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and C3-C5’ Bond Anchor
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Abstract: Diketopiperazine alkaloids are typically soldered via an inner tryptophan-tryptophan linkage diversely
from C3-carbon/nitrogen anchor. The manifold stereochemical frameworks afford broad spectrum of pharmacological
activities, meanwhile pose formidable challenges for the efficient synthesis of these alkaloids, particularly in addressing
chemoselectivity, regioselectivity, and stereoselectivity. Herein, we disclosed a divergent oxidative coupling between
designed 8 and aniline derivatives 13 via the steerable iodine-releasing reagent 14, achieving the divergent total syntheses
of diketopiperazine alkaloids via C3—-N1” and C3-C5’ bond anchor. The electronic and steric attributes from aniline govern
chemo- and site-selectivity for the linkage, enabling programmable assembly for divergently anchored alkaloids libraries.
This approach established a stereospecific platform for the unified synthesis of three bioactive alkaloids via a dominant
endo-selective manifold: (+)-tetratryptomycin B, (+)-pestalazine B, and (+)-iso-naseseazine B. The aniline-regulated
paradigm unlocked cross-coupling with predictable selectivity for C3-centered alkaloid syntheses.

J

Introduction

Diketopiperazines, serve as a prototypical pharmacophoric
motif with robust protein-binding capacity, functional
modulation efficacy, and broad-spectrum biological
activities.['?] Dual diketopiperazines were typically anchored
on a diversely linked tryptophan—tryptophan core, not
only assembling distinct amino acids to strengthen three-
dimensional structural complexity, but also bringing
multifaceted biological activities (Figure 1A).371 For
example, (+)-tetratryptomycin BI®] 1is a tryptophan tetramer
linked from C3-N1’; both (+)-WIN 64 8211 2 and (+)-
asperazinel'’! 5 are integrated with two tryptophan and two
phenylalanine, in which the former is soldered by C3—-C3’ and
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the latter is linked by C3-C7’; (4)-iso-naseseazine Bl'!! 3 and
(+)-naseseazine BI'?] 4 are dimerized via C3—-C5’ and C3-
C6’ type for tryptophan-tryptophan core, respectively. The
polycyclic diketopiperazine alkaloids dimerized at distinct
chemical sites with intensive quaternary carbons arouse huge
challenges for controlling the synthetic chemoselectivity,
regioselectivity, and stereoselectivity. To achieve the diverse
C3—carbon/nitrogen-linked  diketopiperazine  alkaloids,
elegant contributions were reported via a cross-coupling
between tryptamine and tryptamine/indoline (C3—N1’[13]
and C3—C3''*]) by Kawasaki, via a photoiridium driven
enantioselective synthesis (C3—N1'[1 and C3-C3'I])
by Knowles, via an arylative dimerization (C3—N1°,[1°]
c3—cs, M c3—ce’ M and C3-C7171), a reductive
dimerization (C3—C3’['8211) a solvent-caged unsymmetrical
diazene fragmentation (C3—C3'1?*?7l), and a final-stage
oxidative dimerization (C5—C5’[*]) by Movassaghi, via an
electrophilic amination (C3—N1’[2-3!1) and a silver-mediated
alkylation (C3—C5°2l) by Baran, via a stereoselective
oxidative dimerization®*! by Jiang (C3-N1'**] and
C3—C3°1*1), and others**1 (Figure 1B). The biosynthesis
for dimerization linked at C—C bond is attributed to an
oxidative radical coupling,[*’] whereas linkage at C—N bond
is still not clear.’>”] Considerable advances*744] was
achieved for total syntheses of natural products bearing
scaffolds 1-5, the development of generalizable strategies
enabling stereochemical diversification for diketopiperazine
alkaloids from unified precursors remains a critical unmet
demand in contemporary synthetic methodology. Continuous
with our efforts on the total syntheses of alkaloids,!3*3>4%-6]
tetratryptomycin B 1 (C3—N1’) and iso-naseseazine B 3
(C3—C5’) are anticipated to be achieved via a controllable
oxidative coupling between our designed -constitutional
isomer of tryptophan 834%1 (Figure 1C). Removal of
the diketopiperazine subunits (tryptophan and proline)

© 2025 Wiley-VCH GmbH
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Figure 1. Controllable total syntheses of C3—N1’ and C3—C5’ linked diketopiperazine alkaloids. A) Representative diketopiperazine alkaloids with
diverse linkages. B) Representative tactics for construction of C3—N1’ and C3—C5’ linkages. C) The tunable aniline-oxidative-coupling for controllable

linkage of C3—N1" and C3—C5".

