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A unified synthetic route for the total syntheses of eribulin and a macrolactam analog of
halichondrin B is described. The key to the success of the current synthetic approach
includes the employment of our reverse approach for the construction of cyclic ether
structural motifs and a modified intramolecular cyclization reaction between alkyl iodide
and aldehyde functionalities to establish the all-carbon macrocyclic framework of eribu-
lin. These syntheses, together with our previous work on the total syntheses of halichon-
drin B and norhalichondrin B, demonstrate and validate the powerful reverse approach
in the construction of cyclic ether structural motifs. On the other hand, the unified syn-
thetic strategy for the synthesis of the related macrolactam analog provides inspiration
and opportunities in the halichondrin field and related polycyclic ether areas.

asymmetric synthesis | cyclization | Nicholas etherification | total synthesis

The halichondrins, as a family of potent antitumor natural products (1-3), have attracted
considerable attention from synthetic organic chemists in academia (4-10) and the phar-
maceutical industry (11-15). The pioneering work of Kishi and coworkers (4), combined
with the endeavors from Eisai Co., Ltd. (16-20), led to the discovery and development
of eribulin (its clinically used mesylate salt is marketed under the trade name Halaven),
an analog inspired by the structure and biological properties of halichondrin B, as a suc-
cessful clinical drug against metastatic breast cancer and liposarcoma (21-24). Following
our recent total syntheses of halichondrin B (1) (Fig. 1) (25) and norhalichondrin B (2)
(Fig. 1) (26), through our reverse approach to cyclic ether structural motifs (forming the
C-0O bond first followed by C—C bond construction) and employing convergent syn-
thetic strategies, we now report efficient total syntheses of eribulin (3) (Fig. 1) and the
related macrolactam analog 4 (Fig. 1) of halichondrin B (1).

The so far reported syntheses of eribulin and other analogs of halichondrin B (1)
by Eisai Co., Ltd. through two alternative synthetic sequences are highlighted in Fig. 24
(14). Further medicinal chemistry (structure—activity relationships) studies (16-20) with
halichondrin B (1) analogs pointed to fragment 4’ of eribulin and fragment ABCDEFG
of halichondrin B as critical structural motifs of these molecules for structural modifica-
tions directed toward optimization of their biological and pharmacological properties.
Thus, from the medicinal chemistry point of view, a late-stage installation of fragment 4
(e.g., 7a and 7b) (Fig. 3) could improve the synthetic efficiency for the preparation of
related designed analogs. With these considerations and our previously developed synthetic
methods in mind, we envisioned a unified synthetic strategy for the total synthesis of eri-
bulin (all-carbon macrocycle) and other related macrolactone and macrolactam analogs of
the halichondrins, as outlined in Fig. 2B. Such a strategy may facilitate the synthesis of
multdple designed analogs, including all-carbon macrocycle-based structures and featuring
similar isosteric substitutions, thus providing an opportunity for the discovery and optimi-
zation of next generation anticancer lead compounds in the area, as shown in Fig. 25.

Thus, based on the above reasoning and prospects for further advances in this area,
the retrosynthetic analysis (Fig. 3) of eribulin, a macrocarbocycle, and related macrolac-
tone and macrolactam analogs of the halichondrins led, first, to advanced open-chain,
intermediate 6 through the appropriate crucial macrocycle disconnections and neces-
sary functional group interconversions. Further disconnection of ring H of precursor
6 via retro-Nozaki-Hiyama—Kishi coupling and cycloetherification led to fragment A
(7a or 7b) and fragment [JKLMN (8) (25) as required building blocks for the projected
total syntheses of eribulin (3) and related analogs (e.g., 5), as shown in Fig. 3.

