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Divergent total syntheses of ITHQ-type bis--
carboline alkaloids by regio-selective formal aza-[4
+ 2] cycloaddition and late-stage C—-H
functionalizationfy

Qixuan Wang,? Fusheng Guo,? Jin Wang® and Xiaoguang Lei {2 *ab¢
We herein report the first total syntheses of several bis-B-carboline alkaloids, picrasidines G, S, R, and T, and

natural product-like derivatives in a divergent manner. Picrasidines G, S, and T feature an
indolotetrahydroquinolizinium (ITHQ) skeleton, while picrasidine R possesses a 1,4-diketone linker
between two B-carboline fragments. The synthesis of ITHQ-type bis-B-carboline alkaloids could be
directly achieved by a late-stage regio-selective aza-[4 + 2] cycloaddition of vinyl B-carboline alkaloids,
suggesting that this remarkable aza-[4 + 2] cycloaddition might be involved in the biosynthetic pathway.
Computational studies revealed that such aza-[4 + 2] cycloaddition is a stepwise process and explained
the unique regioselectivity (AAG = 3.77 kcal mol™Y). Moreover, the successful application of iridium-
catalyzed C—H borylation on B-carboline substrates enabled the site-selective C-8 functionalization for

efficient synthesis and structural diversification of this family of natural products. Finally, concise
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Introduction

B-Carboline alkaloids widely exist in a variety of animals* and
plants.” These alkaloids have been discovered to possess diverse
biological activities, such as anti-cancer, anti-inflammatory,
and anti-malaria.® Since the 1980s, a large number of bis-B-
carboline alkaloids have been isolated by Ohmoto,**” Yao,"*>*
Song,** Tian* et al. from plants of the Simaroubaceae family.
Interestingly, some of these alkaloids, such as picrasidines G
(1), S (2), and T (3), feature a unique indolotetrahy-
droquinolizinium (ITHQ) skeleton (Scheme 1a). All these ITHQ-
type bis-B-carboline alkaloids bear a methoxy group at the C-4
position on each B-carboline ring, and some of them bear
a hydroxy group or methoxy group at the C-8 or N-9 position.
Despite the presence of a stereogenic center in ITHQ-type bis-B-
carboline alkaloids, racemization can easily occur at room
temperature in chloroform solution.*® Most of these ITHQ-type
bis-B-carboline alkaloids show cytotoxic bioactivity. In 2015, Lin
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synthesis of picrasidine R by the thiazolium-catalyzed Stetter reaction was also accomplished.

and coworkers reported the cytotoxicity and antibacterial
bioactivities of picrasidines G (1), S (2), and F.* Picrasidine F
shows selective cytotoxicity against the HeLa cancer cell line
(ICs0 = 16.65 uM) compared to the MKN-28 (IC5, = 145.50 pM)
and B-16 (IC5, = 95.48 uM) cancer cell lines, while picrasidines
G (1) and S (2) show cytotoxicity against all three cancer cell
lines (IC50 = 4.95-19.00 pM). These three alkaloids also show
antibacterial bioactivity against MRSA P0172, MRSA H0117,
MSSA P0171 and MSSA H0180 (MIC = 4-16 pg mL™'). These
authors also discovered that the other two ITHQ-type bis-B-
carboline alkaloids (£) quassidines I and J show cytotoxicity
against the HeLa, MNK-28 and B-16 cancer cell lines (IC5, =
4.03-15.4 uM).*® In 2018, Tian and coworkers reported cyto-
toxicity of () quassidine K against the HeLa cancer cell line
(ICs0 = 15.8-20.1 uM).* 1t is interesting to note that (+)-S con-
figurated ITHQ-type bis-B-carboline alkaloids are generally
more cytotoxic than the corresponding (—)-R configurated ones,
but the difference in activity is only about 1.5 to 2-fold, probably
due to the spontaneous racemization.”>* In 2017, Kanno and
coworkers reported that picrasidine G increases the caspase-
dependent cell apoptosis by inhibiting the EGF-induced
STAT3 phosphorylation, thus decreasing the viability of EGFR-
overexpressing triple-negative breast cancer cells.”®

