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oinspired total syntheses of
unprecedented sesquiterpenoid dimers unveiled
bifurcating [4 + 2] cycloaddition and target
differentiation of enantiomers†

Tao-Bin He,‡a Bing-Chao Yan, ‡a Yuan-Fei Zhou,‡c Yue-Qian Sang,‡b

Xiao-Nian Li,a Han-Dong Sun, a Chu Wang, c Xiao-Song Xue *b

and Pema-Tenzin Puno *a

[4 + 2] cycloaddition has led to diverse polycyclic chiral architectures, serving as novel sources for organic

synthesis and biological exploration. Here, an unprecedented class of cadinane sesquiterpene [4 + 2]

dimers, henryinins A–E (1–5), with a unique 6/6/6/6/6-fused pentacyclic system, were isolated from

Schisandra henryi. The divergent total syntheses of compounds 1–5 and their enantiomers (6–10) were

concisely accomplished in eight linear steps using a protection-free approach. Mechanistic studies

illustrated the origin of selectivity in the key [4 + 2] cycloaddition as well as the inhibition of reaction

pathway bifurcation via desymmetrization. The chemical proteomics results showed that a pair of

enantiomers shared common targets (PRDX5 C100 and BLMH C73) and had unique targets (USP45 C588

for 4 and COG7 C419 for 9). This work provides experimental evidence for the discovery of

unprecedented cadinane dimers from selective Diels–Alder reaction and a powerful strategy to explore

the biological properties of natural products.
Introduction

Natural products arising from [4 + 2] cycloaddition account for
a large number of substances in nature, with varying degrees of
structural complexity and pharmacological activities.1–3 The
inherent chiral states of polycyclic natural products produced
from selective cycloadditions exert diverse biological effects.
Given the important relationship between stereochemistry and
biological activity, the syntheses of natural products and their
enantiomers are expected to increase the potential of screening
new frameworks for drug discovery.4 As one of the most
powerful and widely used transformations for carbon–carbon
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bond formation, Diels–Alder reactions enable the expedient
syntheses of structurally diverse natural products.5–7 Sesquiter-
pene dimers, which are naturally occurring metabolites having
30 skeleton carbons, originate biogenetically from two identical
or different sesquiterpenoid units.8 Many bioactive dimeric
sesquiterpenoids, particularly guaiane and lindenane dimers,
are formed via key Diels–Alder reactions (gochnatiolide,9,10

artemisianin A,11 schizukaol A,12–14 and japonicone A15 in
Fig. 1A). The total syntheses of these dimeric sesquiterpenoids
remain a great challenge. Furthermore, it is still unclear how
the selectivity of cycloaddition is achieved during the formation
of these natural enantiomeric dimers.

Cadinane sesquiterpene dimers represent a unique class of
sesquiterpene dimers with a wide array of biological activities,
including antitumor, anti-inammation, and anti-HIV proper-
ties.8 Herein, a new class of cadinane sesquiterpene [4 + 2]
dimers, henryinins A–E (1–5) featuring a unique 6/6/6/6/6-fused
pentacyclic skeleton, were isolated from the stems and leaves of
Schisandra henryi (Fig. 1B). They possess complex stereogenic
centers (ten, seven, nine, nine, and ten chiral carbons for 1–5,
respectively) as single enantiomers, demonstrating the peri-,
regio-, and stereo-selective features of their biogenetic
pathways.

