gave insight into the relative configuration of these
tricyclic products.

The observed diastereoselectivity on tricyclic derivatives 2 can
be rationalized by considering the carbon-centred radical
intermediate 5 (Schemes 3 and 4). Among the two possible
conformations, Int-1 is expected to possess the highest energy
due to the substantial steric clash between the trifluoromethyl
group and the pyrrolidinone ring. Conversely, Int-2 would be
more favourable as the trifluoromethyl group and the
pyrrolidinone are oriented in opposing directions and leads to
the formation of the radical intermediate 6, where the
trifluoromethyl substituent and the hydrogen atom at the
cyclic junction are in a syn relationship.

Further details on this diastereoselectivity are provided in the
supporting information.

Encouraged by these results, we investigated the generality of
the trifluoromethylation cyclization cascade on N-aryl

Int-1 Int-2

Scheme 1 Observed transition states leading to the formation of 6
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Table 3 Scope of Ynamides bearing an aryl group

Togni Il (1.2 equiv) o
ht Ir(ppy)s (2.5 mol%) @ ©f( ©5<
N o) o)
N (@ —s K? ! /
|‘| MeCN (0.1 M), 25°C CF3 CFs
1-16 h, 450 nm CF3
1g-v (#) 2h-v Togni | Togni Il
Arene Scope
o 07
CF3 CF, CF3 CF3
29 2h 2i 2 2k 2l
72% yield (60%)? 60% yield (55%)P 77% yield (38%)P 63% yield 34% yield 57% yield
o o
(5 . .
o}
Tl {
CF3 CFy o CFs
2m 2n 20 2p 2q
53% yield 60% yield 31% yield 30%, d.r 1:1 38% yield
C-H Precursor Scope
o
G + i
CF3 CF3
2r 1s 2s 2sa 2t 2u
70% yield 36% yield 8% yield 46% yield 28% yield

Reactions were performed on a 0.2 mmol scale. 1 (1.0 equiv), Togni Il (1.2 equiv), Ir(ppy)s (2.5 mol %) in MeCN (0.1 M), Blue LED at rt for 1-16h, isolated yields are

reported. “ on a 0.5 mmol scale. b Reaction was performed with Togni | reagent (1.2 equiv). unless otherwise specified, d.r is supperior to 95:5.

ynamides, aiming to supress the formation of the
corresponding carboxylate side and thus the competitive ipso-
cyclization. Phenyl analogue 1g was initially tested under the
same reaction conditions (Table 3). 72% as a single
diastereomer and as expected with no side product.
Modification of the arene core on the ynamide was first
evaluated.

Para-substituted arenes underwent reaction to deliver
trifluoromethylated products in excellent yields (2h-2j, 60-77%
yield). Product 2k with a dioxolo group was obtained in a
moderate 34% yield. The cyclization cascade was also effective
with arenes bearing a boronic ester (2l, 57% yield), providing a
platform  for  further  functionalization of  these
pyrroloindolinone products through metal coupling reactions.

Naphthylynamide 1m delivered the desired product 2m as a

single regioisomer in satisfactory yield. The cyclization also
tolerated heteroarenes like thiophene giving the product 2nin
good yield (60%).

A range of alkyl substituted ynamides were also tested in the
cascade. Gratifyingly, derivatives 20 and 2q featuring three
contiguous stereogenic centres were isolated as single
diastereomers. However, cyclization with a secondary C-H
centre bearing an ether resulted in a significant drop in
diastereoselectivity (2p, d.r 1:1 in 30% yield). Adamantyl
ynamide 1r gave the expected product 2r in excellent yield
70%.

Ynamides with fused cycloalkyl groups such as noradamantyl
worked well, resulting in two regioisomers (2s and 2sa) due to
the HAT competition between a secondary and a tertiary C-H

Please do not adjust margins




on the noradamantyl moiety. Excellent diastereocontrol over
all three contiguous stereogenic centres of 2s was observed.

Table 4 Competitive pathways with some alkyl precursors

° Togni Il reagent (1.2 equiv.) o 9
/@ Ir(ppy)s (2.5 mol%) N ) N
N Ir — [ U N N
v— 1. @ .
‘ ‘ MeCN (0.1 M), 25°C .
16-22 h, 450 nm CF3
1v-x (%) 2v-x 2vb-xb
o o
N N—( N
4@ 5 / w&@
H
CFy CFy CFy
2v 2w 2x
20% yield 15% yield 33% yield, d.r 8:2

Side products

2vb 2wb 2xb

20% yield 16% yield, d.r 61:39 12% yield

Reactions were performed on a 0.2 mmol scale. 1 (1.0 equiv), Togni Il (1.2 equiv),
Ir(ppy)s (2.5 mol %) in MeCN (0.1 M), Blue LED at rt for 1-16h, isolated yields are

reported.

