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Abstract

The asymmetric synthesis of enantiopure pyrrolidines is reported via a streamlined strategy relying
on two sequential C—H functionalizations of simple hydrocarbons. The first step is a regio- and
stereoselective catalytic nitrene C—H insertion. Then, a subsequent diastereoselective cyclization
involving a 1,5-Hydrogen Atom Transfer (HAT) from a N-centered radical leads to the formation of

pyrrolidines that can then be converted to their free NH-derivatives.



Main text

Pyrrolidines are synthetic targets of choice for organic chemists.l!l 2,5-Substituted derivatives,
particularly, are important motifs with relevant applications in many areas of chemistry. In addition
to be at the core of the recently approved antiviral Ombistavir 1 (Figure 1),?! they are privileged
scaffolds in asymmetric catalysis. For example, they have been used as C>-symmetrical ligands for
metal complexes 2,13 organocatalysts 3,14 or chiral auxiliaries 4.1 This paramount importance has
translated to the design of innovative methods for the synthesis of pyrrolidines,/! including

stereoselective methods based on enantioselective functional group transformations.!”-8]

Figure 1.

The emergence of catalytic C—H functionalization reactions in the last twenty years has
revolutionized the art of retrosynthesis. C—H bonds are now considered as functional groups that
allow the conception of efficient synthetic strategies with improved step- and atom-economy.]
This new paradigm in organic synthesis has found applications in heterocyclic chemistry with the
use of new bond disconnections for the synthesis of nitrogen heterocycles.!'”) With respect of
pyrrolidines, three main strategies have been developed for their preparation (Scheme 1a). Daugulis
and Chen first reported the application of C—H activation reactions to the formation of pyrrolidines.

The latter involves a catalytic C-H/N—H coupling via a concerted metallation-deprotonation process

[11 12]

that mainly occurs at primary C—H bonds.!'!! Inspired by the Hofmann-Loffler-Freytag reaction,!
stoichiometric approaches relying on intramolecular H-atom transfer have been designed. Because
the 1,5-pathway is highly favored, the formation of pyrrolidines via the intermediacy of N-centered

radicals is often exclusively observed.!!’]

The last strategy is based on metal-catalyzed
intramolecular C(sp?)—H insertion of nitrenes generated from either azides!'*! or hydroxylamine
derivatives.['3] Contrary to the other approaches, enantioselective versions of these nitrene transfers
have recently been reported.['®) These are rare examples of asymmetric pyrrolidines syntheses via a
C-H activation process that, however, display limitations in terms of yield!'®®! or

enantioselectivity.[!a°]

Scheme 1.
With the aim to develop an efficient access to substituted pyrrolidines, we envisioned the design

of a novel strategy that would preclude the presence of a pre-installed nitrogen function. Thus, we

wondered whether enantiopure pyrrolidines could be accessible from simple hydrocarbons via a



streamlined two-step sequence. The latter consists in an asymmetric regioselective intermolecular
nitrene C(sp*)—H insertion with an enantiopure sulfonimidamide as a chiral auxiliary, followed by
a diastereoselective cyclization involving a 1,5-HAT (Scheme 1b). In this manuscript, we wish to
report the results of our studies.!'”]

The first step of our approach relies on a catalytic intermolecular C(sp*)~H amination reaction
mediated by iodine(III) oxidants.!'"® Several methods have been developed to this end, but the use
of rhodium(II) complexes in combination with sulfamates generally affords the best conversion in
intermolecular C—H amination.!"”) However, their application to 1,4-diarylbutane derivatives did
not prove efficient both in terms of yields and selectivity (see Scheme S1, supporting information).
Far more efficient was the stereoselective version developed with sulfonimidamides (Figure 2).[20]
Whereas the method has been applied mostly to ethylarene derivatives so far,?!! we were pleased to
obtain the expected products from various complex substrates generally formed as single

stereoisomers (See Table S1, supporting information).

Figure 2.

The reaction was first applied to symmetrical derivatives 7a-e. The yields in the 40-99% range
underscore the influence of electronic factors on the course of the reaction. We capitalized on this
observation to perform the regioselective functionalization of non-symmetrical analogs. The
differentiation of both aromatic rings via the introduction of electron-donating or -withdrawing
substituents led to selectively functionalize a single benzylic site. Accordingly, compounds 7i-k
were converted in high yields (78-84%) and excellent levels of regio- and stereocontrol. Moreover,
similar results were obtained with substrates 7f-h for which steric factors — the presence of an
ortho-substituent — are responsible for the complete regioselectivity.?!! It is noteworthy that the
reaction also efficiently applies to various butyl or hexyl derivatives (products 8l-m) as well as to
simple alkanes (80 and 8p). In the end, the stereoselective intermolecular C(sp®)—H
functionalization afforded >15 different precursors awaiting the second amination step to deliver
enantiopure pyrrolidines.