Both enantiomers can be found in the majority of natural
products. Additionally, they may exhibit markedly distinct bio-
logical and pharmacological behavior in chiral living systems
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The structure of dimeric sesquiterpenoids. (A) Selected examples of dimeric sesquiterpenoids. (B and C) Chemical and X-ray structures of
henryinins A–E (1–5) bearing complex stereogenic centers (ten, seven, nine, nine, and ten chiral carbons for 1–5, respectively).
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because of their different spatial orientations.16,17 Thus, to
investigate the biological activities and provide evidence for the
biogenetic pathways of these isolated dimers, the bioinspired
and protection-group-free total syntheses of 1–5 and their
enantiomers (6–10) were achieved in eight linear steps. The
steps mainly included oxidative aromatization via Saegusa–Ito
oxidation, oxidative dearomatization, and bifurcating Diels–
Alder reactions with high peri-, regio-, and stereo-selectivity.
Computational modelling demonstrated the origin of selectivity
and the modulation of ambimodal cycloadditions. Given that
the enantiomers could bind to different targets, their potential
targets were detected using chemical proteomics. The results
showed that a pair of enantiomers could share common targets
(PRDX5 C100 and BLMH C73) and have their own unique
targets (USP45 C588 for 4 and COG7 C419 for 9), providing
a powerful strategy to explore the biological properties of
natural products.
Results and discussion
Structural elucidation and plausible biogenetic pathways for
1–5

Henryinin A (1), a colorless crystal, possesses a molecular
formula of C30H38O6, as determined using high-resolution
electrospray ionization mass spectroscopy (HRESIMS) ([M +
K]+ m/z 533.2304, calculated 533.2300), indicating 12 degrees of
unsaturation. The carbon-13 (13C) nuclear magnetic resonance
(NMR), distortionless enhancement by polarization transfer
© 2024 The Author(s). Published by the Royal Society of Chemistry
(DEPT), and heteronuclear single quantum coherence (HSQC)
spectra of 1 (Table S1, ESI†) revealed 30 carbon signals attrib-
utable to six methyl, four methylene (two olenic), eight
methine (two olenic and one oxygenated), and 12 quaternary
carbon (two carbonyl, three oxygenated and six olenic) groups.
The presence of an a, b, g, d-unsaturated ketone was indicated
by the deshielded chemical shi of C-1 (dC 153.4) and the
shielded chemical shis of C-2 (dC 123.2) and C-3 carbonyl (dC
203.1) together with olenic C-9 (dC 133.4) and C-10 (dC 131.9).
The above evidence indicated that 1 might be a sesquiterpene
dimer fused with a pentacyclic scaffold.

The planar structure of 1 was assigned using two-
dimensional (2D) NMR data (Fig. S1, ESI†). The key 1H–1H
correlation spectroscopy (COSY) correlations of H-7/H2-8/H-9
and the heteronuclear multiple bond correlation (HMBC)
results of H-7 with C-1, C-11, C-12, and C-13, H2-8 with C-6 and
C-10, and Me-14 with C-1, C-9, and C-10 suggested the presence
of a six-membered ring A substituted with C-10 methyl and C-7
isopropenyl groups. The HMBC correlations from H-2 to C-1, C-
4, C-6, and C-10, H-5 to C-3, C-4, and C-7, H3-15 to C-3, C-4, and
C-5 suggested that a six-membered ring B was fused with ring A.
Similarly, a bicyclo[2,2,2]octane-bridged ring system was
established using the HMBC correlations of H-2′ with C-5, C-7,
and C-10′, H-5′ with C-1′, C-3′, and C-6′, and H3-15 with C-3′, C-4′

and C-5′, together with the 1H–1H COSY correlations of H-5/H-5′.
The key 1H–1H COSY correlations of H-7′/H2-8

′/H-9′ along with
the HMBC correlations of H-7′ with C-11′, C-12′, and C-13′; H-14′

with C-9′ and C-10′; H-2′ with C-10′; and H-5′ with C-7′ showed
Chem. Sci., 2024, 15, 1260–1270 | 1261

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc05233h


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 2

/2
7/

20
26

 5
:5

7:
20

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the presence of a six-membered ring E substituted with C-10′

methyl and C-7′ isopropenyl groups. In rotating frame Over-
hauser effect spectroscopy (ROESY) (Fig. S1†), the cross-peaks of
H-5/Me-15 indicated that H-5 and Me-15 were cofacial and
adopted a-orientations. The ROESY correlations of H-2′/H-7
suggested that H-2′ and H-7 were vicinally disposed. Consid-
ering the biogenetic pathway involving the intermolecular
Diels–Alder reaction, H-7 and H-2′ were deduced to be the
opposite orientations of H-5 and H-5′, respectively. Thus, H-7
and H-5′ were tentatively assigned as b-orientations, whereas
H-2′ was a-oriented. The orientation of Me-15′ was deduced to
be b-oriented based on the ROESY correlations of Me-15′/H-5′.

