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Abstract

This study develops a biogenetic synthesis strategy using electrooxidation and heterodimerization of N-substituted
pyrrolidine-1-carboxamides to create diverse analogues of the fissoldhimine alkaloid core. Under acidic conditions,
2-alkoxypyrrolidine-1-carboxamides from Shono oxidation formed endo-heterodimers with high vyields and
diastereoselectivity. Enantioselective heterodimerization using chiral phosphoric acid catalysis produced exo-
heterodimers with high enantioselectivity.
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The biogenetic approach involving the homo- or heterodimerization of pyrrolidine and piperidine derivatives
represents a significant pathway, giving rise to a broad family of natural alkaloids characterized by a wide array of
biological activities.! Among them, fissoldhimine 4 (Scheme 1a), characterized by its tetracyclic core, was discovered
by Wu et al. in 1994 during their isolation efforts from the perennial shrub Fissistigma oldhamii (Hemsl.) Merr.
(Annonaceae).2 Known for its various biological effects, this plant has been used in traditional medicine to treat
conditions such as sciatica and arthritis. During this work, it was proposed that fissoldhimine is a chemical derivative
of the natural tricyclic structure 5, formed through aminoacetalization with adventitious butanal present in the
solvent during the extraction process (Scheme 1b). In 2007, Batey and co-workers proposed a biosynthetic
pathway,? which involves the heterodimerization of N-carbamoyl-1-pyrrolinium 6 and N-carbamoyl-2-pyrroline 7,
either through an inverse electron demand Diels—Alder reaction or a two-steps process comprising a Mannich
reaction followed by intramolecular aminalization. They explored their hypothesis by conducting the
heterodimerization of alkoxypyrrolidine-1-carboxamides 9 in acidic conditions, yielding the tricyclic core 10 with a
predominant endo selectivity, in contrast to the exo-
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Scheme 1 Synthesis of fissoldhimine Alkaloid Core

stereochemistry of the natural product 4 (Scheme 1c). In this context and based on our interest in the synthesis of
azacycles,* we decided to reinvestigate such heterodimerization. However, the synthesis of 9 via the protection of
pyrrolidinone with isocyanate followed by reduction of amide with hydrides posed challenges.356 Reproducibility
issues arose due to the high instability of 2-hydroxypyrrolidine-1-carboxamide 9a, hindering product recovery during
the extraction/chromatographic purification steps. Despite attempts to enhance stability by synthesizing a
corresponding ether derivative 9¢ (R1/R2=Bn/Me), no improvement was observed.

To address this challenge and devise a more efficient synthetic route for 9, we conceived an alternative approach
involving the direct oxidation of pyrrolidine-1-carboxamides 11. With the aim of establishing mild reaction
conditions and drawing from our interest in organic electrosynthesis,” we postulated that the Shono oxidation
reaction®?® could effectively facilitate this transformation. This anodic oxidation process proceeds mechanistically
via the 2 electrons oxidation of carbamates or amides, followed by a deprotonation step (see ESI).Since the initial
studies, the Shono oxidation has witnessed extensive applications in late-stage functionalization of drug-like
compounds and natural products.l° Expanded to the anodic oxidation of amines protected with sulfonyl or
phosphoryl groups,!! related Shono oxidation of pyrrolidine-1-carboxamides 11 remains, as far as we know,
unexplored, and can pose some challenges, such as achieving chemoselective oxidation at the a-position of the
tertiary nitrogen in the presence of other potentially oxidizable positions, as well as avoiding product degradation
under reaction conditions. Herein we report a sequence of electrooxidation and heterodimerization of N-substituted
pyrrolidine-1-carboxamides for stereoselective fissoldhimine alkaloid core analogues (Scheme 1d). An asymmetric
version was also developed utilizing chiral phosphoric acid catalysts,12 enabling high enantioselectivity in the
dimerization process.

To study the feasibility of this anodic oxidation process, we initiated investigations utilizing N-benzylpyrrolidine-1-
carboxamide (11a) as a model substrate in an undivided cell equipped with a graphite carbon plate anode and a
nickel plate cathode, using anhydrous MeOH as solvent. The reaction was conducted under 10 mA constant current
with LiClO,4 as the electrolyte, resulting in the formation of the desired a-methoxylation product 9c in 73% yield.
Reducing the current intensity to 5 mA resulted in an increase of yield to 90% (entry 2). Subsequent screening of
various solvents yielded diminished yields (see ESI). Upon examination of various electrolytes, best results, while
comparable to LiClO4, were achieved using BusNTsO (entry 4). Notably, switching the nickel plate counter electrode
to a carbon graphite one with such electrolyte afforded the desired product 9c in similar yield (entry 5). With these
initial results in hand, we then decided to investigate the dimerization of 11a in a sequential one-pot process.
Regrettably, the desired product was not obtained (entry 6) when trifluoroacetic anhydride (TFAA)3 was added
immediately after the electro-synthetic step. We postulated that in the present system, the possible presence of
methoxide anion, released at the cathode during electrosynthesis, could lead to trifluoroacetate formation instead
of the required acid. Additionally, the large amount of methanol used as the solvent might inhibit the formation of
iminium 6 and enamine 7.