Results and Discussion

Improved Synthesis of Fragment MN (17) and Further Optimization of Its Conversion
to Fragment I[JKLMN (8). Scheme 1 summarizes the synthesis of required fragment MN (17)
starting with our previously reported building blocks 9 and 10 through the intermediacy

PNAS 2022 Vol. 119 No.32 2208938119

https://doi.org/10.1073/pnas.2208938119

Significance

More than 20 years have passed
since the first total synthesis of
eribulin was reported, and
numerous attempts thereafter
failed to reach the final target; a
unified strategy for the total
syntheses of eribulin and its
macrolactam analogue is
reported. These syntheses feature
a reverse approach for the
construction of cyclic ether
structural motifs and an alkyl
iodide-aldehyde macrocyclization.

Author affiliations: °Department of Chemistry, BioScience
Research Collaborative, Rice University, Houston, TX 77005

Author contributions: K.C.N. designed research; S.P.,
Y.S., S.R., R.B., D.D., and Q.Y. performed research; and
K.C.N., S.P., and S.R. wrote the paper.

Reviewers: S.M., Yale University; D.S., University of
lllinois at Urbana-Champaign; and J.-Q.Y., Scripps
Research Institute.

The authors declare no competing interest.

Copyright © 2022 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

"To whom correspondence may be addressed. Email:
kcn@rice.edu.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2208938119/-/DCSupplemental.

Published August 5, 2022.

10f9


https://orcid.org/0000-0001-5332-2511
https://orcid.org/0000-0003-2470-3512
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:kcn@rice.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208938119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208938119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2208938119&domain=pdf&date_stamp=2022-08-05

: halichondrin B

2: norhalichondrin B
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Fig. 1. Molecular structures of halichondrin B (1), norhalichondrin B (2), eribulin (3), and macrolactam analog 4.

of aldehyde 11 (25). Instead of our previously used tin-mediated
radical cyclization (25), a nickel-catalyzed ynal reductive cycliza-
tion (27, 28) was employed to construct the bicyclic ring system
with improved yield. Thus, aldehyde 11 was subjected to
Ni(cod),/7-BusP/EtSiH conditions (29), leading to transient
intermediate 12, which was selectively deprotected (0.5 M aq.
HCI) to afford allylic alcohol 13 in 83% yield (as compared
with 53% yield with tin reductive conditions) (25). The excel-
lent diastereoselectivity at C8 (>15:1) in forming bicyclic inter-
mediate 13 indicated that the nickel-catalyzed ynal reductive
cyclization may proceed through a preferred chair transition state
12a, as shown in Scheme 1. It should be noted that other condi-
tions, such as Sml,, Cp,TiCl (30), Cp,Ti(PMes), (31), PtCl,/
P(p-CF3CsHy)s (32), and VCI3(THF)3/Zn (33), either led to
low vyield or failed to produce the desired product (13).

A Kishi's and Eisai’'s syntheses of eribulin and halichondrin analogues:

C-C bond
& JKL cage
C-C bond formation
formation .
>

C-0O bond
& JKL cage
formation

—
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Current work: Unified syntheses of eribulin and halichondrin analogues:
+flexible and late stage installation of fragment A’

C—-C bond;
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N C-N bond
format\’on,
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Fig. 2. Syntheses of eribulin and related analogs. (A) Outline of Kishi's and
Eisai's syntheses of eribulin (3) and other halichondrin analogs. (B) Outline
of our unified synthesis of eribulin (3) and other halichondrin analogs.
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Treatment of alcohol 13 with Dess—Martin reagent afforded
enone 14, whose olefinic bond was oxidatively cleaved (Os,
MeOH; then, NaBHy) to furnish, directly and stereoselectively
(34, 35), diol 15 in 65% overall yield for the two steps, as
shown in Scheme 1. One-pot acetonide formation and desilyla-
tion of the latter [12 M aqueous (aq.) HCI, acetone:MeOH,
77% yield] followed by Dess—Martin oxidation [Dess—Martin
periodinane (DMP), 82% yield] of the resulting primary alcohol
led to the desired fragment MN (17). The current eight-step
sequence to 17 in 14% overall yield from building block 10 rep-
resents a significant improvement from our previous nine-step
sequence (6.3% overall yield) (25).