To conrm the structure of 1, high-quality crystals were ob-
tained via recrystallization in methanol. An X-ray diffraction
study for 1 was successfully performed using anomalous
Fig. 2 Design of the total syntheses of henryinins A–E (1–5). (A) Plausibl
henryinins A–E (1–5) in a divergent and protection-free approach.

1262 | Chem. Sci., 2024, 15, 1260–1270
scattering of CuKa radiation providing conclusive evidence for
its absolute conguration (4R,5R,6R,7R,2′S,4′R,5′R,7′R,9′S,10′S)
with a Flack parameter of 0.09(4) (Fig. 1C). Compounds 2–5
were determined to be similar to 1, of which the structural
elucidation was detailed in the ESI.† Their structures and
absolute congurations were conrmed by single-crystal X-ray
diffraction analysis (Fig. 1C).

A plausible biogenetic pathway for 1–5 was proposed
(Fig. 2A). Based on the reported hypothesis, the formation of
sesquiterpenes was considered to originate from farnesyl
pyrophosphate (FPP).18,19 Therefore, ring-forming reactions
involving the ionization and cyclization of FPP are proposed to
be the initial step in the formation of these compounds. The
cationic intermediate 11 would further be transformed into
intermediate 12 via quenching of the positive charge and loss of
e biogenetic pathways of henryinins A–E. (B) Retrosynthetic analysis of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Bioinspired total syntheses. (A) Henryinins A–E (1–5). (B) Enantiomers 6–10 based on the peri-, regio-, and stereo-selectivity of Diels–
Alder reaction.
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a proton or capture of an external nucleophile such as water or
the original pyrophosphate anion. Intermediate 12 would
further be transformed into intermediate 13 via oxidation,
dehydration, and cyclization. The corresponding precursors
(14a, 15a, and 16a) of these compounds could be derived from
key intermediate 13 via hydrogenation and oxidation. Finally,
the precursors (14a, 15a, and 16a) would be transformed into
sesquiterpene dimers with a new carbon skeleton via a key
Diels–Alder cycloaddition.

Based on putative biosynthetic pathways, the retrosynthetic
analysis of henryinins A–E (1–5) is outlined in Fig. 2B. Consid-
ering the structural characteristics of the targets, we envisioned
that 1 and 2 could be derived from 17 via aromatization20–23 and
dihydroxylation,24 respectively. Compound 17 could be con-
structed from intermediate 14a through an intermolecular
Diels–Alder reaction.25,26 Intermediate 14a could be generated
via dearomatization of 18a,27 which could be created by
aromatization of 19.23,28 Finally, 19 could be prepared from the
aldol condensation of 20, which could be accessed from 21 and
© 2024 The Author(s). Published by the Royal Society of Chemistry
S-(+)-carvone (22) through a Michael reaction.29–31 Using
a similar synthetic route, 3–5 could be synthesized from inter-
mediates 23 and 24, respectively (Fig. 2B).
Bioinspired total syntheses of 1–5 and their enantiomers 6–10

Based on our retrosynthetic analysis, we commenced with the
bioinspired and protection group-free syntheses of 1–5 starting
from building compound 19, which was prepared from S-
(+)-carvone (22) according to a reported procedure (Fig. 3A).32

