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Here an enantioselective total synthesis of bioactive 3-deoxy-epothilone B is reported. Key features of this
synthesis include Nelson’s alkaloid-catalyzed asymmetric ketene-aldehyde [2+ 2] cycloaddition to expe-
ditiously construct the froward cis/trans configuration of C6—C8 position in a stereospecific manner and
the subsequent allylic transposition nucleophilic addition to forge the C2—C4 unit. Other key steps in-
volve an iridium-catalyzed asymmetric hydrogenation (AH) to introduce the C15 stereogenic center and a
rhodium-catalyzed linear selective hydroformylation to install the C1 unit with our catalytic systems. In
addition, the highly electrophilic enantioenriched B-lactone is regarded as a potential synthon for mod-
ular syntheses of a series of C1-C4 modified epothilones. Further biological activity evaluation indicated
significant cytotoxicity of 3-deoxy-epothilone B against a panel of human tumor cell lines.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Epothilones (1—6) are 16-membered macrolides isolated from
Sorangium cellulosum, which act as novel microtubule stabilizing
agents for the treatment of cancer [1-3]. During the past few
decades, many synthetic routes to natural epothilones or synthetic
analogues have been disclosed [4-6]. Epothilone D (4), also known
as Utidelone (UTD1), is a new-generation microtubule targeted
drug that offers advantages over paclitaxel on improved efficacy
and safety [7-10]. It has won the approvement of NMPA in 2021
for the treatment of breast cancer. Another example based on the
alteration of epothilone B core by the conversion of a macrolactone
to a macrolactam ring, namely Ixabepilone [11], was exploited by
Bristol-Myers Squibb (BMS), and has been approved by FDA for
the treatment of breast cancer in 2007 (Fig. 1A).

The above success on treatment of cancer with natural or mod-
ified epothilones render this 16-membered macrolide backbone a
notable target for more structural modifications and bioactivity
studies. SAR (structure activity relationship) studies indicated that
the cis/trans C6—C8 positions with C8—(S) and C12—C13 (Z) config-
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uration were pivotal for retaining excellent biological activities of
the natural epothilones [4-6,12-18]. Whereas, the C1—C4 positions
have much space for structural modifications. Most of the bioac-
tivities were retained after removal of 3(S)—OH [19-21] as well as
the gem-dimethyl group at C4 position [3,22]. In 2005, Altmann
and coworkers reported the first synthesis of 3-deoxy-epothilone
B (8) [20], which retained most of the cytotoxicity of epothilone
B (Fig. 1B) [5]. However, synthetic challenges limited the discovery
of potent candidates with decorations on C1-C4 positions to im-
prove the metabolic stability or to generate a new binding site for
a better component of antibody-drug conjugates (ADCs).

Despite great advances have been made for the syntheses of
epothilones and their diversified analogues, the construction of the
C6—C7 bond still relied heavily on the aldol condensation, of which
the diastereoselectivity was highly structure-dependent [23-35].
Moreover, the intermolecular aldol reaction was not suitable for
the construction of southern fragment with active hydrogens at C4.
In addition, the introduction of chiral centers at C8 or C15 exclu-
sively depended on the utility of stoichiometric auxiliaries or enan-
tioenriched natural occurring materials [27,28,36-40], and lengthy
steps or detour are inevitable. Therefore, the development of an
efficient access to a suitable common intermediate embodying all
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A. Structures of natural epothilones and modified Ixabepilone:

O OH O

3: epothilone C (R = H)
4: epothilone D (R = Me) (Utidelone)
Biostar, 2021 NMPA approved

1: epothilone A (R = H)
2: epothilone B (R = Me)

O OH O

5: epothilone E (R = H) 7: Ixabepilone
6: epothilone F (R = Me) BMS, 2007 FDA approved
B. Represented bioactive C2-C4 modified epothilones:

8: 3-deoxy-epothilone B
ICso (KB-8511): 4.0 nmol/L

9: 3-deoxy-2,3-didehydro-epothilone B
ICs0 (HCT-116): 3.4 nmol/L

0O CN O O OH O

10: 3S-cyano epothilone B 11: C4-mono-methylated epothilone D
ICso (HCT-116): 8.4 nmol/L ICs0 (MCF-7): 7.0 or 40 nmol/L