in 1 and 3 affords a pair of unsymmetrical C3—N1’
and C3—C5’ connected tryptophan—tryptophan dimer 6
and 7 (highlighted with purple and green in two parts),
respectively. The below pyrroloindoline motif of 6/7 deduces
the chiral aniline—enamine conjugate 8 via cyclization.
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For the upper tryptophan segment of 6/7, o-iodoaniline
derivatives 13 are employed as its surrogate via a Larock
indolization.[?3!] Therefore, a cationic-based oxidative
dimerization via nucleophilic addition from enamine
of 8 to tryptophan species 9/10 is equivalent to that
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via nucleophilic addition from enamine of 8 to aniline
species 11/12.

Results and Discussion

With the optimized conditions in hand (Tables S1-S3), the
establishment of C3—N1’ linked (+)-tetratryptomycin B 1
and C3—C5’ linked (+4)-iso-naseseazine B 3 scaffold libraries
were explored comprehensively (Table 1 and Table 2). It was
found that the steric and electronic effects of substituents
on amino group from aniline are critical determinants for
the coupling selectivity and efficiency, serving as a pivotal
handle for divergent construction via C3—N1’ and C3-C5’
linkages: i) both dual-substituted tertiary aniline (Me and Bn)
and mono-substituted electron-withdrawing groups (R!' = Ac,
Boc, Cbz, and Ts) cannot afford the coupling products
(Table S5), implying the demand for oxidizing site on
aniline; ii) unprotected aniline with electron-neutral group
and the least steric hindrance (R' = H) delivered the
C3—N1’ conjugation (15a—15x and 15z—15ac, Table 1);iii) the
electron-donating groups with sterically enhanced congestion
(R! # H) switched to the C3—C5’ ligation (16a—16 r, Table 1
and 17a—17r, Table 2). Initially, unprotected aniline adduct
15a was isolated in 82% yield, whose absolute configuration
was further confirmed via X-ray crystallographic analysis,
demonstrating an intensive skeleton jointed at C3-—N1’
between hexahydropyrroloindole and aniline with specific
endo selectivity. Electron-neutral (R? = H), electron-donating
(R?> = Me, Et, OMe), and electron-withdrawing groups
(R? = F, Cl, Br, I, Ac, and NO,) at the ortho- (15a—15i and
15z—15ac), meta- (15j—15q), and para- (15r—15y) position
of the anilines were well compatible, affording moderate to
excellent yields with sole stereoselectivity. X-ray diffraction
analysis of 15w and 15y further demonstrated the structural
accuracy. Notably, o-iodoaniline hybrid product 15g was
obtained in 91% yield with gram-scaled process. To streamline
downstream derivatization of o-iodoaniline in natural product
total synthesis, we systematically evaluated the cross-coupling
feasibility with its derivatives (16a—16r, Table 1 and 17a—17r,
Table 2). Following the regulation of site-selectivity, N-
alkylated aniline substrates (16a—16r), such as cyclopentyl
(16h), cyclohexyl (16i), and benzyl (16j and 16k) groups,
underwent efficient cross-coupling to deliver C3—C5’-linked
products with exceptional endo-selectivity, further demon-
strated by X-ray study of 16a. Notably, N-methyl-o-toluidine
furnished the anticipated C3—C5’ coupling (161), whereas N-
methyl-p-toluidine exclusively afforded the C3—N1’" adduct
15y under identical conditions, further demonstrated via
its X-ray analysis (Table 1). This sharp contrast unam-
biguously demonstrated that p-substituents on the aniline
core, even with N-alkylation, enforce regioselective C—N
bond formation, completely suppressing the alternative C—C
coupling pathway required for dearomatization, rigorously
refined the above empirical rule. The iodo substituent on
the aniline exhibited a negligible effect on the reaction
efficacy (16b versus 16m; 16i versus 16n). Given the piv-
otal role of 16 as a precursor to the tryptophan unit via
the Larock indolization!®-'] in the total synthesis of (+)-
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iso-naseseazine B 3, we developed an optimized strategy
leveraging p-nitrobenzenesulfonyl (Ns) building blocks (8b,
R3 = Ns, R* = Me) to enhance scaffold assembly efficiency
(17a—17r, Table 2). Compared to benzenesulfonyl (PhSO;)
8a (R = PhSO,, R* = ‘Bu), this electronic modulation not
only dramatically improved the C3—C5’ ligation yields, but
also maintained exceptional stereo-control. Both sterically
undemanding linear alkyl groups (17a—17f) and confor-
mationally restricted cyclic alkyl substituents (17h—17j)
displayed excellent compatibility. Benzyl substituent bearing
electron-neutral (17m), electron-donating (17n—17p), and
electron-withdrawing (17q) functional groups were systemat-
ically evaluated, in which the p-methoxybenzyl moiety (PMB,
17n) was the best choice as the optimal protecting group for
the natural product synthesis, owing to its highly coupling
efficiency (74% yield) and facile removal under mild acidic
conditions. It was worth noting that meta-substituted anilines
(160—16r and 17r) were well tolerated. Accordingly, a 29-
membered library of C3—N1’ linked tetratryptomycin B 1
scaffold and a 36-membered library of C3—C5’ linked iso-
naseseazine B 3 scaffold have been established with excellent
stereo-selectivity efficiently.