The biosynthetic pathway of ITHQ-type bis-B-carboline
alkaloids is still unknown. Yao and Gao proposed a putative
skeleton rearrangement mechanism. They envisaged that the
ITHQ skeleton might be rearranged from a four-membered
ring, which could be generated by nucleophilic substitution'®
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a) picrasidine G (1) R'=R2=R3=R*=H
picrasidine S (2) R'=R2=0Me, R®=R*=H
picrasidine T(3) R'=R?=0OH,R®=R*=H
picrasidine F R'=R3=R*=H, R?= OMe
quassidine J R'=0OH, R?=0Me, R®*=R*=H
quassidine K R'=0H,R2=R®=R*=H
quassidine | R'=0Me, RZ=R3=R*=H

ITHQ-type bis-B-carboline alkaloids ~ duassidine L R'=R?=R°=H,R*=OMe
(ITHQ skeleton as red-marked motify ~ quassidine M R'=R?=H, R®=R*= OMe
crenatine, R' = H, R? = Et;
MeO crenatidine, R' = OMe, R? = H;
63 ] dehydrocrenatine (5a), R' = H, R? = CH=CHy;
7 \ y N2 dehydrocrenatidine (5¢), R' = OMe, R2 = CH=CHy;
8 NG picrasidine | (5d), R' = OH, RZ = CH=CHy;
R' H R? picrasidine J, R' = OH, R? = Et;
picrasidine P, R' = OMe, R? = H;
b)

intermolecular Stetter reaction

N vinyl addition
DMP oxidation

MeQ

N
MeO H

type Il aza-[4+2] cycloaddition

)

cycloaddition
v Possible biomimetic process

v’ First umpolung type-Ill aza-[4+2]
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R

hydrolysis
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Ir-catalyzed C-H
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reaction = functionalization =
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H OMe v Diversity-oriented synthesis
OMe 7a 7

Scheme 1
alkaloids and picrasidine R.

or [2 + 2] cycloaddition*?* (Scheme S1}). However, such
a hypothesis lacks corresponding experimental evidence. Here
we proposed another possible synthetic route towards ITHQ-
type bis-B-carboline alkaloids—aza-[4 + 2] cycloaddition. We
speculated that ITHQ-type bis-B-carboline alkaloids might be
generated via a late-stage regio-selective aza-[4 + 2] cycloaddi-
tion of two vinyl substituted monomeric B-carboline alkaloids,
some of which were identified as natural products as well, such
as dehydrocrenatine (5a), picrasidine I (5¢) and dehy-
drocrenatidine (5d). Therefore, it would be intriguing to test
such aza-[4 + 2] cycloaddition for a biomimetic synthesis.

No synthetic studies toward ITHQ-type bis-p-carboline alka-
loids have been reported to date. However, several studies on

10354 | Chem. Sci., 2023, 14, 10353-10359

(a) Structures of several B-carboline alkaloids from Picrasma quassioides. (b) Retrosynthetic analysis of ITHQ-type bis-B-carboline

the syntheses of 1-vinyl substituted monomeric B-carboline
alkaloids have been reported (Scheme S21). In 1982, Cook and
coworkers reported the total syntheses of crenatine with the C-4
methoxy substituted B-carboline skeleton by a Pictet-Spengler
reaction and DDQ oxidation strategy.”” In 2005, Thara and
coworkers reported the total synthesis of dehydrocrenatine (5a)
via the application of Cook's strategy.”® In 1999, Murakami and
coworkers reported the syntheses C-4 and C-8 disubstituted -
carboline alkaloids picrasidines I (5d), J and P, as well as
crenatidine and dehydrocrenatidine (5¢) by Fischer indole
synthesis.* In 2005, Murakami and coworkers reported a more
concise Fischer indole synthesis strategy for the syntheses of C-
4 and C-6 disubstituted B-carboline alkaloids.?®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Our retrosynthetic analysis of ITHQ-type bis-B-carboline
alkaloids is illustrated in Scheme 1b. As mentioned above, the
ITHQ skeleton could be directly constructed by a late-stage aza-

[4 + 2]
boline

© 2023 The Author(s). Published by the Royal Society of Chemistry

HO' s
Et;N, i-PrOH, dioxane,
80°C, 4 h, 93%

picrasidine R (4)

(a) Syntheses of picrasidines G (1) by the aza-[4 + 2] cycloaddition. (b) Late-stage C—H functionalization strategy for diversity-oriented
syntheses of C-8 substituted B-carboline alkaloids. (c) Total syntheses of picrasidines S (2),

T (3), R (4) and 11e, 11f, 11g.