C. This work: total synthesis of 8 via highly electrophilic enantioenriched B-lactone

«wm

3 -deoxy-epothilone B (8

TBDPSO,, .
\e

Asymmetm: Nelson [2+2]

Hydrog Y Hydr

Linear Selectlve Allylic Transposmon
ilic Addition

Fig. 1. (A) Natural epothilones and Ixabepilone. (B) Represented C2—C4 modified
epothilones. (C) Total synthesis of 8 through the highly electrophilic enantioen-
riched B-lactone.

desired configurations on C5-C17 fragment was highly desirable
for the efficient syntheses of diverse modified C1-C4 epothilones.
Herein, we report an efficient strategy for the rapid construction of
C5-C17 fragment of epothilones with Nelson’s alkaloid-catalyzed
asymmetric [2 + 2] cycloaddition to forge the desired cis/trans con-
figuration of C6—C8 position, and asymmetric hydrogenation (AH)
to construct the stereogenic centers at C8 and C15. These meth-
ods were highly in accordance with the goal of building complex-
ity in a fast and straightforward way for a modular approach [41].
And the total synthesis of bioactive 3-deoxy-epothilone B (8) was
finally accomplished with subsequent allylic transposition nucle-
ophilic addition, rhodium-catalyzed linear selective hydroformyla-
tion and macrolactonization as the key steps (Fig. 1C).

In our retrosynthetic plan toward 8 (Fig. 2), we anticipated
that a highly chemo- and regioselective homologation via hydro-
formylation of triene 12 would install the C1 unit, thus deliver-
ing the 16-membered macrolide after a macrolactonization pro-
cess. Triene 12 can be derived from nucleophilic addition via allylic
transposition with the key highly electrophilic enantioenriched 8-
lactone 14. Since the alkaloid-catalyzed acyl halide-aldehyde cy-
clocondensation (AAC) for the construction of diverse enantioen-
riched B-lactones was initially reported by Nelson in 2004 [42,43],
this asymmetric [2+ 2] cycloaddition has seen relatively few ap-
plications in natural product synthesis as alternative to the clas-
sic aldol reactions [44-52], despite its ability to expediently forge
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Fig. 2. Retrosynthetic analysis of 3-deoxy-epothilone B (8).

two contiguous chiral centers. Based on this efficient transforma-
tion, we envisioned 14 could be synthesized by Nelson’s alkaloid-
catalyzed asymmetric [2 + 2] cycloaddition with propionyl chloride
and aldehyde 15. Alternatively, the stereochemistry on C8 could be
introduced by ruthenium-catalyzed AH of 16. In turn, the C15 chi-
ral center of epothilones was also expected to be installed through
the eco-friendly AH technique with ketone 17, which could be cou-
pled through an umpolung reaction of the easily prepared TMS
cyanohydrin 18 and neryl bromide 19.

As was shown in Scheme 1, we started our synthetic endeavors
with the initial aim of obtaining the TMS cyanohydrin 18 from the
known aldehyde 20, which could be easily accessed from commer-
cially available 4-formyl-2-methylthiazole in one step [53]. Fortu-
nately, we noted that 18 could be produced quantitatively with 1.5
equiv. of TMSCN and catalytic amount of LiCl [54]. The efficient
conversion of 20 to 18 was the result of extensive optimization
with other additives such as Znl, as well as CsF, which led to ei-
ther poor conversion or side reaction, giving the desired product
in modest yields. With the requisite coupling partners in hand, we
focused our efforts on the construction of the northern backbone
17 of epothilones. Initially, 18 was deprotonated with LDA followed
by treatment with 1.2 equiv. of 19, whereas no desired product
was detected after treatment with TBAF [55]. To our delight, lit-
tle amount of 17 was obtained when hydrochloric acid aqueous
solution was utilized instead of TBAF for subsequent removal of
the TMS group. Encouraged by this result, other bases were eval-
uated, and LiHMDS exhibited the best result, providing the cou-
pling product 17 in 60% isolated yield (see Table S1 in Support-
ing information for details). With ketone 17 in hand, we then set
the stage for the installation of the chiral center at C15. Gratify-
ingly, the tetradentate ligand f-phamidol, which was disclosed by
our group in 2022 [56-58], displayed excellent performance and
the AH of 17 proceeded smoothly with 0.5 mol% iridium catalyst
under hydrogen, giving rise to the desired alcohol 21 in 99% yield
and >99% ee (see Table S2 in Supporting information for details).
Notably, 21 could be obtained in 43% yield over three steps from
20 on a 145 mmol scale. After protection of the C15-OH with 1.8
equiv. of TBDPSCI, 22 could be produced on over 20 g scale in a
single pass, which verified the robustness of this sequence. And
the desired hydroxy group was thus introduced precisely to give
the allylic alcohol 16 in 60 % yield via Riley oxidation [59]. The us-
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=z —_— P
N Conditions CN then 2 N HCI N\ \ = = H, (70 bar), Cs,CO3 (0.1 eq.) -——(\
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2 CsF (0.15eq.), MeCN (0.2 mollL) 40 ™ N ! .
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DIPEA (3.0 eq.) | DCM/EL,0 = 15/1
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chloride (2.5 eq.
ide (25eq.) y  [gram scale] Optimization of the Nelson [2+2] cycloaddition