Having improved the synthetic route to fragment MN (17),
we turned our attention to optimizing the benzyl cleavage from
diol 19, which was achieved in two steps and 78% overall yield
(25), as shown in Scheme 2. After extensive experimentation, a
continuous flow process (S Appendix includes details) was
developed to achieve the sought-after improvement. Thus,
exposure of a mixture of 19 [2:1 diastereomeric ratio (d7) at
C12], 4,5-dichloro-3,6-dioxocyclohexa-1,4-diene-1,2-dicarboni-
trile (DDQ), and 2,6-di-tert-butyl-4-methylphenol (BHT) to
light-emitting diode (LED) light (A = 390 nm) (36, 37) using a
continuous flow process resulted in clean and efficient cleavage of
the benzyl protecting group, affording the corresponding triol
intermediate as a mixture of C12 epimers (20 and C12-¢p#-20, 2:
1 dy). The latter mixture was then exposed to intramolecular ketal-
ization conditions (p-TsOH-H,O), affording cage compound 21
(70% yield from 19) and leaving behind C12-¢p#-20 (67% from
C12-¢p#-19), which was isolated and recycled through epimeriza-
tion at C12 (NaOMe) to 20 (90% yield, 2.2:1 &), thus further
enriching the material supply of 21. Finally, the desired mesylate
8 (fragment [JKLMN) was prepared from 21 (MsCl, E;zN, 95%
yield) as previously reported (25) and shown in Scheme 2.

First Generation Synthesis of Fragment A’ (33) and Efforts
toward Eribulin (3). Our first attempt to synthesize eribulin (3)
required, in addition to fragment [JKLMN (8), p-tolylsulfone
aldehyde fragment A’ (33) (Scheme 3) (ref. 14; the synthesis of
a related fragment A/A' is in refs. 38—40). The synthesis of
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Fig. 3. Unified retrosynthetic analysis of eribulin (3) and related analogs (5).

tetrahydrofuran aldehyde fragment A4’ (33) started from readily
available building blocks a-hydroxy ester 22 (41) and hydroxy
acetylene 23 (25) as summarized in Scheme 3. Thus, Nicholas
etherification of 22 and 23 [Co,(COg); then, BF;3-Et,O; then,
(NHy),Ce(NOj3)¢] furnished linear ethers 24a (31% yield) and
24b (46% yield) as a chromatographically separable mixture of
diastereoisomers. The major and desired diastereoisomer 24b
(whose correct configuration was confirmed at a later stage [i.e.,
26] after a number of steps; see below) was then converted to
cyclization precursor 25 through sequential reductions of its
alkyne (Lindlar catalyst, Hy) and ester [diisobutylaluminum
hydride (DIBAL-H)] functionalities, respectively, in 88% over-
all yield, as shown in Scheme 3. Exposure of the latter to
hydroxylamine hydrochloride followed by oxidation (NaOCI)
of the resulting oxime furnished the corresponding nitrile oxide
leading to spontaneous 1,3-dipolar cycloaddition (a mechanistic
rationale is in the dashed central box in Scheme 3), affording
isoxazoline 26 (62% overall yield). The stereochemical configu-
ration of 26 was confirmed by nuclear Overhauser effect
(NOE) spectroscopic studies (S Appendix), which also con-
firmed the configurations of its precursors 24b and 25. Reduc-
tive N-O bond cleavage within isoxazoline 26 [Mo(CO),
MeCN, 72% yield] followed by stereoselective reduction [Me NB-
H(OACc);, 95% yield] of the so-formed ketone 27 afforded
diol 28 in 68% overall yield from 26. The latter diol was
transformed to sulfone 30, in 81% overall yield, through a
three-step sequence via intermediate 29 involving selective
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sulfurization (p-tolyl disulfide, #-BusP, 90% yield) of the pri-
mary alcohol, methylacdon (NaH, Mel) of the secondary
hydroxyl group, and oxidation (Oxone, 90% overall yield) of
the resulting organosulfur derivative, as depicted in Scheme 3.
Sulfone 30 was then subjected to desilylation [hydrogen fluoride-
pyridine complex (HF-py)], and the resulting primary alcohol
was reprotected with a pivaloyl group [pivaloyl chloride (PivCl),
pyl to afford olefin 31 (94% overall yield). Sharpless dihydroxyla-
tion [asymmetric dihydroxylation (AD)-mix-o, MeSO,NH,] of
the latter led to the diastereoselective formation of the corre-
sponding diol intermediate, which was silylated to form interme-
diate 32 in 70% overall yield as shown in Scheme 3. Selective
cleavage of the pivaloyl protecting group of 32 (NaOMe), fol-
lowed by Dess—Martin oxidation of the resulting primary alco-
hol, furnished the coveted sulfone-aldehyde fragment A’ (33) in
81% overall yield, as shown in Scheme 3.