Based on the electron-deficient effect and facile removal
property of Ns (Table 2), 15z (Table 1) was synthesized
from our protocol for the total synthesis of C3—N1’ linked
diketopiperazine alkaloid (Scheme 1). The upper tryptophan
unit from tryptophan—tryptophan core 19 was achieved in
74% yield via Larock indolization. Strategic removal of the
N-Boc group under acidic conditions released the free amino
product 20 in 90% yield, severing as the common skeleton
for divergent synthesis. Treatment with p-methyl thiophe-
nol (PMP—SH) and N, N-diisopropylethylamine resulted in
globally deprotected product 21 in 80% yield. T;P-mediated
peptide condensation with tryptophan derivative 22 afforded
tetrapeptide 23 without further purification. Two dike-
topiperazine units (24) were constructed via intramolecular
ester—amine exchange, followed by sequential deprotection
of N-Boc groups and alkalization. Dual Ns deprotection
under PMP—SH delivered (+)-tetratryptomycin BI®¥7! 1 in
40% vyield within 4 steps for the first-time total synthesis.
To demonstrate the protocol versatility, structurally diverse
diketopiperazine scaffold were installed via a sequential
assembly from different amino acids. N-Boc-D-phenylalanine
25 was coupled with 20 to obtain tripeptide 26 without further
purification. Deprotection of Ns group liberated the reactive
amine site, which subsequently underwent Ts;P-mediated
coupling with N-Boc-D-Leu 28 to furnish the tetrapeptide 29.
Subsequent removal of the N-Boc groups released free amino
under acidic conditions to promote the ester-amine exchange
under alkalization, constructing the distinct diketopiperazine
motifs, thereby affording (+)-pestalazine BI'**-] 30 in 25%
yield within 5 steps. Meanwhile, the total synthesis was
launched via 171 for C3—C5’ linked diketopiperazine alkaloid
(Scheme 1). Deprotection of PMB protecting group afforded
31 in 90% yield under the presence of trifluoroacetic acid,
in which the serried environment of the C3 stereocenter was
rechecked via X-ray(®!! study. Subsequent Larock indolization
and deprotection of N-Boc group delivered the C3—C5’
connected tryptophan dimer 32 in 70% yield within 2 steps.
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Table 1: Two libraries of C3—NT’ linked tetratryptomycin B 1and C3—C5’ linked iso-naseseazine B 3 scaffold. % Reaction conditions: 8 (0.5 mmol), 13
(5 equiv.), 14 (1.1 equiv.), Ni(ClO4),-6H,0 (10 mol%), 1,2-Dichloroethane (DCE, ¢ = 0.01), 3 A MS, rt, argon, 24 h, isolated yields.
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Scheme 1. Total syntheses of tetratryptomycin B (1), (+)-pestalazine B (30), and (+)-iso-naseseazine B (3).
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Table 2: C3—C5' linked iso-naseseazine B 3 scaffold library. ) Reaction conditions: 8 (0.5 mmol), 13 (5 equiv.), 14 (1.1 equiv.), Ni(ClO4);-6H,0O (10