Entry Variations Yield (%)
1 Lil (3 eq.), DCM/ELO = 3/1, -78 °C 9
2 Lil (5 eq.), DCM/E,0 = 15/1,-78 °C 15
3 Lil (5 eq.), DCM/Et,0 = 15/1, -50 °C 37

[8.5 g scale]

see Table 1 (>20 g produced)
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Scheme 1. Synthesis of highly electrophilic enantioenriched S-lactone 14.
Table 1
Optimization of the reaction conditions for AH of 16.2
HO. HO. HO.
Ru(L")(OAc),
S + S Me P S
me—4 | A MeOH#H,0 = 20/1 (0.2 moir) Me,(\ Me"élkaj)\ me—4, | "
N 5 H, (100 bar), Temp. (°C) N Y N Y
OTBDPS OTBDPS OTBDPS
16 23’ 23"
I
OO PAr; O FAr, £ NMe,
o 5. T'me
OO PAI, { O AL &= ph H
= PCy,
LLAcCT L4, Ar=Ph L6 L7
L2 Ar= 4 Ve ol L5, Ar = 4-MeO-3,5-1Bu-CgH, S)-MeO-Biph (R Ske Sp)-ChenPhos
L3, Ar=3,5-Me-CgHs , Ar = 4-MeO-3,5-tBu-CgH, (S)-MeO-Biphep CrOFcOP)
Entry Catalyst (mol%) Temp. (°C) Time (h) Yield (%) r (23/23")
23 23 23" 16
1 Ru(L1)(OAc), (10 mol%) 40 6 30 7.5 10 34 4.0/1
2 Ru(L2)(0Ac), (10 mol%) 40 6 16 <5 60 0 /
3 Ru(L3)(0Ac), (10 mol%) 40 6 20 4.3 66 0 4.6/1
4 Ru(L4)(0Ac), (10 mol%) 40 6 9 1.5 74 1.5 6.0/1
5 Ru(L5)(OAc), (10 mol%) 40 6 36 5.1 38 0 7.1/1
6 Ru(L6)(OAc), (10 mol%) 40 6 11 23 54 0 4.8/1
7 Ru(L5)(0Ac), (1 mol%) 25 14 62 9.4 5.7 0 6.6/1
8b Ru(L5)(0Ac); (1 mol%) 25 14 65¢ 10 13 2.8 6.5/1
9¢ Rh/L7 (1 mol%) 25 20 18 7.1 9.0 51 2,51

2 Reaction conditions: 16 (0.10 mmol), Ru complex, solvent (MeOH/H,0 =20/1, 0.5mL). Diastereomeric ratios (dr) and yields of 23 were determined by 'H NMR spec-

troscopy.
b 8.5g scale, solvent (0.5 mol/L).
¢ Isolated yield.
d Performed with Rh/ChenPhos (1 mol%), in 0.5 mL DCM (0.2 mol/L) under 25 bar of H,

age of bulky TBDPS was significant for the high regioselectivity of
this transformation probably because it could increase the steric
hindrance of the adjacent double bonds (C12-C13 and C16-C17)
which could also possibly competitively participate the following
AH of C8-C9 double bond to generate C8 stereogenic center.