With both fragments A (33) and [JKLMN (8) readily avail-
able, the stage was set for their coupling and further elaboration
toward the targeted eribulin (3). Thus and as shown in Scheme 4,
the Nozaki—-Hiyama—Kishi (NHK) reaction (4) between 33
and 8 (NiCl,/CrCl,, 47% yield, unoptimized conditions) followed
by cycloetherification [1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)]
afforded sulfone methyl ester 35 (via transient intermediate 34),

CO,Me ¢Nicholas =~ CO:Me
OH etherification
+aldehyde

H oBn formation H

0 . & — 0K,
o) OH — ] H

H TBDPSO three steps - " 0Bn
| (ref. 25) o 4
9 (ref. 25) 10 (ref. 25) 11 OTBDPS

a) Ni(cod),, n-BusP, EtgsiH;'L

CO,Me

12 OTBDPS |

then aq. HCI | (83%)

COOMe CO;Me

c) Og; then
NaBH,

(71%)

fragment MN (17)
16 [eight steps from 10]

Scheme 1. Improved synthesis of fragment MN (17). Reagents and condi-
tions. (a) Ni(cod), (0.15 eq), n-BusP (0.30 eq), Et3SiH (7.0 eq), THF, 23°C, 5 h;
then, ag. HCl (0.5 m), 23°C, 3 h, 83% yield. (b) DMP (2.5 eq), CH,Cl,,
0 — 23°C, 1.5 h, 91%. (c) O3 (excess), MeOH, —78°C; then, NaBH, (5.0 eq),
—78 — 23°C, 1.5 h; 71%. (d) Aq. HCl (12 w), acetone:MeOH (4:1, vol/vol),
0 — 23°C, 10 h, 77%. DMP, 3—0x0—1x5,2—benziodoxole—1,1,1(3H)—triy| triacetate;
Ni(cod),, bis(cyclooctadiene)nickel(0).
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Scheme 2. Further optimization to fragment //KLMN (8). Reagents and
conditions. (c) DDQ (2.8 eq), BHT (0.2 eq), MeCN, hv (LED, » = 390 nm), con-
tinuous flow process (S/ Appendix), 23 °C; then, p-TsOH-H,0 (0.3 eq), 5 min,
23°C for 21: 70% from 19, for C12-epi-20, 67% from C12-epi-19. (d) NaOMe
(excess), MeOH, 23°C, 7 h, 90% (20: C12-epi-20 = 2.2:1 dr). BHT, 2,6-di-tert-
butyl-4-methylphenol; DDQ, 4,5-dichloro-3,6-dioxocyclohexa-1,4-diene-1,2-
dicarbonitrile; p-TsOH-H,0, p-toluenesulfonic acid.

which underwent smoothly the expected intramolecular displace-
ment at the mesylate position under the basic conditions employed
(81% yield), as shown in Scheme 4. Unfortunately, however,
attempts to induce the macrocyclization of p-tolylsulfone methyl
ester 35 under various basic conditions [e.g., lithium diisopropyla-
mide (LDA) (42), sodium hexamethyldisilazide (NaHMDS) (43),
potassium hexamethyldisilazide (KHMDS) (44), potassium zers
butoxide (KO#Bu) (45)] failed to form the desired eribulin pre-

cursor 36, leading us to search for an alternative approach.