cycloaddition of 1-vinyl substituted monomeric B-car-
alkaloids. The vinyl group at the C-1 position could be

installed from 7 by hydrolysis of dimethyl acetal followed by
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a Wittig reaction. Substituent groups at the C-8 position could
be installed by the iridium-catalyzed C-H bond borylation fol-
lowed by C-B bond functionalization. The synthesis of
precursor 7a should be achieved via a Pictet-Spengler reaction
and DDQ oxidation inspired by Cook and Ihara's studies.””?®
Moreover, another bis-B-carboline alkaloid picrasidine R (4)
could be synthesized via a Stetter reaction from vinyl ketone 10
and aldehyde 6¢. The vinyl ketone 10 could also be obtained
from aldehyde 6¢ by vinyl addition and a subsequent oxidation.

Results and discussion
Total syntheses of bis-B-carboline alkaloids and derivatives

Our synthesis commenced with the preparation of the mono-
meric C-1 vinyl substituted B-carboline dehydrocrenatine (5a)
(Scheme 2a). The tetrahydro-B-carboline skeleton of compound
8 was constructed by a Pictet-Spengler reaction between trypt-
amine hydrochloride and 2,2-dimethoxyacetaldehyde,*" fol-
lowed by tosyl protection of the secondary amine. Then benzyl
oxidation of compound 8 by DDQ afforded ketone 9.>”*® Ace-
talmethylation of ketone 9 by the treatment with trimethyl
orthoformate in acidic methanol solution led to in situ elimi-
nation of the tosyl group and aromatization to afford the key
synthetic building block 7a, bearing the B-carboline structure
with a methoxy group at the C-4 position. Compared with the
acetyl group, usage of the tosyl group could avoid extra addition
of oxidant for aromatization.”®*° After hydrolysis of the dimethyl
acetal to form the aldehyde group and installation of the vinyl
group by the Wittig reaction, we successfully prepared the
desired C-1 vinyl substituted B-carboline dehydrocrenatine (5a).

Table 1 Reaction screening of the aza-[4 + 2] cycloaddition

N\ /N conditions
—_—

see Table 1

5a picrasidine G (1)
Entry  Reactant” Solvent” T/°C  Yield®
1 [HA]'Cl /A (1:1) H,0 100 <5%
2 [HA]'Cl™ pH = 6 buffer’ 100  <5%
3 [HAJ'Cl~ pH = 7 buffer! 100  <5%
4 [HA]'CI™ pH = 8 buffer’ 100  <5%
5 [HA]'Cl /A (1:1) 1,4-Dioxane 100 <5%
6 [HAJ'CI7/A (1:1) (Neat)’ 100  40%
7 [HA]'[AcO]~ (Neat) 100 23%
8 [HA]TAcO] /A (1:1)  (Neat)’ 100 9%
9 [HAJ'CI /A (1:1) (Neat)’ 130  86% (55%")
10 [HA]"Cl™ (Neat)’ 130 <5%
11 A (Neat) 130 31%

“ Reactions were performed using dehydrocrenatine (Sa, represented by
A) and its corresponding salt (represented by [HA]'X™) as reactants.
bUnless otherwise stated, reactions were performed at 10 mM
concentratlon °In 25 mM KPi buffer (pH = 6). ¢ In 25 mM Tris buffer
(pPH = 7). °In 25 mM HEPES buffer (pH = 8). / Reaction was
performed in the solid state without Jany solvent. ¢ Unless otherwise
stated, yields were based on "H-NMR. " Isolated yields.

10356 | Chem. Sci, 2023, 14, 10353-10359
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To explore the feasibility of the proposed regio-selective aza-
[4 + 2] cycloaddition, dehydrocrenatine (5a) was chosen as
a model substrate. We found that reactions performed in water
solution or dioxane solution could only lead to trace formation
of the dimerization product (Table 1, entries 1-5). However,
upon heating an equimolar mixture of free alkaloid and its
hydrochloride salt to 100 °C for 4 h under neat conditions, 40%
of the reactant could be converted to the dimerization product
(Table 1, entry 6). Raising the temperature to 130 °C could give
almost full conversion of the reactant, with 55% isolated yield
(Table 1, entry 9). The product was confirmed as the ITHQ-type
bis-B-carboline alkaloid picrasidine G (1), demonstrating the
feasibility of the aza-[4 + 2] cycloaddition. Although using free
alkaloid as the reactant alone could also form a small amount of
the dimerization product, the conversion was relatively low
(Table 1, entry 11). On the other hand, using hydrochloride salt
as the reactant alone could only lead to trace amounts of the
dimerization product (Table 1, entry 10). This result showed
that such aza-[4 + 2] cycloadditions were prone to occur between
one molecule of free alkaloid and another molecule of hydro-
chloride salt.