mol%), DCE (c = 0.01), 3 A MS, rt, argon, 24 h, isolated yields.
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Following the similar sequences of Ns groups ejection, dual
peptide condensation, cyclization via ester—amine exchange,
(+)-iso-naseseazine B!''! 3 was obtained in 32% yield for 6
steps, in which the diketopiperazine scaffold was established
via N-Boc-L-Proline 34. It is noteworthy that the exposed
amino group of tryptophan (35) should be shielded by Ns
group to avoid the acid-mediated decomposition. The diver-
gent synthesis of these three natural products demonstrated
the great potential for modular installation via versatile
amino acid building blocks towards both linear and angular
diketopiperazine alkaloids (Scheme 1).
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To elucidate the mechanism of regioselectivity and
stereoselectivity in the aniline-controlled oxidative coupling,
density functional theory (DFT) calculations and visualiza-
tion of weak interactions were conducted (Figure 2). The
aniline and 8b were strategically employed to demonstrate
site-selective C3—N1’ bond formation, achieving favorable
endo-configuration, corroborated by crystallographic analysis
(Figure 2A). Transition state analysis revealed that the C—C
coupled product (Ts-1-C—C-endo) was energetically disfa-
vored by 1.5 kcal/mol compared to its C—N counterpart (Ts—
1-C—N-endo), explaining the observed C-N selectivity. The
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Figure 2. Computational investigations of regioselectivity and stereo-selectivity. A) Free energy profile for the coupling of aniline and 8b (Gibbs free
energies are given in kcal/mol). B) Free energy profile for the coupling of N-methyl-aniline and 8b (Gibbs free energies are given in kcal/mol). C)
Visualization of weak interactions by Multiwfn.[263] D) Proposed mechanism for the tunable-aniline-oxidative coupling.
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exo stereoisomer (Ts—1-C-N-exo) exhibited a 2.2 kcal/mol
higher energy barrier relative to the endo configuration (Ts—
1-C-N-endo). Pronounced n—x interactions between the
benzene of aniline and 8b (highlighted in green and marked
with red circles in two parts) preferentially stabilized endo
pathway (Ts-1-C-N-endo) through effective dispersion force
(Figure 2C). On the other hand, N-methylaniline and 8b were
selected to investigate regioselective C—C bond formation and
endo-configuration stereocontrol (Figure 2B). Computational
analysis demonstrated a complete reversal in regioselectivity,
favored by 1.7 kcal/mol with the C-C-addition pathway
(Ts-3-C-C-endo) compared to the competing C-N pathway
(Ts-=3-C-N-endo). This regioselective preference for C-C
bond formation was attributed to significant 7 —n interactions
between the aminoquinone from aniline and 8b, which
effectively stabilized the transition state Ts-3-C—C-endo
(Figure 2C). Additionally, the exo stereo-isomer (Ts—1-
C-C-ex0) was determined to be energetically unfavorable
by 6.2 kcal/mol compared to the endo configuration (Ts—
1-C-C-endo), consistent with the observed experimental
stereochemical bias. Based on these, the reaction mechanism
was addressed as follow (Figure 2D). First, a catalytic
Ni(IT) species was preferentially bound to 1,3-dicarbonyl
of dicarboxylate 14, triggering the sustained-release iodine
cation (I*) as the oxidant. When R! = H, I* induced
polarity inversion at the aniline nitrogen via an oxidation
process. The electrophilic nitrogen center was captured by the
enamine of 8 from the backside of the chiral group (endo
configuration, Ts-1-C — N-endo) forming the C3-N1’ bond.
The iminium cation obtained from enamine isomerization
was immediately captured by the amino group from aniline,
resulting in the intramolecular cyclization towards the C-N
linked adduct 15. When R' # H and the para-unsubstituted
aniline are applied, the nitrogen-centered cationic charge
preferentially delocalized to the para-position via resonance
stabilization, generating a carbocation aminoquinone inter-
mediate. This carbocation was trapped by enamine of 8 in
an endo stereochemical mode to form the C3-C5’ bond,
followed by annulation to afford the C-C coupling pathway
(16/17).

Conclusion

In summary, an oxidative coupling strategy was developed
to achieve customizable chemoselectivity, regioselectivity,
and stereocontrol for diverse C3-connected diketopiperazine
alkaloid syntheses. By tuning the electronic and steric profiles
of aniline derivatives, the protocol enabled divergent access
to C3—N1’and C3—C5’ linkage via a masked iodine-mediated
cationic coupling pathway. Key to this approach was the stere-
ochemical preorganization from enamine—aniline conjugate,
directing endo-selective conformation. The aniline-regulated
oxidative coupling model enabled programmable cross-
linkage with predictable selectivity, establishing a platform
for assembly of structurally divergent alkaloid families, as
exemplified by the unified synthesis of (+)-tetratryptomycin
B, (+)-pestalazine B, and (+)-iso-naseseazine B.
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