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Article history:

Asperfilasin A (1), featuring a unique 5/5 cyclopenta[c]pyrrol-one bicyclic core, represents a newly discov-
ered skeletal cytochalasan isolated from Aspergillus flavipes. The enantioselective total synthesis was effi-
ciently accomplished from the key intermediate (S)-6 with three contiguous stereocenters in 5 steps and
the synthetic 1 induced G2/M-phase cell cycle arrest of HT29 cells and apoptosis of HL60 and NB4 cells
by activation of caspase-3 and degradation of PARP. (S)-6, bearing three contiguous chiral centers, was
efficiently constructed by a novel Nazarov cyclization reaction containing basic nitrogen, which was less
developed, primarily due to the incompatibility of basic nitrogen under acidic reaction conditions. This
reaction allows a wide range of pentadienone substrates containing basic nitrogen to undergo Nazarov
cyclization in a single regioselective and diastereoselective manner and is capable of generating three
stereocenters simultaneously. Furthermore, the mechanism of the Nazarov cyclization and the origin of
the regio- and diastereoselectivity were elucidated by DFT calculations and deuteration experiments, pro-
viding valuable insights into the reaction and serving as a guide for future applications involving sub-
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Cytochalasans are a large group (>500 members) of fungal-
derived natural products [1,2], exhibiting a wide range of biolog-
ical properties such as cytotoxic [3,4], phytotoxic [5-8], antimicro-
bial [9,10] and antiparasitic activities [11,12]. A large number of cy-
tochalasans were isolated by our group and coworkers [13], such
as asperchalasines A-D [14], epicochalasines A, B [15], and asper-
flavipines A, B [16]. So far, cytochalasans have attracted consider-
able attention in the fields of synthesis [17-23], biosynthesis [24-
28], and pharmacology [29-31] because of their biological diver-
sity and remarkable structure. Structurally, almost all cytochalasans
comprise one common unit, an isoindolone moiety bearing a 5/6
ring system, and their general synthetic strategy for the isoin-
dolone core often started from the construction of 5-membered
lactam followed by Diels-Alder cyclization [17-23]. However, the
synthesis of the newly discovered cytochalasan asperfilasin A (1),
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featuring a unique 5/5 cyclopenta[c]pyrrol-one bicyclic core, neces-
sitated the development of innovative synthetic methodology.

Nazarov cyclization is recognized as a highly efficient tool to
generate diverse cyclopentenone motifs, known as a 4w conro-
tatory electrocyclization of divinyl ketones to cyclopentenones
in one step [32,33]. Despite the advancements in this field
[34-37], the exploration of aliphatic chain y-aza-substituted
pentadienones has not been reported. This is primarily due to
the incompatibility of the basic nitrogen in acidic reaction condi-
tions. Additionally, the incorporation of auxiliary groups to govern
chirality in Nazarov cyclization reactions has also been scarce.
Flynn achieved the asymmetric synthesis of cyclopentenones
using oxazolidinone auxiliaries. However, the diastereoselectivity
was not well controlled [38] until the auxiliaries were directly
linked to the «-position of carbonyl [39-41], and the mechanism
of oxazolidinone-based stereocontrol is driven by allylic strain
via computational studies [42]. Nazarov cyclization controlled by
chiral sulfoxide was also proved to be poor (Scheme 1a) [43].
Therefore, the development of divinyl ketones containing basic
nitrogen with side-chain-controlled chirality remains a challenging
area for Nazarov cyclization.
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(a) Prior study of diastereoselective Nazarov cyclization controlled by auxiliary groups
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(2) Chiral sulfoxide auxiliaries (ref 43)
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(b) Nazarov Cyclization by functionalizing the privileged divinyl ketones with a basic amino group at the rarely explored y-position
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Scheme 1. Asperfilasin A and diastereoselective Nazarov cyclization controlled by auxiliary groups.

Herein, asperfilasin A (1) was isolated and characterized as
the first example of cytochalasan with 5/5 cyclopenta[c]pyrrol-one
bicyclic core from Aspergillus flavipes. The synthetic endeavor
employing a novel Nazarov cyclization not only confirmed the
structure of 1 but also yielded ample quantities of samples
for subsequent biological investigations. Asperfilasin A exhib-
ited good antitumor activity. Moreover, we delineated a new
Nazarov cyclization containing basic nitrogen with stereospecific
diastereoselectivity that four contiguous stereocenters can be
simultaneously formed, including one outside the ring of the
pentadienone (Scheme 1b). The substrate scope was investigated
and the mechanism of this reaction was also elucidated by DFT
calculations and deuterated experiments.