Second and Successful Attempt toward Eribulin (3) from
Building Block 28 and Fragment [JKLMN. Having failed to com-
plete the synthesis of eribulin (3) from building block 28 via
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fragment 4 (33) (Scheme 4), we adopted an approach to reach
the target molecule (i.e., 3) by employing a version of fragment
A (e, A'; 38) and fragment IJKLMN (8), as shown in Scheme 5.
Our strategy envisioned an iodoaldehyde substrate 44 (Scheme 5)
as a precursor to eribulin’s macrocyclic structural motif through
an intramolecular C—C bond formation. To this end, the desired
fragment A" (38) (Scheme 5) was synthesized from readily avail-
able building block 28 (for its synthesis) (Scheme 3),
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>
22

! MeO IIl
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then NaOCI d) DIBAL-H : :

a) Coy(C0)g, 23, § meo o0 || :
then BF - EtZO : :
beaN T T ;
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[16 steps from 23] 32

Scheme 3. First synthesis of fragment A’ (33) of eribulin via Nicholas reac-
tion. Reagents and conditions. (a) Cox(CO)g (1.2 eq), CH,Cl,, 23°C, 20 min;
then, BFs-Et,0 (2.0 eq), 0°C, 0.5 h. (b) CAN (5.0 eq), acetone, 0 — 23°C, 1 h,
31% for 24a and 46% for 24b. (c) Lindlar catalyst (10% wt/wt), quinoline (1.1
eq), EtOAc, 23°C, 0.5 h, 95%. (d) DIBAL-H (1.0 m in toluene, 1.2 eq), CH,Cl,,
—78°C, 0.5 h, 93%. (e) NH,OH-HCI (2.2 eq), py:EtOH (5:1, vol/vol), 23°C,
0.5 h; then, NaOClI (8.0 eq), CH,Cl, 23°C, 3 h, 62% overall. (f) Mo(CO)¢ (2.0
eq), MeCN:H,0 (4:1, vol/vol), 80°C, 2 h, 72%. (g) Me4,NBH(OAc); (1.5 eq),
MeOH, 0°C, 0.5 h, 95%. (h) p-tolyl disulfide (3.0 eq), n-BusP (3.0 eq), py,
23°C, 3 h, 90%. (i) NaH (4.0 eq), Mel (6.0 eq), THF:DMF (1:1, vol/vol),
0 — 23°C, 0.5 h. (j) Oxone (3.0 eq), THF:H,O (1:1, vol/vol), 23°C, 2 h, 90%
overall. (k) HF-py (100 eq), THF, 0 — 23°C, 2 h. (I) PivCl (1.5 eq), py:CH,Cl,
(1:1, vollvol), —20°C, 1.5 h, 94% overall. (m) AD-mix-a (1.60 g/mmol),
MeSO,NH; (100 mg/mmol), t-BuOH:H,0 (1:1, vol/vol), —5°C, 36 h. (n) TBSCI
(3.0 eq), imidazole (4.8 eq), DMAP (0.3 eq), CH,Cl,, 0 — 23°C, 48 h, 70%
overall (C2-epi-32 14% overall yield). (0) NaOMe (0.5 m in MeOH, 5.0 eq),
MeOH, 0 — 23°C, 2 h, 88%. (p) DMP (2.5 eq), CH,Cl,, 0 — 23°C, 0.5 h, 92%.
AD-mix-a, mixture of KsFe(CN)g (49.88 mol %), K,COs (49.88 mol %), (95)-(9”S)-
9,9"-[1,4-phthalazinediylbis(oxy)]bis[10,11-dihydro-6’-methoxycinchonan] (0.16
mol %), and K;0sO,(OH), (0.07 mol %); CAN, diammonium cerium(lV) nitrate;
DIBAL-H, diisobutyl aluminum hydride; DMAP, N,N-dimethylpyridin-4-amine;
DMF, N,N-dimethylformamide; Oxone, potassium peroxymonosulfate; PivCl,
pivaloyl chloride; py, pyridine; TBSCI, chloro(1,1-dimethylethyl)dimethyl
silane.
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Scheme 4. First synthetic attempt toward eribulin. Reagents and con-
ditions. (a) 33 (3.0 eq), 8 (1.0 eq), 2% NiCl,/CrCl, (10.0 eq), THF:DMF (4:1,
vollvol), 23°C, 24 h, 47%. (b) DBU (84 eq), toluene, 110°C, 1 h, 81%. (c)
For example, LDA, NaHMDS, KHMDS, and KOt-Bu. DBU, 2,3,4,6,7,8,9,10-
octahydropyrimido[1,2-alazepine; KHMDS, potassium 1,1,1-trimethyl-N-
(trimethylsilyl)silanaminide; KOt-Bu, potassium tert-butoxide; LDA, lithium
N-(propan-2-yl)propan-2-aminide; NaHMDS, sodium 1,1,1-trimethyl-N-
(trimethylsilyl)silanaminide.