The Mukaiyama–Michael reaction of 21 with the kinetic silyl
enol ether was accomplished using 5% tritylium hexa-
chloroantimonate as the catalyst to give 20 as a single diaste-
reomer in an overall yield of 53%.31 The cyclization and methyl
isomerization of diketone 20 in the presence of potassium
hydroxide (KOH) in methanol at room temperature afforded
cadinene sesquiterpenoid 19 in 72% yield.31 The selective
reduction of the g,d-double bond of 19 was screened under
several conditions, including Pd/C in benzyl alcohol,33 Pd/C in
the presence of hydrogen in hexane,34 and NaBH4 and
Chem. Sci., 2024, 15, 1260–1270 | 1263
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Table 1 Reaction development and the control experiment

Entry Conditions Products Yielda (%)

1 Pd(TFA)2, O2, 2-Me-N-pyridine, p-TsOH, DMSO, 80 °C NRb —
2 LDA, PhSeCl, H2O2 18b 67
3 DDQ NR —
4 DDQ, TBDMSCl 18c 41
5 I2, DMSO, CH3NO2 18c 83
6 LiHMDS, TMSCl, Pd(OAc)2, CH3CN 18a/18b (4 : 1) 54

a Isolated yield aer chromatography. b No reaction.
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NiCl2$6H2O in methanol (MeOH) (see Table S6† for details).35

Finally, the treatment of 19 with palladium on calcium
carbonate (CaCO3) produced enone epimers 25a and 25b (1 : 3)
in an isolated yield of 91%.34 The absolute conguration of 25a
was conrmed by single-crystal X-ray diffraction analysis.

To achieve the key intermediate phenols 18a, 23, and 24,
aromatization reactions were investigated under a variety of
conditions.20,22,23,28,36–39 Initially, palladium(II) triuoroacetate
[Pd(TFA)2] and the corresponding additives [pyridine, and tol-
uenesulfonic acid (TsOH)] were used as catalysts based on the
report of Stahl et al.20 However, the aromatization of compound
19 was not observed in our investigation (Table 1, entry 1).
Then, we examined the conversion of 19, 25a, and 25b to phenol
using lithium diisopropylamide (LDA) and phenylselenyl chlo-
ride (PhSeCl) in tetrahydrofuran (THF) followed by oxidation of
selenide with 30% hydrogen peroxide (H2O2).37,38 These condi-
tions were suitable for converting 25a and 25b; however, the
undesired product 18b was observed for 19 (Table 1, entry 2).
We subjected 19 to 2,3-dichloro-5,6-dicyano-benzoquinone
(DDQ); however, the aromatization of 19 did not occur (Table
1, entry 3).39 When 19 and DDQ were reacted in the presence of
5 mol% tert-butyldimethylsilyl chloride (TBSCl) in dioxane at
room temperature, the product 18c was obtained (Table 1, entry
4).22 However, we could not achieve the desired product via the
dearomatization of 18c when we attempted to synthesize the
target product 2 by the dearomatization and Diels–Alder reac-
tion of 18c. Given these challenges, we sequentially sought to
explore the dehydrogenative aromatization of 19 via metal-free
I2 as the catalyst and dimethylsulfoxide (DMSO) as the
oxidant.23 Likewise, undesired product 18c was generated
(Table 1, entry 5). Gratifyingly, inspired by Saegusa–Ito oxida-
tion for enone synthesis,40 phenols 18a, 23, and 24 were affor-
ded via oxidative dehydrogenation of 19, 25a, and 25b,
respectively (Table 1, entry 6). Although diverse synthetic
methods for the dehydrogenation of cyclohexanone have been
developed for the preparation of phenols in recent decades,
such as metal-catalyzed20,28,36 or metal-free23,37,39 oxidative
dehydrogenation, to our knowledge, this was the rst example
of the total synthesis of phenols via Saegusa–Ito oxidation. To
1264 | Chem. Sci., 2024, 15, 1260–1270
improve the efficiency, we further explored the conditions of
aromatization using this method (see Table S7† for details).

