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z rearrangement coupled with
intermolecular aza-Friedel–Crafts enables total
syntheses of uleine and aspidosperma alkaloids†

Foqing Ma, Yunlong Li, Kornkamon Akkarasereenon, Huiying Qiu,
Yuen Tsz Cheung, Zhihong Guo and Rongbiao Tong *

Aspidosperma and uleine alkaloids belong to the large family of monoterpene indole alkaloids with diverse

biological activities and thus have attracted extensive synthetic interest. Reported is the development of

a new synthetic strategy that allows direct C3–C20 linkage of indoles with functionalized 2-

hydroxypiperidines to construct the core common to all aspidoserma and uleine alkaloids. Such indole-

piperidine linkage is enabled by coupling aza-Achmatowicz rearrangement (AAR) with indoles via an

intermolecular aza-Friedel–Crafts (iAFC) reaction. This AAR-iAFC reaction proceeds under mild acidic

conditions with wide tolerance of functional groups (33 examples). The synthetic application of the AAR-

iAFC method was demonstrated with collective total syntheses of 3 uleine-type and 6 aspidosperma

alkaloids: (+)-3-epi-N-nor-dasycarpidone, (+)-3-epi-dasycarpidone, (+)-3-epi-uleine, 1,2-

didehydropseudoaspidospermidine, 1,2-dehydroaspidospermidine, vincadifformine, winchinine B,

aspidospermidine, and N-acetylaspidospermidine. We expect that this AAR-iAFC strategy is applicable to

other monoterpene indole alkaloids with the C3–C20 linkage of indoles and piperidines.
Introduction

The aspidosperma and uleine alkaloids (Scheme 1a and b)
belong to the large family of monoterpenoid indole alkaloids
(ca. 3000 members) with diverse biological activities and intri-
cate skeletal diversity.1–7 They continue to inuence the research
elds of natural products, drug discovery, biochemistry, and
especially organic chemistry (total synthesis and methodology
development).8,9 Structurally, the direct covalent C3–C20 linkage
of indole (in blue) with piperidine (in red) characterizes this
subclass of alkaloids and thus has sparked great interest from
generations of organic chemists in developing novel and effi-
cient synthetic strategies10–40 (Scheme 1c). For example, many
innovative synthetic strategies for aspidosperma alkaloids have
been developed, most of which can be classied into three
categories: (i) intermolecular or intramolecular indolization of
anilines with piperidine derivatives,41–50 (ii) late-stage piperidine
formation from 1,2,3,4-tetrahydrocarbazoles,51–62 and (iii)
intramolecular (or transannular) Mannich reaction of indoles
with tethered piperidinium.63–72 It was interestingly noted that
the intermolecular reaction of indoles with piperidine
University of Science and Technology,

hina. E-mail: rtong@ust.hk; Fax: +86

(ESI) available. CCDC 2299125 and
a in CIF or other electronic format see

737
derivatives was rst reported in 1955 but rarely explored for the
total synthesis of aspidosperma (and uleine) alkaloids,73–75

probably due to the instability and unavailability of function-
alized 2-hydroxypiperidines. In this article, we report the
development of an intermolecular aza-Friedel-Cras (iAFC)
reaction76–78 of indoles with functionalized 2-hydroxypiper-
idines, which can be readily available from aza-Achmatowicz
rearrangement and thus enables collective total synthesis of
aspidosperma and uleine alkaloids (Scheme 1c(iv)).

Aza-Achmatowicz rearrangement (AAR) represents one of the
most facile entries into functionalized piperidines,79 and our
research group has great interest in exploiting AAR for total
syntheses of bioactive alkaloids.80–82 To extend the synthetic
utility of rather unstable AAR products in total synthesis, we
envisioned that the freshly prepared AAR products (function-
alized 2-hydroxypiperidines) might react with indoles to enable
a direct C3–C20 coupling (iAFC) for aspidosperma and uleine
alkaloids (Scheme 1e). We noticed that Qi et al.83,84 had reported
an intramolecular reaction of indoles with AAR products (C2–
C20 coupling) to construct the indole-fused azabicyclo[3.3.1]
nonane core and accomplished elegantly the total synthesis of
alstofolinine A and sarpagine alkaloids (Scheme 1d). The chal-
lenge of this intramolecular reaction was well recognized by the
authors due to limited substrates and oxidants (“upon exposure
to oxidizing conditions (m-CPBA), the primary amine and the
indole were preferentially oxidized to N-oxide and oxindole,
respectively, prior to the oxidation of the furan”),83 which
represents a signicant limitation in synthetic applications. We
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Representative members of aspidosperma and uleine alkaloids, selected synthetic strategies, and our hypothesis.
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believed that an intermolecular coupling version of indoles with
AAR products could signicantly expand the synthetic utility
with the highest exibility. Additionally, the restriction on NBS
oxidation for aza-Achmatowicz rearrangement could be largely
relaxed to use our green oxidation protocol (Oxone/KBr).85–87 If
our hypothesis works, the coupling product III with C3–C20

linkage could be used for the total synthesis of aspidosperma
(path A) and uleine-type alkaloids (cyclization via path B,
Scheme 1e).
Results and discussion
Methodology development: aza-Achmatowicz rearrangement
is coupled with intermolecular aza-Friedel–Cras (iAFC)
reaction