summarized in Scheme 5. Thus, 28 was first converted to fully
protected acetonide tetrahydrofuran 37 through a four-step
sequence involving 1) selective p-methoxybenzyl (PMB) protec-
tion of its primary alcohol [PMB-trichloroacetimidate (PMB-
TCAI)]; 2) methylation of its secondary alcohol [NaH, methyl
iodide (Mel)]; 3) diastereoselective dihydroxylation (AD-mix-a,
MeSO,NH,); and 4) acetonide protection [p-TsOH-H,O, 2,2-
dimethoxypropane (2,2-DMP)] of the so-generated diol in 45%
overall yield for the four steps as depicted in Scheme 5. Desilyla-
tion of 37 [NV,V,V-tributylbutan-1-aminium fluoride (TBAF)]
followed by Dess—Martin oxidation (DMP) of the resulting pri-
mary alcohol furnished coveted aldehyde fragment 4" (38) in
88% overall yield (13 steps from 23 as opposed to 16 steps for
fragment A [33] from the same building block 23) (Scheme 3).
Coupling of fragment A" (38) with fragment [JKLMN (8) by
Nozaki—Hiyama—Kishi reaction (25, 26, 46, 47) [NiCl,/CrCl,/
ligand (—)-39, optimized conditions] followed by cycloetheri-
fication (DBU) afforded PMB-protected ester 40 in 56% overall
yield. Oxidative cleavage (DDQ, 71% yield) of the PMB pro-
tective group within 40 furnished precursor 41 for further
advancement to the targeted eribulin molecule (3) (Scheme 3).

PNAS 2022 Vol. 119 No.32 2208938119

Forming the eribulin macrocycle through the remaining
C-C bond was a challenge given the limited number of meth-
ods available for constructing such an all-carbon ring (48, 49).
In the halichondrin and eribulin field, Kishi and Eisai scientists
employed an intramolecular Nozaki-Hiyama—Kishi reaction
(vinyl iodide—aldehyde coupling), ring-closing metathesis, and
Horner—Wadsworth—-Emmons olefination to form the related
macrocycle within their target molecules (50). In our case and

Table 1. Screening and optimization of the macrocycli-
zation reaction of 44

conditions

entry  reagent(s) additive solvent 8/°C yield (47)
1 Smi, — THF -78-23 n.d.?
2 Smi, HMPA THF -78-23 <15%°
3 t-Buli — THF -78 n.d.
4 AIBN/n-BuzSnH — toluene 90 n.d.°
5 NiCl,/CrCly — DMF or DMSO 23 n.d.
6 NiCl,/CrCl, (-)-39 THF 23 n.d.
7 CoPc¢/CrCl, (-)-39  MeCN or DME 23 <20%
8 CoPc/CrCl, = DMF 23 41%
9 VB 1,/CrCl, = DMF 23 42%°
10 CoPc/CrCl, — DMF 40 37%
1 CoPc/CrCl, — DMF 80 43%
12 CoPc/CrCl, — DMF 23 33%°
13 CoPc/CrCl, — DMF 23 43%"
14 CoPc/CrCl, = DMF 23 47%9
15 CoPc/CrCl, 4 AMS DMF 23 27%
16 CoPc/CrCl, Kl DMF 23 53%
17 CoPc/CrCl, Kl DMF 23 67%"