At this stage, we concentrated our efforts on the challenging
AH of C8-C9 double bond in 16 (Table 1). Despite great progress
have been made for the AH of «,B-unsaturated carboxylic acids
[60-63]. The enantiocontrol for AH of 2-substituted-2-alkenols is

at room temperature for 20 h.

difficult, due to the poor coordinating ability of the hydroxyl group.
Moreover, the nitrogen atom embedded in thiazole adjacent to the
C16-C17 double bond could also serve as a directing group, thereby
leading to the competitive hydrogenation. Initially, we screened
various ligands such as Binap, Segphos, and MeO-Biphep (L1-L6)
for ruthenium-catalyzed (10 mol%) AH at 40 °C. L1 could give the
desired product 23 in 30% yield along with 10% over-reduced
product 23”, and 34% of 16 was recovered (entry 1, Table 1). Be-
sides, 36% yield and the highest 7.1:1 dr was observed with L5 as
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A. Synthesis of bioactive 3-deoxy-epothilone B (8) and its biologi

activity
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Scheme 2. Completion of 3-deoxy-epothilone B (8) and formal syntheses of epothilones B (2) and D (4).  Reported data [15].

ligand combining with 38 % yield of 23” (entry 5, Table 1). Delight-
edly, the yield of 23 was improved to 62% with retention of the
high diastereoselectivity by lowering the catalyst loading to 1 mol%
at 25 °C for 14 h (entry 7, Table 1). Notably, the efficacy maintained
well on a multigram-scale, providing 23 in 65% isolated yield (en-
try 8, Table 1). The rhodium/ChenPhos (L7) catalytic system [64]
was also applied with 16, albeit with unsatisfactory result (entry
9, Table 1) (see Table S3 in Supporting information for more de-
tails).

After Parikh-Doering oxidation, aldehyde 15 was obtained in
excellent yield, which finished the synthesis of northern fragment
of epothilones within 7 total steps from 20 (8 steps from com-
mercially available 4-formyl-2-methylthiazole) as opposed to 11-
18 total steps by the previous work [27,28,36-40,65,66]. With ac-
cess to aldehyde 15 secured, we then continued our exploration on
the synthesis of pivotal enantioenriched S-lactone 14. Initially, we
treated 15 under Nelson’s standard condition [42], whereas, only
9% yield of 14 was obtained and most of starting material was re-
covered. A slight improvement in yield was realized by dropping
the proportion of diethyl ether and increasing the quantities of
lithium iodide [67]. Extensive screening of conditions revealed that
a higher temperature promoted the conversion dramatically, pro-
viding 14 with 37% isolated yield at —50 °C (for other condition
alterations including solvents combinations and bases see Table S4
in Supporting information for details). Notably, the isolated yield
was further improved to 46 % when we carried out the gram-scale
reaction with an increased 2.5 equiv. of propionyl chloride. The
configuration of 14 was determined to be C6(R) and C7(S) based
on NOESY correlation analysis.

With the key enantioenriched S-lactone 14 in hand, we then
set the stage for the exploration of 3-deoxy-epothilone B (8)