Based on the NMR data, the planar structure of 1 was eluci-
dated (see Supporting information for details). However, there was
no diagnostic signal for H-7 to determine its configuration. There-
fore, the 13C NMR calculations with the DP4+ probability analysis
for both epimers (1 and 2) of C-7 were conducted. The results
showed that 7R was the real relative configuration of 1 with 100%
probability. To determine the absolute configuration of 1, quan-
tum chemical ECD calculations were employed. The theoretically
calculated ECD spectrum of 1 was in good agreement with the
experimental ECD spectrum (Fig. S5 in Supporting information),
thus confirming the absolute structure of 1 to be 3S,4R,7R,8R.
Although the structure and configuration of asperfilasin A can be
determined through the above methodologies, there may still be
some uncertainty. Therefore, synthetic methods are essential to
fully determine the configuration and subsequent pharmacological
investigations.

The discovery of asperfilasin A (1) featuring an unprecedented
scaffold led us to investigate its plausible biosynthetic pathway.
The basic skeletons of cytochalasans were confirmed to be gen-
erated via PKS-NRPS hybrid pathways, involving Knoevenagel con-
densation and Diels-Alder cycloaddition as key steps to construct
the tricyclic ring systems (Scheme 2) [24,44]. The biosynthetic

pathway of 1 was proposed to start from the original precursor
aspochalasin P (3), which was isolated both in our previous and
present studies. For 1, aspochalasin P underwent a series of oxida-
tive and reductive reactions to form the intermediate iv, which fur-
ther provided the key intermediate v with a cyclopropane moiety.
Subsequently, the unexpected 5/5 fused skeleton of vi was con-
structed via oxidative cleavage of the C-7-C-8 bond and dehy-
dration of the hydroxyl group at C-6. Finally, 1 was generated by
an additional oxidative cleavage of the C-14—C-15 bond to lose the
fragment of C-15—C-21 from vii.

Fascinated by the unique structural backbone of asperfi-
lasin A, the total synthesis of 1 was further investigated. Ini-
tially, the previously established synthetic strategy of cytocha-
lasans was attempted to follow wherein the chiral five-membered
lactam ring was synthesized first, followed by the synthesis
of another ring. Regrettably, with our hands, these approaches
proved ineffective (see Supporting information for details). It is
speculated that the 5/6 ring formation is feasible, while the
synthesis of the 5/5 ring encountered challenges, possibly at-
tributed to heightened ring strain. Instead, the cyclopentenone
ring was synthesized first to complete the total synthesis of 1
and the Nazarov cyclization was the pivotal step in the overall
synthesis.

We started our synthesis as depicted in Scheme 3. Alkynoate
4 (detailed synthetic procedures see Supporting information) was
utilized in a one-pot, palladium-mediated syn-hydrostannylation,
followed by a copper-mediated Stille-Scott cross-coupling with
tigloyl chloride, directly affording defined stereochemically divinyl
ketones (S)—5 [38,45]. Although this method had been previously
reported, it was the first application of an alkynoate substrate con-
taining basic nitrogen. With an ample supply of (S)-5 in hand, our
initial attempts utilizing SnCl, yielded the anticipated cyclopen-
tenones (S)—6 as a single entity in 25% yield. Further investigation
of Lewis acids was undertaken to determine the optimal synthesis
condition (Table 1).
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Scheme 2. Plausible biogenetic pathway of 1.
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Scheme 3. Total synthesis of 1. PMB = p-methoxybenzyl, CAN = ammonium ceric nitrate, DEAD = diethyl azodiformate.
Table 1
Selected conditions for the Nazarov cyclization of (5)-5.2
o Y~
o 0 O
| | o/\/ Lewis acid, Bronsted acid HNPMB
2
NPMB, Temperature, Time
Nazarov reaction
(S)-5 (S)-6
Entry Lewis acid (equiv.) Bronsted acid (equiv.) Solvent Temp (°C) Time (h) Yield (%)P
1 SnCly (5) No DCE 25 8 25
2 MeSOsH (5) No DCM 25 8 ND
3 HCI (10) No 1,4-Dioxane 25 8 ND
4 Cu(0Tf), (2) No DCM 25 8 ND
5 Sc(OTf); (2) No DCE 25 8 trace
6 No DPP (4) DCE 25 8 ND
7 In(OTf); (2) DPP (4) DCE 25 5 37
8 Fe(OTf); (2) DPP (4) DCE 25 5 54
9 Sc(0Tf); (2) DPP (4) DCE 25 5 80
10 Sc(0Tf); (2) DPP (4) DCE 0 20 65
11 Sc(0Tf); (2) DPP (2) DCE 25 20 61
12 Sc(0Tf); (1) DPP (2) DCE 25 20 trace