With ample quantities of phenols 18a, 23, and 24 in hand,
the key dearomatizing transformation of these phenols was
performed using different methods (the detailed optimization
procedures are shown in Table S8†). These phenols underwent
oxidative dearomatization aer treatment with lead(IV) acetate
[Pb(OAc)4] to furnish the acetylated product (Table S8,† entry 5).
However, the obtained products failed to undergo Diels–Alder
cycloaddition and were broken via deacetylation with various
bases. Finally, the dearomatizing transformation was efficiently
accomplished via stabilized l5-iodane 2-iodoxybenzoic acid
(SIBX)-mediated hydroxylative phenol.41,42 The oxidation of
phenol 18a with a suspension of SIBX at room temperature
produced 14a and 14b (1 : 1) in an overall yield of 63%. With 14a
and 14b in hand, we focused on the formation of a bicyclo[2,2,2]
octane-bridged system. Interestingly, we only found the
formation of an endo diastereomeric adduct (17) of 14a, which
showed the peri-, regio-, and stereo-specic natures of the
Diels–Alder reaction. The treatment of key intermediate 17 with
meta-chloroperoxybenzoic acid (m-CPBA) in the presence of p-
TsOH provided compound 1 in an isolated yield of 67%.43 The
aromatization of 17 proceeded smoothly using DDQ to deliver
compound 2.37 The treatment of 25a with a suspension of SIBX
at room temperature provided epimers 15a and 15b (1 : 1) in
48% yield. Unexpectedly, neither 15a nor 15b underwent the
Diels–Alder reaction, which may have been a result of the Me-14
conguration.

Fortunately, 15a and 14a (1 : 3) were heated at 80 °C to
produce compounds 4 and 9. Compound 25b underwent dear-
omatization with a suspension of SIBX at room temperature to
generate epimers 16a and 16b (1 : 3), resulting from the
propensity of spontaneous [4 + 2] cyclodimerizations of 16a.
Compounds 16a and 14a were heated at 80 °C to produce
compounds 3, 5, and 9 (1 : 1 : 2). Thus, the enantioselective
preparation of natural products (1–5) was effectively accom-
plished based on the chiral starting material.

In recent years, many enantiomeric natural products have
been discovered with distinct biological activities.44
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Computational results. (A) Free energy barriers and reaction energies (kcal mol−1) for the homo-dimerization reaction of 14a and 14b. (B)
Comparison between TS14a+14a and TS14b+14b illustrates the origin of stereoselectivity. (C) Homo-dimerization reaction of 15a and 15b.
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Furthermore, the high level of regioselectivity and peri-
selectivity of the Diels–Alder reaction has also been reported
recently.45 To further explore whether the isopropenyl group
located at C-7 affected the peri-, regio-, and stereo-selectivity of
the Diels–Alder reaction of our intermediates and the biological
activities of enantiomeric natural products, we performed the
total syntheses of their enantiomers using R-(−)-carvone as the
starting material. As expected, the total syntheses of enantio-
mers of natural products (6–10) was effectively completed and
the Diels–Alder reaction also demonstrated peri-, regio-, and
stereo-selectivity (Fig. 3B). The ne synthetic route is outlined in
Scheme S1 (ESI†).