Initial tests of cyclization from product 8a relied on light irradiation-based protocols reported by
Suarez,??) Muiiiz,['*3 and Nagib.['3¢] However, they only gave 1:1 mixtures of cis:trans pyrrolidine
9a isolated in ~20% yield in the presence of stoichiometric amounts of iodine sources. By contrast,
the thermal conditions described by Nagib!!*¢l proved more efficient as 9a was isolated in 58%
yield but with a low d.r. of 1.2:1 (entry 1, table 1). Optimization of the conditions was envisaged
with the aim to address the issue of diastereoselectivity, since diastereoselective Hofmann-Loffler-

Freytag reactions are still rare in the literature.



Table 1.

A screening of solvents (See Table S2, supporting information) revealed that the best yields were
obtained in aromatic solvents and toluene was selected for the rest of the study (entry 2). We then
investigated the influence of the hypervalent iodine reagent on the cyclization outcome.!?3! Several
iodine(IIT) oxidants prepared from various iodoarene precursors or having different carboxylate
ligands were tested (See Table S3, supporting information). The use of the reagent derived from 3-
chloro-1-iodobenzene and having mCBA ligands (mCBA: meta-chlorobenzoate) led us to isolate
compound 9a with a higher d.r. of 4.6:1 while preserving a good reactivity (entry 3). A similar
observation was then made after the screening of the iodide source (See Table S4, supporting
information). Indeed, we found that the stereoselectivity of the iodine-mediated cyclization was
boosted in the presence of silver(I) iodide. The pyrrolidine 9a was obtained with a d.r. of 8:1 albeit
with a lower yield of 30% (entry 4). Finally, optimal conditions were obtained by increasing the
temperature (90 °C, entry 5), tuning the amount of hypervalent iodine reagent and silver iodide to
4.3 equiv. (entry 6 vs. entries 8-10), and working at a higher dilution (¢ = 0.05 M, entry 7).

These conditions were then successfully applied to all the compounds depicted in figure 2 to
deliver the corresponding pyrrolidines 9a-p with good d.r. (Figure 3). Importantly, the trans and cis
isomers, in the relevant cases, were separated and isolated as enantiopure products after
chromatography on silica gel, the ¢trans derivative being always predominantly formed with yields
ranging from 41% to 70%. This was corroborated by careful NMR experiments, and by the X-ray

structures of the trans-products 9f and 9j.

Figure 2.

Importantly, this sequence of two consecutive stereoselective C(sp*)—H amination reactions led
us to synthesize a variety of new 2,5-disubstituted pyrrolidines for which the preparative methods
are scarce. These methods rely on the lengthy elaboration of 1,3-dicarbonyl compounds,?¥ the
derivatization of pyroglutamic acid,® or the direct functionalization of preformed pyrrolidines.2®]
Also worth of mention are the bridged nitrogen heterocycles 9e and 9p accessible in two steps from
dibenzosuberane and cycloheptane, which are simplified analogues of the NMDA receptor
antagonist MK-801 and tropane alkaloids, respectively. Finally, compound 9o highlights that a
simple alkane such as 2-methylpentane can be used as starting materials for the synthesis of
heterocycles.

Several test experiments were performed to investigate the mechanism of the intramolecular

C(sp’)—H amination reaction of amides 8 (Scheme 2). First, the starting material was recovered



unreacted in the presence of the radical inhibitor BHT, a result that supports the involvement of a
radical pathway. Then, we studied the reactivity of haloamines that are generated in the reaction.!!3]
Because N-iodoamides are too unstable to be isolated, we decided to prepare the analogous
chloroamine 10 that could be obtained from 8a by reaction with trichloroisocyanuric acid.
Pleasingly, compound 10 was transformed to the expected pyrrolidine 9a in good yield by
combining Agl with 3-CIC¢Hsl(mCBA): in toluene at 90 °C. Additional experiments revealed that
moderate conversions and lower yields are obtained in the sole presence of Agl or the hypervalent
iodine reagent. These results clearly highlight a synergistic effect of both reagents on the efficiency
of the overall process. Surprisingly, the reaction with the hypervalent iodine reagent alone afforded
the trans isomer with full selectivity, whereas a much lower d.r. was obtained in its absence. These
significant changes in the diastereoselectivity depending on the conditions suggest that several
competing mechanisms might operate during the cyclization. These observations led to a
mechanistic proposal that involves the initial formation of a N-centered radical from the iodoamine,
followed by a 1,5-Hydrogen Atom Transfer. From the resulting benzylic radical, two scenarios
could operate. It could be trapped to afford the corresponding iodide. Then, a stereospecific Sn2-
type cyclization would deliver the pyrrolidine 9a with a low d.r. because the trapping of the
benzylic radical remote from the stereogenic center is expected to proceed with a low
diastereocontrol. Alternatively, the radical could be oxidized by the hypervalent iodine reagent to a
carbocation that could undergo a Sn1-type cyclization proceeding with high diastereocontrol.?”]

Thus, the overall d.r. would be the result of the simultaneous occurrence of both mechanisms for the

cyclization, and the use of highly soluble 3-CICsH4I(mCBA): is key to achieve good selectivity.!?*!