3 Reaction conditions: (S)-5 (1.0 equiv.), 0.1 mol/L, air.
b Isolated yields.
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When we extended previous reaction conditions with stoichio-
metric Lewis acids or protonic acids to our cyclization reaction, we
rarely, if ever, obtained the corresponding cyclopentenone deriva-
tive (Table 1, entries 2-5). To our delight, the addition of stoichio-
metric Brgnsted acid diphenyl phosphate (DPP) [46] allowed us to
obtain the cyclopentenone product. Furthermore, the resulting cy-
clopentenone (S)—6 with three contiguous stereocenters was ob-
tained as a single enantiomer. However, Brensted acid DPP alone
was virtually inactive for the reaction (Table 1, entry 6). Among
the metal salts tested, the scandium salt was found to be the most
effective (Table 1, entries 7-9). The efficiency of the reaction was
lower when the reaction temperature was reduced to 0°C (Table 1,
entry 10). By varying the amounts of Sc(OTf); and DPP, we found
that the optimal conditions were achieved with 2 equiv. of Sc(OTf);
and 4 equiv. of DPP. We speculate that the stoichiometric require-
ment of both Lewis and Brensted acids may be attributed to the
influence of the basic nitrogen. After many attempts, the optimal
conditions (Table 1, entry 9) were identified, facilitating the pro-
duction of cyclopentenone (S)—6 as a single enantiomer in 80%
yield from grams of (S)-5.

Conjugated addition of cyclopentenone (S)—6 to an alkynone to
form a E/Z mixture of 7 (E/Z 4.17:1). This was followed by oxidative
debenzylation [47], and amine transesterification in one pot, gen-
erating 5/5 cyclopenta[c]pyrrol-one bicyclic 8 as a single E isomer.
We speculate that the exclusive formation of one product is due to
the lower energy of the E-form of compound 8 compared to the
Z-form (see Supporting information for complete details). A reduc-
tion system of CeCl3-7H,0/NaBH,4 reduced two carbonyl groups in
compound 8. Subsequently, one of the alcohols with less hindrance
was selectively oxidized using MnO,, yielding compound 2, which
is the C-7 hydroxyl stereoisomer of asperfilasin A. Compound 2
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was conveniently transformed into asperfilasin A using Mitsunobu
reaction in one pot. At the same time, a single crystal of 1 was ob-
tained, allowing unambiguous determination of the absolute con-
figuration of natural asperfilasin A.

It has been widely reported that cytochalasans exhibit cyto-
toxicity by targeting the actin cytoskeleton and affecting cellular
processes such as cell adhesion, motility, signaling and cell divi-
sion. Asperfilasin A was evaluated for its cytotoxic activities against
seven cancer cell lines (HL60, NB4, Jurkat, MDA-MB-231, HEP-3B,
HT29, and RKO). 1 exhibited more obvious cytotoxic effects against
leukemia cell lines than other cells. The ICsy values of 1 against
HL60 and NB4 cells were then obtained at a series of concentra-
tions (14.1 &£ 1.8 and 12.9 4 3.9 pmol/L, respectively, Fig. S9¢ in Sup-
porting information). Considering the best-known relaxation effect
of cytochalasans, a confocal microscope fluorescence analysis with
F-Actin was performed on HT29 cells treated with 1, which sug-
gested that 1 is an effective cytoskeletal inhibitor because F-actin
was found to be disrupted relative to the control (Fig. S9c in Sup-
porting information).