Computational studies on the reactivity and origin of
selectivity

Density functional theory calculations were conducted to
explore the inuence of structural differences on the reactivity
and selectivity of the dimerization reaction. We chose 14a and
its stereoisomer 14b for the initial computations. The homo-
dimerization of 14a is both thermodynamically and kinetically
favored over that of 14b (Fig. 4A). The transition state of 14a
(TS14a+14a) is more stable than that of TS14b+14b (14b) by 15.1 kcal
mol−1, which was consistent with the absence of the cycload-
dition product for 14b in the experiments. Moreover, the
formation of 17 is more exergonic (by 10.5 kcal mol−1) and is
favored over the dimerization product of 14b (by 5.4 kcal
mol−1). The two distorted reactants in TS14a+14a form a double-
layer shape staggered in C2 symmetry, as the dihedral C6–C5–
C5′−C6′ angle is 56.1°. TS14a+14a is an ambimodal transition
state that led to two identical adducts, in which the formed C5–
C5′ bond is shared, and the competing C6–C2′ or C2–C6′ bond
formation afford two equivalent products denoted as [2 + 4] or [4
+ 2], respectively.46–48 Because of the shorter C5–C5′ and longer
C6–C2′ or C2–C6′ distances, TS14a+14a is concerted but
© 2024 The Author(s). Published by the Royal Society of Chemistry
asynchronous.49 The signicant free energy difference of 15.1
kcal mol−1 between TS14a+14a and TS14b+14b is merely caused by
the inversion of the C4 conguration. As shown in Fig. 4B,
a glimpse of the TS14b+14b structure may readily lead to the
conclusion that this energy difference is caused by the steric
repulsion between the equatorial methyl groups attached to C4
and the neighboring C–H bonds of the other reactant. However,
substituting theMe group with H in both TS14a+14a and TS14b+14b
to release the steric repulsion of Me only decreased the free
energy difference to 10.9 kcal mol−1 (Fig. S11A†), illustrating
this steric effect is not the major reason for the energy
difference.

Distortion/interaction analysis was then conducted for the
transition states and the derived intrinsic reaction coordi-
nates.50 Plotting the energies against the length of the forming
bond, we noticed that the distortion energies of 14a and 14b
maintain a constant difference of ∼10 kcal mol−1, and the
interaction energy difference was approximately 5 kcal mol−1

(Fig. S12†). To maximize the deserved interactions in the tran-
sition state, both reactants change conformation as the OH/Me
group leaves the equatorial for the axial position of 14b/14a,
respectively. The intramolecular hydrogen bond between OH
and C]O in 14a is kept in TS14a+14a, but disappeared in
TS14b+14b, implying that its absence caused the high distortion
energy of TS14b+14b. Indeed, if OH is substituted by H, the energy
difference of the corresponding transition states decreases to
3.3 kcal mol−1 (Fig. S11B†). Therefore, the strong preference for
TS14a+14a over TS14b+14b is ascribed to the destruction of intra-
molecular hydrogen bonds and the steric repulsion caused by
the Me group in TS14b+14b, with the former playing a major role.
Notably, this origin of stereoselectivity not only reects the
effect of the C4 conguration, but is also suitable for 28b with
an inverted C7 conguration because the corresponding tran-
sition state is the mirror image of TS14b+14b.
Chem. Sci., 2024, 15, 1260–1270 | 1265

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc05233h


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 2

/2
7/

20
26

 5
:5

7:
20

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
In addition to the aforementioned pericyclic reaction of 14a
to produce 17, the pathways leading to other stereoisomers and
regiomers were calculated to be inaccessible (Fig. S13 and S14†),
as the energy barriers are >36.0 kcal mol−1. Both intra- and
inter-molecular steric repulsions were observed in these tran-
sition states. Similar to the unmodied 14a and 14b, the
homodimerization of 16a is both thermodynamically and
kinetically favored over that of 16b (Fig. S15†). Unlike 14a, the
homodimerization product of 15a was not observed in the
experiments. Correspondingly, the reaction barrier was calcu-
lated to be 25.8 kcal mol−1, in which steric repulsion exists
between the Me groups at C10 and C10′ (Fig. 4C and S16†).

The cross-dimerization between 14a and 16a demonstrated
that subtle structural modications could inhibit the reaction
pathway bifurcation and produce a single product. In theory,
both 14a and 16a could act as dienophiles to react with the
other reactant; however, only the former adduct 3 was observed.
Accordingly, our computation located TS14a+16a for the former
reaction pathway; however, attempts to nd the transition state
for the latter reaction failed and led to TS14a+16a. The merged
structure indicates that TS14a+16a is ambimodal as well (Fig. 5).
Compared with the equivalent C6–C2′ or C2–C6′ distance of 3.10
Å in TS14a+14a, the larger steric hindrance of the saturated C9–
C10 of 16a than that of the C]C of 14a elongates the C6–C2′