To address this, we evaporated the methanolic solvent and carried out the dimerization in CH3CN in presence of
TFAA. Gratifyingly, the endo-heterodimer 10ac,q40 Was isolated as a single diastereomer in 77% yield over two steps
(entry 7). Additionally, only a catalytic amount of the electrolyte (0.1 eq) was necessary to achieve a 94% yield of
10acndo (entry 8) while reaching a nearly quantitative faradic efficiency.!3. Notably, the reaction did not proceed in
the absence of either electrolyte or electricity (entries 9 and 10). Further studies revealed the superiority of TFAA in
term of yield and diastereoselectivity over other Brgnsted and Lewis acids (see ESI).

Table 1 Optimization of the reaction conditions®
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Entry (+) /(-) Electrolyte (eq) Yield 9¢ (%)° Yield 10.4o (%)¢
1° (+)C /() Ni LiClO, (1 eq) 73 -
2 (+)C/(-) Ni LiClO, (1 eq) 90 -
3 (+)C/ () Ni Et,NBF, (1 eq) 70 -
4 (+) C/(-) Ni BusNTsO (1 eq) 91 -
5 (+)C/(-)C BusNTsO (1 eq) 91 -
6° (+)C/(-)C BusNTsO (1 eq) 91 0
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99 (#)C/(-)C  BusNTsO (0.1 eq) - R

10" (+)C/(-)C BusNTsO (0.1 eq) - -

11 (+)C/(-)C BusNTsO (0.1 eq) - 81
49 Conditions: 11a (0.2 mmol), MeOH (0.05 M), 5 mA, 2 F.mol1. ® 10 mA instead of 5 mA. ¢ 'H NMR yield using 1,1,2,2-tetrachloroethane as internal standard. ¢
Isolated yield; dr > 98:2. ¢ Conditions: 11a (0.2 mmol), MeOH (0.05 M), rt., 5 mA, 2.0 F.mol, followed by TFAA (0.2 mmol)./ Conditions: 11a (0.2mmol),

MeOH (0.05 M), rt, 5 mA, 2.0 F.mol* followed by evaporation and treatment of the crude product with TFAA (0.2 mmol) in CH3CN (0.03 M).9No
electrolyte. " No electricity. ' On 1 mmol, with 3 F.mol L.

Having established the optimized reaction parameters, we began to investigate the scope of this sequential process.
As shown in table 2, the reaction was applicable to pyrrolidine derivatives bearing various types of substituents on
the urea nitrogen atom. For instance, various benzyl substituents bearing bromine substituents positioned in ortho,
meta, or para were accommodated, yielding the respective heterodimers, albeit with diminished yields compared
to 10acnq0 and slightly compromised diastereoselectivity in the case of ortho-substitution (10denq). Allylic side chain
was also fully compatible with the sequence delivering 10henqo, in 96% yield. Urea with a 2-phenethyl chain delivered
the endo-product 10ecndo in 90% yield over two steps. Linear alkyl chains, such as octyl, tridecyl, and 5-hexynyl
(10fengo, 108endo and 10icngo) along with substituted ones like cyclopropylmethyl and cyclohexylmethyl (10jendo-
10kendo) on the urea unit, were well-tolerated, producing the corresponding products with excellent yields ranging
from 68% to 99% and excellent diastereoselectivity. Encouragingly, the urea synthesized from a geraniol derivative
exhibited smooth reactivity, achieving satisfactory results in both yield and diastereoselectivity (10mendo).
Additionally, we were pleased to observe the compatibilities of functional groups such as alkene, alkyne, and ester,
highlighting the mildness of this stepwise process. The scope of the reaction was expanded to include other cyclic
amines. The conversion of N-benzylpiperidine-1-carboxamide to the desired product 10n.,q4o was accomplished with
a satisfactory vyield, albeit with modest diastereoselectivity (3:2 dr). Gratifyingly, both N-benzylazepane-1-
carboxamide and N-benzylmorpholine-4-carboxamide were found to be effective substrates, resulting in the
formation of the corresponding heterodimeric products 100cnd0 and 10pendo in Moderate to high yields over two-
steps with a high diastereomeric ratio in favour of the endo product (9:1 to >98:2dr).