We began our study with aza-Achmatowicz rearrangement of N-
Boc-furfurylamine under our oxone/KBr (cat.) conditions85–87 to
provide functionalized 2-hydroxypiperidine (2a, AAR product),
which was unstable for storage and should be used immediately
for the subsequent reaction with indoles (Table 1). Two indoles,
1a and 1b, were chosen to evaluate the reaction efficiency and
functional group tolerance. Triuoroacetic acid (TFA) was used
© 2024 The Author(s). Published by the Royal Society of Chemistry
rst as the catalyst (5 mol%) for the iAFC reaction of indole88

(1a) and AAR product 2a under various solvents and the results
were excellent with 78% to 88% yields of 3a derived from
selective C3–C20 coupling (entries 1–7). Notably, the C2–C20

coupling product was not observed. It was noteworthy that the
widely used Lewis acid BF3–Et2O gave a lower yield of 3a (60%,
entry 8) while the unusual organic Brønsted acid pentacarbo-
methoxycyclopentadiene (PCCP)89–91 in toluene delivered
slightly higher yield (90%, entry 9). Surprisingly, the iAFC
reaction of indole 1b with AAR product 2a under various acidic
conditions gave consistently lower yields of 3b (0–58%, entries
10–18), which might be due to the steric hindrance exerted by
the C2-alkyl substituent. It was noted that the tert-butyldime-
thylsilyl (TBS) ether survived under these conditions and usually
indole 1b was not fully consumed, which suggested that the
decomposition of 2a occurred under acidic conditions with
prolonged reaction time. Extensive experiments revealed that
PCCP was the optimal protic acid as the catalyst with high
reproducibility and best efficiency at 0.05–0.2 M concentration
(58% yield of 3a, entry 18).

Under the optimal conditions (PCCP or TFA in toluene), the
scope of the iAFC reaction of indoles (1) with AAR products (2)
Chem. Sci., 2024, 15, 5730–5737 | 5731
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Table 1 Optimization of the reaction conditions of iAFCa

Entry 1a/1b Catalyst Solvent Yield (%)

1 1a TFA DCM 82
2 1a TFA PhMe 88
3 1a TFA MeOH 78
4 1a TFA DCE 85
5 1a TFA THF 81
6 1a TFA EtOAc 86
7 1a TFA CHCl3 88
8 1a BF3–Et2O DCM 60
9 1a PCCP PhMe 90
10 1b TFA DCM 35
11 1b (−)-CSA DCM 37
12 1b F2CHCO2H DCM 42
13 1b pTSA$H2O DCM 40
14 1b ClCH2CO2H DCM Trace
15 1b Cl2CHCO2H DCM 40
16 1b Cl3CCO2H DCM 24
17 1b — HFIP 10
18 1b PCCP DCM 58