Cyclobutyl-containing product 2t was obtained in 46% yield,
while the highly strained tricyclic derivative 2u could even be
formed in 28% vyield.

Intriguingly, when cyclohexyl and cyclopentyl ynamides 1v and
1w were tested, both gave a mixture of the desired product
(2v and 2w) and iodinated products (2vb and 2wb) in
comparable yields (Table 4). The same reactivity was observed
with an ethyl chain (2x and 2xb) and it is rationalized in the
mechanistic discussion (Scheme 4). Additional side reactivity
and limitations of this cascade are also reported in the SI (Fig.
S4).

Recently, there has been a studies on
mechanochemical organic transformations, among which is
the development of mechanoredox catalysis by Ito.>® This
catalytic system relies on the use of piezoelectric materials

surge in

such as BaTiO3, which upon mechanical activation undergoes
polarization and acts as an electron transfer agent.31 In 2020,
Ito reported the generation of trifluoromethyl radical enabled
by mechanoredox.”> We wondered whether this seven-step
radical cascade could be performed under such conditions, a
type of process never accomplished before. We thus tested
the reaction using Ito’s conditions with compound 1g. Traces
of the tricyclic product 2g were observed, showcasing the
feasibility of this cascade in solid state. Subsequently, the
optimization of the reaction was studied (Table S2).

Since both starting ynamide 1g and tricyclic product 2g proved
to be unstable under the initially used ball milling settings, the
optimal conditions required the use of catalytic quantities of
BaTiO; and a reduced reaction time. This helped in mitigating
the effect of this degradation on the reaction yield. The scope
of the cascade was next investigated (Table 5). While the
tricyclic products were obtained in what appears to be
moderate vyields (up to 40%), it has to be considered that

seven elementary steps are involved in the cascade process so
that each step works with a yield of 77% for 2u and 88% for 2i.
Also, the reaction could be amenable to diverse arene groups
(2g, 21, 2m) as well as C-H alkyl precursors (2q, 2r, 2u).

Table 5 Mechanoredox: an alternative to access trifluoromethylated tricyclic products

o tet-BaTiOj; (0.05 eq) o
N o Acetone (1.2 pL/mg) N
- | _— @
o m or, Ball milling (30 Hz), 3h o
CF;
1 2eq )2
? o o
?3 p g o
““““““ \ s
o
CF; CFy CFy
29 21 2m
38% (36%)? 40% 36%
o o o

Yields were determined by *°F NMR with 4,4’-difluorobenzophenone as internal
standard. ? Isolated yield. b Grinding at 10 Hz for 13h. For experimental details,

see the Supporting Information 8.2.

Based on the results described above, we propose the
following mechanism for these transformations (Scheme 4).
After generation of the trifluoromethyl radical through the
photoredox cycle,33 the latter adds regioselectively on the
ynamide moiety. The resulting vinyl radical intermediate 3
undergoes a 1,5-HAT at the expense of a cyclization on the
aromatic ring. The resulting C(sp3) radical 4 then cyclizes on
the alkene via a 5-exo-trig cyclization giving the two
diastereomeric intermediates 5 and 9.>* The trans cyclization
product 5 cyclizes on the arene to give 6.

In the case of benzyl ynamides, intermediate 5 as previously
discussed undergoes an ipso-cyclization (12) followed by a 1,4-
aryl shift to give products 2aa-ca. The cis pyrrolidinone radical
9 would perform a second 1,5-HAT on the alkyl moiety to give
10.** The iodo compound 11 could originate either from XAT
(halogen atom transfer) of CF;l generated in-situ or through
the mesolytic cleavage of the phenyl-iodine bond.>®

Conclusions

To summarize, a series benzyl- and arylynamides were
prepared, relying notably on a novel approach from readily
available triazoles as starting materials. These precursors were
engaged in a radical cyclization cascade, triggered by the
addition of a trifluoromethyl radical and featuring a 1,5-HAT
and two cyclizations to deliver complex y-lactam polycyclic
derivatives featuring up to three contiguous controlled
stereogenic centers. Furthermore, we performed the reaction
in solid state, which shows the potential of mechanoredox as a
sustainable alternative for accessing these compounds. We are

J. Name., 2013, 00, 1-3 | 5
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confident that the piezocatalysis methodology is a viable
access to highly functionalized polycyclic derivatives and
prompt further discovery of new bioactive compounds.

Ir(ppy)s"

Photoredox Cycle

Ir(ppy)s"

Scheme 2 Proposed Mechanism
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