Compared to the simplest ITHQ-type bis-B-carboline alka-
loid picrasidine G (1), picrasidines S (2) and T (3) bear an
additional oxidation state at the C-8 position. We envisaged
a late-stage C-H borylation strategy for the functionalization of
the C-8 position.>**® Late-stage functionalization enables
effective and flexible diversification at specific sites of natural
products for drug discovery and chemical biology.*”**° Previ-
ously, Smith and coworkers reported the iridium-catalyzed C-H
borylation at C-2 and C-7 positions of the indole ring.** They
found that if the C-2 position was blocked, the C-H borylation
could only happen at the C-7 position. To our delight, such
a methodology worked well for C-8 site-selective C-H borylation
of 7a. Both HBpin and B,pin, could be used as a boron source to
prepare the boranate 7b, while B,pin, showed higher yield
compared to HBpin. Combined with C-B bond functionaliza-
tion methodologies such as Chan-Lam coupling (7c),** oxida-
tion by hydrogen peroxide (7d),** halogenation (7e),**** Suzuki
coupling (7f)** and trifloromethylation (7g),** we could easily
install diverse functional groups at the C-8 position (Scheme
2b). By the same route, all monomeric alkaloids 7c-g could be
successfully transformed into the corresponding ITHQ-type bis-
B-carboline alkaloids (Scheme 2c). Moreover, aldehyde 6¢ could
be used for the concise synthesis of a bis-p-carboline alkaloid
picrasidine R (4). Vinyl addition to the aldehyde 6c followed by
Dess-Martin oxidation afforded the vinyl ketone 10, which
could undergo a thiazolium-catalyzed Stetter reaction with
the aldehyde 6¢ to afford picrasidine R (4) in 90% yield
(Scheme 2c¢).*¢

Computational studies of the aza-[4 + 2] cycloaddition

It should be noticed that theoretically there may be another
possible pathway of the aza-[4 + 2] cycloaddition, leading to
isopicrasidine G as the product, as is shown in Fig. 1.
However, isopicrasidine G was neither identified in the aza-[4
+ 2] cycloaddition, nor from natural product isolation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Two possible pathways of the aza-[4 + 2] cycloaddition.

Generally, for the type-III aza-[4 + 2] cycloaddition (Scheme
S37), the terminal alkene position of the vinyl imine structure
is prone to act as an electrophile (Scheme S3,f Ihara's work as
an example*’~*°). However, our observation of the reaction
outcome was different. It is noteworthy that such a trans-
formation is the first reported umpolung type-III aza-[4 + 2]
cycloaddition, whose regioselectivity is different from those
of all previously reported ones. To explain the unique regio-
selectivity and provide us mechanistic insights, the reaction
profile was further investigated by DFT calculations (Scheme
3). Interestingly, if we select two molecules of free alkaloid
(dehydrocrenatine, 5a) as the reactant, they will undergo
a concerted aza-[4 + 2] cycloaddition (Scheme 3, pathways A’
and B’) with the activation Gibbs energies (AG) up to 40.45
kcal mol ™" for pathway A’ to form picrasidine G (1, P,) and

View Article Online
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47.88 kecal mol ! for pathway B’ to form isopicrasidine G (Pg).
However, if we select one molecule of free alkaloid and
another molecule of the protonated alkaloid as reactants, they
will undergo a stepwise, formal aza-[4 + 2] cycloaddition
(Scheme 3, pathways A and B), and the activation Gibbs free
energies decrease to 26.80 kcal mol " for pathway A and 30.57
kcal mol ™' for pathway B. Kinetically, the difference of acti-
vation Gibbs free energy (AAG) between pathways A and B is
up to 3.77 kcal mol ', which explains such excellent
regioselectivity.