Table 2 Scope of the Shono-oxidation and heterodimerization sequence.?
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a See entry 8, table 1 for conditions ? Yield of isolated pure endo product after column chromatography. If unspecified, the diastereoselectivity of the crude
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Next, we explored the feasibility of developing an enantioselective heterodimerization utilizing chiral phosphoric
acid catalysts.#10.14 Drawing from our own experiences and previous literature, we envisioned that the chiral
Brgnsted acid could facilitate the elimination of MeOH, thereby leading to the formation of an ion pair between the
newly generated iminium 7 and chiral phosphate. Subsequently, its partial isomerization into eneurea 6,
accompanied by the formation of a hydrogen bond between the NH of the urea and the Lewis basic phosphoryl
oxygen could occur (Scheme 2a). Consequently, the simultaneous interaction of the two reacting partners (6 and 7)
by the catalyst could induce enantioselectivity during the Mannich step. To verify this hypothesis, we conducted the
heterodimerization of N-benzyl-2-hydroxypyrrolidine-1-carboxamide 9a in presence of chiral phosphoric acids. After
examining the reaction parameters (see ESI), the reaction in CH,Cl; at 0 °C with 5 mol% of catalyst (R)-12a, derived
from octahydro-(R)-BINOL, yielded the desired heterodimer 10a in 95% yield, predominantly as the exo product with
a4.5:1 ratio over the endo isomer. Both diastereomers were separable by column chromatography. The exo product
exhibited 92% ee, demonstrating the catalyst's effectiveness in both enantio- and diastereoselectivity. The endo
product was racemic, suggesting an uncatalyzed pathway. We subsequently demonstrated that it was possible to
merge the Shono oxidation and enantioselective heterodimerization: under optimized conditions (involving the
solvent switch). We were pleased to isolate the desired heterodimer 10a.x, in 53 % with 90% ee and the racemic
10acndo in 13% yield. Importantly, there was no decline in the enantioselectivity for exo product in the consecutive
process (Scheme 2b).
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Scheme 2 Enantioselective synthesis of fissoldhimine alkaloid core and derivatization
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Figure 1 VCD (left) spectrum of 10a,,, displaying and the arrangement of the
electric transition moments (right, red arrows parallel to C=0 bonds). Spectrum
was measured using CHCI3 (c= 0.4 M, [ =50 um)

The determination of the absolute configuration of 10a.,, was performed using vibrational circular dichroism (VCD).
According to Tanigushi and Monde?5, the bisignate signal of the circular dichroism reflects the absolute sense of the
twist of the two electronic moments of the carbonyls. The measurement of the dihedral angle between the two
carbonyl functions (8= +1122°) indicated a positive exciton effect as depicted on figure 1 (two alternate Cotton
negative and positive effects) allowing the absolute configuration of 10a.y, to be assigned as 3aR, 9a$, 9bS. To the
best of our knowledge, this method has never been implemented using urea’s carbonyls. Therefore, we decided to
ascertain our conclusion using DFT calculations (see ESI), which unambiguously confirmed the exciton coupling
observed while extending the scope of the powerful method.
To evaluate the scalability of our method, we conducted the sequential electrooxidation and heterodimerization of
N-benzylpyrrolidine-1-carboxamide (11a) and N-(hexyn-5-yl)pyrrolidine-1-carboxamide (11i) on a 1.0 mmol scale.
The reactions proceeded with only a slight reduction in the yields of the corresponding heterodimers, 10acnq4o and
10icndo, (Table 1, entry 11, and Table 2). We briefly explored the post-functionalization of 10icpq40, Wherein a copper-
catalyzed click reaction was conducted to transform the two alkyne moieties, allowing the installation of two triazole
skeletons in 80% yield (Scheme 2c).16

In summary, we have devised a robust two-steps synthesis route for generating a diverse array of tricyclic
azacyclic carboxamide akins of the natural fissolhimine scaffold, starting from readily accessible cyclic carboxamides.
This method involves the sequential application of Shono electrooxidation followed by acid-catalyzed
heterodimerization, resulting in products exhibiting excellent yields and diastereoselectivity. By incorporating chiral
phosphoric acid catalysis, we achieved the predominant formation of the exo-heterodimer with high
enantioselectivity.
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