a Conditions: 1a/1b (0.1 mmol), 2a (0.12 mmol), acid (0.005 mmol),
solvent (0.05–0.2 M), room temperature, 0.5–12 h. Yield was
determined by 1H NMR analysis using dibromomethane as the
internal standard. PCCP: pentacarbomethoxycyclopentadiene.
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was evaluated and the results are presented in Table 2. Gener-
ally, a wide variety of functionalized indoles could be employed
for this iAFC with AAR products 2 in good to excellent yield and
with excellent regioselectivity (C3–C20 linkage). For example,
substituents at the benzene moiety of indoles including halide
(6-F, 5-Cl, 4-Br, and 6-Br) (3c–3f), methoxy (4-OMe, 5-OMe, 6-
OMe, and 7-OMe) (3g–3j), acetoxyl (4-OAc and 5-OAc) (3k and
3l), alkyl (4-Me and 6-Me) (3o and 3p), and carbonyl (4-CHO, 7-
CHO, and 5-CO2Me) (3q–3s) were well tolerated in the reaction.
The only substituent that could not be tolerated was 5-OH on
the indole (3n), while 4-hydroxylindole (4-OH) was a suitable
substrate using TFA as the catalyst to provide 3m in 73% yield.
We further examined indoles with nitrogen-containing
substituents such as NO2 (3t), NHTs (3u), NMe2 (3v), and CN
(3w) at C5 or C4 and found that only NMe2 at C5 was not able to
deliver the desired coupling product (3v) which might be
attributed to the basicity of the NMe2 group to form the
ammonium salt with the protic acid catalyst, preventing the
formation of the requisite cyclic iminium ion for iAFC. It was
noted that the electron-withdrawing group (EWG) on the indole
nitrogen such as N-Boc (3z) and N-Ts (3aa) deactivated the
nucleophilicity of indole and thus iAFC did not occur, which
5732 | Chem. Sci., 2024, 15, 5730–5737
was in contrast to the electron-donating group (EDG) such as N–
Me (3x and 3ab 85% and 87%, respectively) and N-Bn (3y, 82%).
Substitution at C2 indole was found to be possible for iAFC as
exemplied by 1b in Table 1. To further understand such
substitution effect, C2-Ph (3ac), C2-alkyl (3ad–3af), and C2-
alkenyl (3ag) were employed for the iAFC with 2a and they
proved efficient with 50–95% yield. The compatibility of C2
substitution was signicant in terms of its potential application
in total synthesis. Variation of AAR products for iAFC was also
briey examined and different EWG groups (N-Ts and N-Ns) on
AAR products (3ah and 3ai) as well as C60-allyl (3aj) were well
tolerated in the iAFC reaction, yielding products in good to
excellent yields. Finally, iAFC product 3a was reduced and then
conrmed by X-ray diffraction analysis (3a0) (CCDC 2299125).

Total syntheses of uleine and aspidosperma alkaloids. The
iAFC reaction of indoles with AAR products not only greatly
expanded the synthetic utility of AAR but also allowed access to
the structural skeleton that could not be constructed by the
intramolecular AFC reaction.83,84 To demonstrate such advan-
tage of iAFC as compared to the intramolecular version, we
undertook the total syntheses of uleine and aspidosperma
alkaloids (Schemes 2 and 3). Our rst synthetic targets were 3-
epi-N-nor-dasycarpidone, 3-epi-dasycarpidone, and 3-epi-uleine.
As depicted in Scheme 2, iAFC product 3a was obtained in >12
grams (90% yield) and used as the starting material for the
synthesis of these three alkaloids. Protection of indole nitrogen
with Boc2O provided compound 4 (85%), which was investi-
gated for the kinetic resolution. While Corey–Bakshi–Shibata
(CBS)92,93 reduction of enone 4 using (S)-(−)-2-methyl-CBS-
oxazaborolidine and BH3$THF was not effective (<10% ee),
Noyori asymmetric transfer hydrogenation94 with RuCl[(S,S)-
TsDPEN](p-cymene) and HCO2H/Et3N could reduce the unde-
sired enantiomer and the unreacted desired (+)-4 was obtained
in 34% yield with 95% ee. Copper-mediated conjugate addition
of ethyl Grignard to (+)-4 followed by acylation with ethyl cya-
noformate delivered 1,3-dicarbonyl (−)-5 (60% for two steps)
which was in equilibrium (tautomerization) with its enol form
(−)-6. The enol (−)-6 was treated with triate anhydride (Tf2O)
and reduced with palladium catalysis to provide a,b-unsatu-
rated ester (−)-8 in 71% yield. Palladium-catalyzed hydrogena-
tion of the alkene was unexpectedly difficult, and we found that
the conjugate reduction could be achieved by LiAlH4/CuI95 to
generate (+)-9 in 37% yield (62% brsm). Removal of both N-Boc
groups of (+)-9 with HCl and then KOH-promoted hydrolysis of
ester gave carboxylic acid 10, which was subjected to poly-
phosphoric acid (PPA) for an intramolecular Friedel–Cras
reaction,96 furnishing (+)-3-epi-N-nor-dasycarpidone (11) (82%,
two steps). However, the NMR data of our synthetic sample (11)
were not in good agreement with those reported for natural
product 3-epi-N-nor-dasycarpidone,97 which suggested that the
structure of 3-epi-N-nor-dasycarpidone might be wrongly
assigned. Reductive amination of 11 accomplished the
synthesis of (+)-3-epi-dasycarpidone (12) in 60% yield, whose
spectroscopic data were in well agreement with those of previ-
ously synthesized 3-epi-dasycarpidone.98–100 Finally, the
synthesis of (+)-3-epi-uleine (13) was achieved in 44% yield by
following Zhu's procedure.101
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Aza-Friedel–Crafts reaction of indoles (1) with AAR products (2)a

a Conditions1(0.2 mmol), 2(0.24 mmol), PCCP (0.01 mmol), toluene (1 mL), room temperature, 0.5–2 h. Yields in parentheses were obtained using
TFA (15 mol%) as the catalyst.