Scheme 2.

Final experiments were aimed at removing the sulfonimidoyl group to isolate the free NH-
pyrrolidines (Scheme 3). Use of magnesium in dry methanol under sonication allowed us to isolate

pyrrolidines 11 and 12 in 66% and 76% yields, respectively.[?]

Scheme 3.

In conclusion, chiral disubstituted pyrrolidines are accessible in only two steps in an enantiopure
form from simple hydrocarbons used as the limiting component. The strategy relies on two
consecutive C(sp?)-H amination reactions involving a catalytic stereoselective nitrene insertion
then a diastereoselective HLF-type cyclization. Worthy of note is the straightforward access to non-
symmetrical disubstituted products that could provide new scaffolds for the design of chiral

organocatalysts or organometallic complexes. This sequence was ultimately applied to alkanes



making these broadly available compounds useful building blocks for the synthesis of heterocycles.

Work is in progress to investigate application of our strategy to the synthesis of new pyrrolidines as

useful tools in catalysis.
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Legends for schemes and tables:
Figure 1. Relevant examples of 2,5-substituted pyrrolidines.

Figure 2. Regio- and stereoselective intermolecular C(sp*)—H amination of hydrocarbons; d.r. and

r.r. are reported for isolated compounds. [a] 5.0 equiv. of substrate.

Figure 3. Stereoselective intramolecular C(sp®)—H amination for the formation of pyrrolidines.

[alA gl was replaced by Cul.

Scheme 1. C—H functionalization reactions for the syntheses of pyrrolidines.
Scheme 2. Mechanistic investigations.

Scheme 3. Deprotection of the N-(sulfonimidoyl)pyrrolidines.

Table 1. Screening of conditions for the stereoselective cyclization.?!



Table 1.

Todine source Hypervalent iodine

Entry (equiv.) (equiv.) Solvent  Yield® d.r.[¢
1 Nal (4.0) PhI(OAc): (4.0) MeCN 58 1.2:1
2 Nal (4.0) PhI(OAc): (4.0) Toluene 75 2:1
3 Nal (4.0) 3-CICeHAI(mCBA) (4.0) Toluene 76 4.6:1
4 Agl (4.0) 3-CICeHAI(mCBA) (4.0) Toluene 30 8:1
S5 Agl (4.0) 3-CICHAI(mCBA)> (4.0) Toluene 61 8:1
69 Agl(4.3) 3-CICeHAI(mCBA) (4.3) Toluene 65 8:1
714 Agl (4.3) 3-CIC¢H4I(mCBA); (4.3) Toluene 71 8:1
8l Agl (5.0) 3-CICHAI(mCBA) (5.0)  Toluene 72 8:1
9ldel  Agl (3.0) 3-CICHAI(mCBA) (5.0)  Toluene 46 7.5:1
el Agl (4.3) 3-CICeHAl(mCBA)> (3.0) Toluene 39 7:1

[a] Reaction conditions: A mixture of 8a (0.10 mmol), iodine source and
hypervalent iodine reagent in toluene is stirred (1 mL) at 65 °C for 48-72 h.
[b] After flash chromatography.

[c] Determined by 'H NMR of crude reaction mixture.

[d] Run at 90 °C.

[e] ¢ =0.05M.
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Simple hydrocarbons such as alkanes are shown to be useful building blocks for the asymmetric
synthesis of heterocycles. They are converted in only two steps to pyrrolidines by application of
stereoselective C(sp®)-H amination reactions. Symmetrical and non-symmetrical enantiopure 2,5-

disubstituted pyrrolidines are isolated in good yields.
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Scheme 1

1a. Previous syntheses of pyrrolidines by C—H functionalization reactions
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Scheme 2

Reaction with a radical inhibitor

. Agl
NHS 3-CIC4H,I(MCBA),
Ph” "N Ph > No reaction
8 Toluene, 90 °C
a 1 equiv. BHT
Preparation of the chloramine 10 from 8a, and its reaction under different conditions
(@) Cl
CI-N =0 s* _Cl
NHS* }—N\ N Reagents ,D
: Ph o _cl o : Ph —  —  » Ph¥" >y "Ph
Ph” "N NN . g
Tol 90 °C
8a DCM 10 (60%) ouene trans-9a
1. Agl, 3-CICgH4I(mCBA),: 61%, d.r. ~5:1
2. Agl: 28%, d.r. ~3:1
Mechanistic proposal 3. 3-CICgH4I(mCBA),: 30%, d.r. >20:1
S%, I *So
NHS* Agl /101 t‘/ Agl /101 ';l.
Ph 29T : o : Ph
Ph/\/\e/ PN Ph” "

*S\
low d.r. ,O
— 5 Ph 'Ph
*S\ S Ph/\/\{
1,5-HAT NH

A 9a
- : Ph

PN > nighar o L5
N~ ph 297 PN~ Ph
S*
® 9a



Scheme 3
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Figure 3
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