Then, compound 1 was tested to determine its influence on the
cell cycle, which was found to cause G,/M cycle arrest of HT29
cells (Figs. S9a and b in Supporting information). In a further study,
1 was observed to induce apoptosis of leukemia cells, with apop-
tosis assays performed on HL60 and NB4 cells via flow cytome-
try analyses. The results, in addition to the western bolt analy-
ses on apoptosis-related proteins, indicated that 1 induced apop-
tosis of HL60 and NB4 cells by activation of caspase-3 and degra-
dation of PARP (Figs. S9d-f in Supporting information). To better
understand the mechanism by which compound 1 disrupted the
cytoskeleton and induced cell cycle arrest, the binding modes of
1 with the crystal structure of monomeric actin were obtained by

R! R3 Sc(OTf)3 (2.0 equiv.) R®
K | | N DPP (4.0 equiv.) ¢R1 H
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R DCE, 25 °C L N(R),
R* R4
S 6
/
5 o ¢ o G o ¢ o ¢
Q o 0 o ) o
H H \ ‘ H H
MeO NBn, MeO NPMB; MeO N(R%), = NBn, NPMB,
.
OMe OMe OMe o
6a: 88% 6¢, R5=4-CF3CgHs, 87% 6c CCDC 2303776 6d: 85% 6e: 87%
/ b
0 ;
o) L ¥ o)
0 > B A o
H AA
N(R%), - N(R®)

6f, R5= 4-CF4CcHs, 83%  6g: 61% 69 CCDC 2303777 6h: 68% 6i, R5=4-CFsCeHs, 57% 6], R%=4-CF3CqHs, 45%
/
Q  Rre o
O,
N-CH . H ©
d N(R®)2 NPMB, MeO O NPMB, H
N(R®),

6l-a, R3%=C0O2Me, 4-CF3CgHs
R%=4-CF3CgHs, 42%"
61-b, R%=H, R5=4-CF3CgHs, 25%"

6k, R%=4-CF3CgHs, 53%2

Scheme 4. Scope of substrate for the diastereoselective synthesis of cyclopentenones 6. Standard conditions: Sc(OTf); (2 equiv.), DPP (4 equiv.), 0.1 mol/L, 25 °C, air. Isolated

6m, 71%

OMe OMe
6n, 68%

60-a, exo, 40%
60-b, endo, 12%

6p, R%=4-CF3CgHs, trace

yields. >20:1 dr values were observed for all of the products. @ Condition: Sc(OTf); (3 equiv.), DPP (6 equiv.). ® Condition: Sc(OTf); (4 equiv.), DPP (8 equiv.).
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(a) The computed energy profile for the diastereoselective Nazarov cyclization
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Fig. 1. DFT calculations for the Nazarov cyclization (DFT calculations were performed at the B3LYP-D3/6-311+G(d,p)-SDD/SMD (CH,Cl,)// B3LYP-D3/6-31G(d)-LANL2DZ level

of theory).

molecular docking [48]. As shown in Fig. S9h (Supporting informa-
tion), compound 1 could form hydrogen bonding interactions with
residues Ile136, Gly168 and Ala170 and hydrophobic interactions
with Tyr133, Ala135, Tyr169, Leu346 and Phe352. The calculated
results predicted that compound 1 exhibited good binding affinity
with monomeric actin.

During the total synthesis of 1, the Nazarov cyclization contain-
ing basic nitrogen showed single regioselectivity and excellent di-
astereoselectivity. Having established the optimal reaction condi-
tion for the Nazarov cyclization above, the scope of the reaction
was then investigated (Scheme 4). We noticed that this Nazarov
reaction exhibited highly diastereoselective (dr > 20:1), even with
three chiral centres in each case (6a-60). Moreover, even products
with four chiral centres were also formed (6g-6i, and 60-a). The
reaction yields varied when the substituents on the benzene ring

of the protecting groups were altered, with slightly higher yields
observed for the electron-donating ~-OCH;3 group compared to the
electron-withdrawing -CF3 group. The electron-rich R! group was
more favorable for Nazarov cyclization (6c and 6k). Ring-closing
reactions were more likely to occur when both R! and R? were
highly substituted with methyl groups (6f, 6j and 6p). When the R*
position was replaced by p-methoxyphenyl for isopropyl, only one
diastereomer could be obtained as well. Compound 51 yielded both
the cyclopentenone product 6l-a and the decarboxylation product
6l-b, likely attributed to the increased stoichiometric amounts of
Sc(OTf); and DPP employed in the reaction [49,50]. Moreover, un-
der the standard condition, compound 50 not only produced the
regular product 60-a, featuring a double bond outside the ring but
also generated isomeric compound 60-b, characterized by a double
bond inside the ring. We speculate that the larger R* group of 50
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induces greater steric hindrance, influencing the regioselectivity of
the reaction. The assigned structures were supported by the X-ray
structures of compounds 6¢ and 6g.