Scheme 2 Total syntheses of uleine-type alkaloids.
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Next, we focused our efforts on the total synthesis of aspi-
dosperma alkaloids by exploiting iAFC of indoles with AAR
products. As depicted in Scheme 3, the iAFC product 3ae (Table
2) was obtained in >26 g from 3b and used as the starting
material for the synthesis of all aspidosperma alkaloids. The 6-
© 2024 The Author(s). Published by the Royal Society of Chemistry
exo-trig cyclization of 3ae failed to occur with samarium iodide
(SmI2)102–104 or palladium catalysis (Heck) but could be realized
via a radical mechanism by treatment with 1,10-
azobis(cyclohexane-1-carbonitrile) (V-40) and tributyltin
hydride105 under reuxed toluene to provide the tetracyclic core
Chem. Sci., 2024, 15, 5730–5737 | 5733
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Scheme 3 Total syntheses of aspidosperma alkaloids.
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14 (78% yield), which was common to all aspidosperma alka-
loids. Wittig olenation of 14 gave a Z/Emixture of 15 (90%, Z/E
= 85 : 15). Removal of N-Boc of 15 with HCl in dioxane afforded
compound 16 (85%), in which the Z-isomer was suitable for
single crystal X-ray diffraction analysis (CCDC 2299184) and
thus conrmed the cis-fused CD ring. The E ring of 1,2-dide-
hydropseudoaspidospermidine (20) was constructed by N-acyl-
ation of 16 with 2-chloroacetyl chloride (17, 85% yield) and then
intramolecular SN2 substitution with assistance of AgOTf (90%
yield). LiAlH4 reduction of indolenine 18 and palladium-
catalyzed hydrogenation provided pseudoaspidospermidine
(19, 80% yield), which was then oxidized by KMnO4 to furnish
1,2-didehydropseudoaspidospermidine (20) in 38% yield.106

Next, we employed 14 for the synthesis of other aspidosperma
alkaloids. Protection of indole nitrogen of 14 as N-Boc was
performed (78% yield), followed by direct desaturation of the
tetracyclic ketone with 2-iodoxybenzoic acid107 (IBX, 43% yield),
and conjugate addition of ethyl Grignard to 21 was facilitated
with copper bromide and lithium bromide to provide 22 (64%
yield) with the correct quaternary carbon center.

Deoxygenation of the ketone group of 22 was investigated
with three approaches (Wolff–Kishner–Huang reduction, Bam-
ford–Stevens reduction, and thioketalization/desulfurization)
and thioketalization/desulfurizaiton was the most effective to
give 24 in 48% yield over 2 steps. A well-developed 2-step
5734 | Chem. Sci., 2024, 15, 5730–5737
sequence, N-alkylation and intramolecular SN2 substitution,
was performed to furnish 1,2-dehydroaspidospermidine (26),14

which could serve as a common precursor to vincadifformine
(27, 48% yield), winchinine B (28, 61% yield), aspidospermidine
(29, 83% yield), and N-acetylaspidospermidine (30) (87%) in
a single or two steps. All spectroscopic data of our 6 synthetic
aspidosperma alkaloids were in good agreement with those
reported for the natural alkaloids (see ESI†).
Conclusion

In summary, we have developed an efficient synthetic method-
ology to couple indoles and functionalized piperidines with C3–
C20 linkage for the synthesis of uleine and aspidosperma alka-
loids. The coupling reaction is effectively promoted by Brønsted
acid [H+: triuoroacetic acid or 1,2,3,4,5-pentacarbomethox-
ycyclopentadiene (PCCP)] at room temperature with broad
substrate scope (33 examples) and diverse functional group
tolerance. As compared to previous intramolecular coupling
(C2–C20 linkage with bridged nitrogen), this intermolecular aza-
Friedel–Cras (iAFC) reaction greatly expands the synthetic
utility of aza-Achmatowicz rearrangement (AAR) with high
skeletal diversity, permitting access to different types of indole
alkaloids. We demonstrated such advantage by using the AAR-
iAFC coupling products as starting materials to accomplish
© 2024 The Author(s). Published by the Royal Society of Chemistry
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the efficient total synthesis (7–12 steps) of 9 indole alkaloids
consisting of two subclasses: uleine and aspidosperma, namely
(+)-3-epi-N-nor-dasycarpidone, (+)-3-epi-dasycarpidone, (+)-3-epi-
uleine, 1,2-didehydropseudoaspidospermidine, 1,2-dehy-
droaspidospermidine, vincadifformine, winchinine B, aspido-
spermidine, and N-acetylaspidospermidine. We expect that
such high efficient coupling reaction (AAR-iAFC) will nd wide
application in total synthesis of other indole alkaloids and pave
the way for medicinal chemistry and drug discovery.
Data availability

Synthetic procedures and complete characterization data for all
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