distance to 3.40 Å and increases the dihedral C6–C5–C5′−C6′ to
62.6°. Concomitantly, the C2–C6′ distance decreases to 2.96 Å
because of the seesaw motion of 16a. Weaker/stronger
secondary orbital interactions between C6–C2' and C2–C6′

suggest a lower/higher yield of the corresponding product.51

According to Houk−Yang's empirical equation,51 the distribu-
tion of 3/16a+14a was predicted to be 64 : 1. A quasi-classical
direct molecular dynamics simulation was conducted;
however, none of the trajectories initiated from TS14a+16a
terminates at 16a+14a (Fig. S17†).52 Moreover, the Cope rear-
rangement of 3 to produce 16a+14a has an inaccessible energy
barrier of 31.2 kcal mol−1, thus rationalizing the absence of the
adduct with 16a as a dienophile. These results illustrate that the
steric hindrance created by structural modication breaks the
C2 symmetry and inhibits reaction pathway bifurcation.51,53–56
Fig. 5 Reaction pathway bifurcation and the ambimodal TS14a+16a of
the cross-dimerization reaction between 14a and 16a.

1266 | Chem. Sci., 2024, 15, 1260–1270
Although the homodimerization of 15a is accessible, its trans-
formation was enabled by cross-dimerization with 14a, which
has a barrier of 22.5 kcal mol−1 via TS14a+15a (Fig. S18†). The
energy difference of 3.3 kcal mol−1 between TS15a+15a and
TS14a+15a excludes the homodimerization reaction. Moreover,
the computed barriers increase in an order from TS14a+14a to
TS15a+15a, which reproduced the experimental product distri-
bution. Similar to 14a and 16a, the cross-dimerization of 14a
and 15a failed to generate the adduct with 15a as a dienophile
because bifurcation is inhibited (Fig. S19†).
Chemoproteomic proling of a pair of enantiomers by the
competitive rdTOP-ABPP method

We reasoned that the a,b,g,d-unsaturated ketone groups of
compounds 1–10 would capture thiol groups and form C–S
covalent bonds with the cysteine residues of the target proteins.
Therefore, we could explore whether there are active cysteines in
the proteome that can covalently bind to the compounds,
thereby identifying the potential target of the compound. The
isotopic tandem orthogonal proteolysis-activity-based protein
proling (isoTOP-ABPP) method, an advanced derivative of
Activity-Based Protein Proling (ABPP),57 employs a cysteine-
reactive iodoacetamide probe functionalized with a bio-
orthogonal alkyne handle [iodoacetamide (IA)-alkyne] and
a pair of isotopically encoded cleavable azide-biotin tags to
enable quantication of intrinsic cysteine reactivity.58 Addi-
tionally, it can be used for mapping druggable hotspots targeted
by covalently acting metabolites.59 Recently, the rdTOP-ABPP
method was introduced to enhance the pipeline by incorpo-
rating reductive dimethylation for triplex quantitation to
broadly functional cysteinomes.60 The above methods were
designed to determine if the compounds can covalently bind to
cysteines and compete with IA-alkyne. Briey, the a,b,g,d-
unsaturated ketone groups in 1–10 likely reacted with cysteine
residues of target proteins because the sulfur atoms of cysteine
residues will have strong nucleophilic reactivity, when the
sulydryl groups are deprotonated. When cysteine residues
form covalent bonds with compounds, fewer cysteine residues
undergo nucleophilic substitution reactions with IA-alkyne
compared with the DMSO group. Subsequent visualization of
IA-alkyne using azide-rhodamine will produce less uorescence.
Therefore, we rst evaluated whether these compounds could
compete with IA-alkyne in cell lysates using in-gel uorescence.
HT1080 cell lysates were treated with 100 mM compounds 1–10,
labelled with IA-alkyne and then visualized using azide-
rhodamine via copper-catalyzed azide–alkyne cycloaddition
(CuAAC) (Fig. S19†).