To gain more insight into the reaction mechanism and the ori-
gin of the diastereoselectivity, density functional theory (DFT) cal-
culations were performed on the Sc-mediated Nazarov cyclization
of 5a (Scheme 4). The initial ligand exchange leads to the forma-
tion of high equilibrium cationic intermediate INT1A bearing Sc
catalyst, Brensted acid DPP and substrate 5a (Sc/DPP/5a=1/1/1)
[51-53]. Configurational isomerism of INT1A generates intermedi-
ate INT2A, in which the distances of O-H bond and N-H bond
are 1.64 and 1.05A, respectively, indicating the existence of hy-
drogen bond between N atom in substrate and OH of DPP. The
nature population analysis (NPA) charge distribution suggests the
atomic charge of Cg in INT1A (0.017e) is more positive than
that in INT2A (0.008e), revealing the formation of hydrogen in-
creases nucleophilicity of Cg in INT2A, which renders the next
conrotatory 4m electrocyclization easier. The detailed computa-
tional results also support this conclusion. Without the hydro-
gen bond interaction, the Nazarov cyclization through transition
states TS3B-S and TS3B-R are calculated to have energy barri-
ers of 17.8 and 25.6 kcal/mol, respectively, which are much higher
than the same process through TS3A-S and TS3A-R (17.8vs. 13.7
and 25.6vs. 17.1 kcal/mol), indicating the importance of the hydro-
gen bond. For substrate 5a with S-configuration, the formation of
INT3A-S containing an S-intrinsic chirality and an S-induced chiral-
ity via transition state TS3A-S is kinetically more favorable (13.7 vs.
17.1 kcal/mol). The Nazarov cyclization is the diastereoselectivity-
determining step and the origin of the induced enantioselectivity
can be elaborated by the independent gradient model based on
Hirshfeld partition (IGMH) (Fig. 1c) [54]. In the favored transition
state TS3A-S, the ortho C-H bond of the phenyl group in the sub-
strate forms a distinctive strong C-H---O interaction with the oxy-
gen in DPP. This interaction significantly enhances the electron-rich
characteristics of the ortho C-H bond, rendering it more vulnera-
ble to nucleophilic attack and facilitating cyclization, thus reducing
the energy barrier of TS3A-S. By comparison, the direct cycliza-
tion through transition TS3A-R is kinetically unfavorable due to
the absence of significant non-covalent interactions. Subsequently,
the following deprotonation of INT3A-S provides a thermodynamic
driving force through the regeneration of aromaticity. The inter-
mediate INT4A-S undergoes 1,4-hydrogen migration through tran-
sition state TS5A-S with an activation energy of 14.5 kcal/mol. Fi-
nally, the ligand exchange with another DPP releases the desired
product (S,S,S)—6a. The computed results are consistent with the
experimental observation, namely the diastereoselective formation
of (55,5)—6a and (RRR)—6a when racemic 5a was used as sub-
strate.

Subsequently, several control experiments were conducted to
gain insight into the mechanism of this reaction (Fig. S10 in Sup-
porting information). The reaction of the deuterated substrate 5a-
D was carried out under standard conditions yielding 81% of the
desired product. Subsequently, kinetic isotope control experiments
(KIE) were performed. The results showed it is a secondary iso-
tope effect in the experiments (ky/kp =0.89), which suggested that
the carbon atom linked to the isotope underwent a change in hy-
bridization from sp? to sp3, without bond cleavage occurring dur-
ing the reaction process. The ring closing is the rate-determining
step, consistent with DFT calculations.

In conclusion, asperfilasin A (1), with a unique 5/5
cyclopenta[c|pyrrol-one bicyclic core was discovered and char-
acterized as the first example of cytochalasans that has 5/5
skeleton from Aspergillus flavipes. Moreover, asymmetric total
syntheses of compound 1 was achieved in 7 steps from the easily
prepared compound 4, which not only corroborated the structural
assignments for the compound but also provided a sufficient quan-
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tity of samples for further biological study. In the total synthesis
studies of asperfilasin A, we developed a new Nazarov reaction
containing basic nitrogen. A wide range of pentadienone substrates
containing basic nitrogen were cyclized in excellent regioselective
and diastereoselective manner. DFT calculations pinpoint that
hydrogen bonding of cationic scandium(Ill) complexes to nitrogen
atoms alters substrate torque selectivity, thereby affecting the
diastereoselectively producing products. The bioassays revealed
that 1 has obvious cytotoxic effects against leukemia cell lines.
These findings suggest that 1 has potential as a promising lead
compound for further pharmaceutical development.
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