According to the computational result, the stepwise
pathway A is the most favored mechanism under the experi-
mental conditions, with just 26.80 kcal mol™' activation
Gibbs energies to overcome. For the free alkaloid, the
electron-donating effect of the N-9 nitrogen atom and the C-4
methoxy group inverts the intrinsic polarity of the “pyridine
ring”, making the terminal alkene nucleophilic rather than
electrophilic. However for the protonated alkaloids, the
“pyridine ring” maintained its intrinsic polarity due to the
protonation, making the terminal alkene a Michael acceptor.
First, the terminal alkene of the free alkaloid acts as a nucle-
ophile to attack the terminal alkene of the protonated alka-
loid, forming INT,-1 via TSx-1 (AG = 22.72 kcal mol ™). Then
the succeeding annulation process of the unstable INT,-1 can
easily take place via TS,-2 to form INT,-2, requiring only 4.25
kcal mol ™" energy expense. Finally, the intramolecular proton
transfer decreases the total energy of the system, making the

OMe e

/ keal - mol ™! Y oy )
G cal - mol™ R 7 N
4 N \
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MeO, AN
40r” @jQJ\) H
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Scheme 3 Energy profile of the aza-[4 + 2] cycloaddition. For pathways A and B, R = 1 x dehydrocrenatine (10a) and 1 x protonated dehy-
drocrenatine; for pathways A" and B’, R = 2 x dehydrocrenatine. P, = picrasidine G (1), Pg = isopicrasidine G. Calculation at WB97XD/6-
311++G(2d,p)//WB97XD/6-31G(d) at 403.15 K. Gibbs free energies (AG) are in kcal mol™™.
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Table2 Cytotoxicity of compounds against multiple cancer cell lines®

ICso (UM, at 48 h)

Compounds THP-1 MCF-7 HepG2 A375
Picrasidine G (1) 3.7 £ 1.1 13.2 +2.2 64.6 £9.6 16.5=£3.5
Picrasidine S (2) 3.34+06 204+1.6 55+07 159+ 3.4
Picrasidine T(3) 13.2+34 522+9.2 19.5+2.1 189+2.8
Picrasidine R (4) >100 81.2 +8.3 >100 >100

11e 19.3 4.2 22.0+3.0 80.8+8.8 >100

11f 3.1+0.7 58+11 49+14 8.1+ 22
11g 3.1+0.8 45+14 38%14 5.2+ 1.4

“ Cell viability was assessed using the CellTiter-Glo® assay kit (Promega,
USA).

overall reaction thermodynamically favored. The computa-
tional results revealed that picrasidine G (1) is the more
favorable product both kinetically and thermodynamically
compared to the proposed isopicrasidine G, and the aza-[4 +
2] cycloaddition prefers a stepwise mechanism.

Biological evaluation of the synthesized bis-B-carboline
compounds

We also tested the anti-cancer activities of the synthesized bis-B-
carboline compounds picrasidines G (1), S (2), T (3), R (4) and
11e-g on multiple human cancer cell lines, including THP-1
(monocytic leukaemia), MCF-7 (epithelial luminal), HepG2
(hepatoma), and A375 (melanoma) (Table 2). Most of the ITHQ
type bis-B-carboline alkaloids showed cytotoxicity against the
above-mentioned cancer cell lines. Besides, these ITHQ type
bis-B-carboline compounds showed selectivity for different
cancer cell lines. For example, picraisidine G (1) showed potent
cytotoxicity to THP-1 (IC5, = 3.7 uM), but relatively weak cyto-
toxicity to HepG2 (ICso = 64.6 uM). Picrasidine S (2) showed
stronger cytotoxicity against THP-1 and HepG2 (ICs, = 3.3-5.5
uM) compared to MCF-7 and A375 (ICso = 15.9-20.4 uM). In
contrast, 11f and 11g showed potent cytotoxicity against all four
cancer cell lines (IC5o = 3.1-8.1 pM).

Conclusions

We have successfully accomplished the first total syntheses of
three ITHQ-type bis-B-carboline alkaloids picrasidines G, S and
T and several derivatives by the regio-selective aza-[4 + 2]
cycloaddition. The C-8 oxidation state was efficiently installed
by the iridium catalyzed site-selective C-H borylation and C-B
bond functionalization strategy, enabling the diversity-oriented
syntheses of several natural productlike derivatives.>*>*
Computational studies revealed a stepwise mechanism of the
aza-[4 + 2] cycloaddition and explained the origin of excellent
regioselectivity. Another bis-p-carboline alkaloid picrasidine R
was also efficiently synthesized via the thiazolium-catalyzed
Stetter reaction. This work provides synthetic evidence for the
proposed biosynthetic pathway of ITHQ-type bis-B-carboline
alkaloids.
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