Compounds 3, 4 and 9 showed weaker uorescence than the
vehicle group (vehicle group was added DMSO as a control),
indicating that the three compounds likely have stronger reac-
tivity with cysteine residues than other groups and showed
competition with IA-alkyne (Fig. 6A). Given that 4 and 9 are
a pair of enantiomers, the two compounds were also studied.
The uorescence of 4 and 9 decreased with increasing
compound concentrations, suggesting that competition against
IA-alkyne was concentration-dependent (Fig. 6B). Although
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Chemical proteomic profiling by competitive rdTOP-ABPP. (A) The HT1080 cell lysates were incubated with compounds 1–10 and
visualized by in-gel fluorescence; (B) the fluorescence decreased as the concentrations of 4 and 9 increased; (C) cytotoxic experiments
demonstrated that 4 showed similar inhibition rates to 9 at three concentrations; (D) the scheme of quantitative profiling of reactive cysteines by
rdTOP-ABPP; (E) a Venn diagram showing the number of re-active cysteine peptides quantified from 4 and 9 at a 10 or 100 mM level; (F) the
rdTOP-ABPP ratios for each cysteine site quantified at a 10 or 100 mM level; (G) representative MS1 profiles for peptides that show common
targets (PRDX5 and BLMH) for 4 and 9, and unique targets for 4 (USP45) and 9 (COG7).
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cytotoxic experiments on HT1080 cells demonstrated that 4
showed similar inhibition rates to 9 at three concentrations
(Fig. 6C), whether the targets of the natural product (4) differed
from its enantiomer (9) remains unclear. Therefore, we per-
formed comprehensive proling of 4 and 9 in HT1080 cell
lysates using rdTOP-ABPP. The HT1080 whole cell lysates were
rst treated with DMSO, 4 or 9 (10 mM and 100 mM), and then
labeled separately with the IA-alkyne probe. Aer enrichment
with streptavidin and on-bead trypsin digestion, the probe-
adducted peptides from DMSO, 4 or 9 (10 mM and 100 mM),
were isotopically labeled with light, medium, and heavy dime-
thylation reagents, respectively (Fig. 6D). The samples were
subjected to acid cleavage, and the released peptides were
analyzed using liquid chromatography with tandem mass
spectrometry (LC-MS/MS) and quantied using CIMAGE 2.0
soware.61 We performed three biological replicates for both
experiments, and the peptides quantied in at least two out of
the three replicates were considered for further analysis. The
light/medium [DMSO/4 or 9 (10 mM)] ratio and the light/heavy
[DMSO/4 or 9 (100 mM)] ratio reected the competitiveness of
the given compounds with IA-alkyne (Fig. 6D and S20†). Finally,
1901 targets were quantied under the 10 mM compound
treatment, and 1660 targets were quantied under the 100 mM
compound treatment (Fig. 6E). Among the candidate targets
(Fig. 6F), we chose these targets for two reasons. One is that the
spectrum has a high degree of condence, requiring a good t
(R2) value between the light/medium/heavy groups and stable
performance across three replicates. The other is its
concentration-dependent features, meaning that the ratio of the
high-concentration group (100 mM) was higher than that of the
low-concentration group (10 mM). In the candidates, PRDX5
C100 and BLMH C73 both met the above criteria in the two
© 2024 The Author(s). Published by the Royal Society of Chemistry
groups and were considered as common targets of compounds
4 and 9 (Fig. 6G, for more see the ESI†). USP45 C588 was
detected only in the compound 4 group but not in the
compound 9 group and was thought to be a specic target for 4.
The dose–effect relationship of USP45 C588 was not shown at
high and low concentrations in the compound 4 group, mainly
because the competition reached saturation at low concentra-
tions (the highest ratio value was 15) (Fig. 6G, for more see
ESI†). COG7 C419 was detected in both the compound 4 group
and compound 9 group. However, COG7 C419 showed
a concentration-dependent feature only in the compound 9
group and was considered to be a specic target for 9.
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