(Scheme 2A). Driven by the inherent ring-strain of the four-
membered lactone, the nucleophilic ring-opening process could
proceed smoothly at —78 °C with excess 13, thus delivered the de-
sired 25 through allylic transposition nucleophilic addition in high
yield with the newly formed sterically hindered C5-carbonyl undis-
turbed [68]. Note that the protection of C7 hydroxy group was es-
sential to prevent the competitive lactonization during the follow-
ing macrolactonization process. TBS protection of 25 provided 26
with a high yield of 92%. Nevertheless, the selective removal of
TBDPS with 20 equiv. of TBAF under air delivered an unexpected
ketone 27 in high yield, which was possibly resulted from a retro-
aldol reaction followed by oxidative dehomologation of the in-situ
formed aldehyde with oxygen via Int1 [69,70]. And this hypothe-
sis was further verified by the reaction of aldehyde 15 to give 27
in 80% yield (see Supporting information for details). The reported
common intermediate 24 for epothilone B (2) and D (4) was ob-
tained by treatment of 15 with 15 equiv. of strictly deoxygenated
TBAF (other conditions such as TBAF/AcOH, HF-TEA or HCI gave
low conversion or decomposition of 15) and subsequent protection
with TBSCI in high yield albeit with slight epimerization at C8 (9:1
dr), thereby the formal syntheses of epothilone B (2) and D (4)
were accomplished according to the previous literatures (Scheme
2B) [27,28,36-40]. Subsequently, after a brief screening of protect-
ing groups, the THP was superior both in stability and efficiency
and was identified to be the optimal choice (TIPS and Troc were
not compatible with hot TBAF solution; the installation of PMB and
BOM was difficult possibly due to steric hindrance). The THP pro-
tection of 25 with DHP generated 12 smoothly in 85% yield.

At this stage, one pivotal task was the installation of the C1
unit. Very recently, our research group reported a new diphosphite
ligand, termed as O-SDPhite, which featured a unique rigid oxa-
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spirocyclic backbone, has been applied in hydroformylation (HF) or
isomerization hydroformylation (isoHF) of various olefins with ex-
cellent linear selectivity [70]. Fortunately, the desired aldehyde 28
was obtained in 75% yield under 14 bar of syngas at 90 °C for 20 h
(see Table S5 in Supporting information for more details). With all
carbon units of 8 secured, we then took our efforts to the con-
struction of the final 16-membered macrolide. After Pinnick oxi-
dation and desilylation, the precursor for the macrolactonization
was produced. The subsequent macrolactonization was carried out
under the classic Yamaguchi’s condition followed by removal of
THP protection with catalytic amount of PTSA, providing the de-
sired 3-deoxy-epothilone D (29) in 52 % overall yield. Nevertheless,
our '"H NMR data was discrepant from that of 29 reported by Alt-
mann and coworkers, and the 13C NMR spectra as well as the op-
tical rotation of 3-deoxy-epothilone D was not disclosed [21]. The
structure of the synthesized 29 was further elucidated unambigu-
ously by X-ray crystallographic analysis, which further confirmed
the stereochemisty of C15 and C6-C8 region. Subsequent epoxida-
tion with methyl rhenium trioxide (MTO) [20] proceeded smoothyl
with 9:1 dr, and the major diastereomer 3-deoxy-epothilone B (8)
was obtained in 64% yield after isolation through a preparative
HPLC. The relative configuration of the epoxide was determined by
NOESY correlation analysis, which is in consistence with the re-
ported structure. In addition, the biological activities of 3-deoxy-
epothilone B (8) were evaluated against a panel of human tumor
cell lines (Scheme 2A), and 8 exhibited significant cytotoxicity al-
beit with reduced biological activities compared with epothilone B
(2) and D (4) (see Section 6 in Supporting information for details).

In summary, we have successfully accomplished the total syn-
thesis of bioactive 3-deoxy-epothilone B (8) in 14 total steps, which
featured Nelson’s alkaloid-catalyzed asymmetric [2+2] cycload-
dition to forge the C6-C7 stereogenic centers in a stereospecific
manner, ruthenium and iridium-catalyzed AH to introduce the C8
and C15 stereogenic centers, and the innovation with rhodium-
catalyzed chemo- and regioselective HF to install the C1 unit. The
use of effective asymmetric catalysis is a key advantage to our syn-
thesis, which evaded the utilization of classic stoichiometric chi-
ral auxiliaries or chiral reagents. Potentially allowing us to expe-
dite access to various C1-C4 modified epothilones in a modular
manner from the highly electrophilic enantioenriched B-lactone
14. Furthermore, the key intermediate 24 was synthesized with
high efficiency, which enabled the formal syntheses of epothilone
B (2) and D (4). Bioactivity investigations showed that 3-deoxy-
epothilone B (8) could maintain most of the cytotoxicity against a
panel of human tumor cell lines. And these results encourage us
to take more efforts on decoration of C1-C4 modified epothilones
with this approach. Further studies were underway in our group
and the results will be reported in due course.
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