Conditions: all reactions were carried out with 44 (1.0 mg, 1.1 pmol, 1.0 eq), solvent (2.0
mL), 23°C to 80°C, 48 h; for entries 5 to 17, NiCl, (2.0 eq) or CoPc (1.0 eq), CrCl; (50 eq),
additive (20 eq), isolated yields. AIBN, 2,2’~(1,2-diazenediyl)bis[2-methylpropanenitrile];
CoPc,  (SP-4-1)-[29H,31H-phthalocyaninato(2—)-kN?° xN*° k3", kN*?]cobalt; DME, 1,2-
dimethoxyethane; DMF, N,N-dimethylformamide; DMSO, (methanesulfinyl)methane;
HMPA, hexamethylphosphoric triamide; MeCN, acetonitrile; MS, molecular sieve; n.d.,
not detected; THF, oxolane; VB, vitamin B1».

aSmi, (90 eq).

b¢-Buli (2.0 to 5.0 eq).

“AIBN (1.0 eq), n-BusSnH (5.0 eq).

9VB,, (0.1 eq).

€CoPc (0.2 eq).

fCoPc (3.0 eq).

&CrCl, (150 eq).

112-mg scale, CrCl, (100 eq).
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Scheme 5. Second and successful attempt for the synthesis of eribulin (3) from building block 28 and fragment //KLMN. Reagents and conditions. (a) PMB-
TCAI (1.0 eq), (+)-CSA (0.1 eq), CH,Cl;:n-hexane (4:1, vol/vol), 0 — 23°C, 4 h, 65%. (b) NaH (6.0 eq), Mel (5.0 eq), THF:DMF (4:1, vol/vol), 0 — 23°C, 1 h, 92%. (c)
AD-mix-a (1.60 g/mmol), MeSO,NH; (100 mg/mmol), t-BuOH:H,0 (1:1, vol/vol), —5°C, 36 h. (d) 2,2-DMP (5.0 eq), p-TsOH-H,0 (0.2 eq), acetone, 23°C, 20 min,
75% for the two steps. (e) TBAF (1 m in THF, 2.2 eq), THF, 23°C, 2 h, 95%. (f) DMP (2.5 eq), CH,Cl,, 0 — 23°C, 1 h, 93%. (g) CrCl, (3.0 eq), NiCl, (0.2 eq), ligand
(—)-39 (2.5 eq), EtsN (5.0 eq), THF, 23°C, 10 h, 69%. (h) DBU (63 eq), toluene, 110°C, 1 h, 81%. (i) DDQ (10.0 eq), CH,Cl,:pH 7 buffer (10:1, vol/vol), 23°C, 3 h,
71%. (j) DMP (2.5 eq), CH,Cl5, 23°C, 1 h, 90%. (k) imidazole (5.0 eq), PPhs (3.0 eq), I, (2.5 eq), THF, 0 — 23°C, 1 h, 92%. (I) DIBAL-H (1.0 m in toluene, 2.0 eq),
CH,Cly, —78°C, 1 h, 71%. (m) KCN (1.0 eq), 18-crown-6 (1.0 eq), TBSCN (5.0 eq), THF, 23°C, 2 h, 87%. (n) CoPc (1.0 eq), KI (20 eq), CrCl, (100 eq), DMF, 23°C,
48 h, 67%. (0) DMP (5.0 eq), CHxCl,, 23°C, 0.5 h, 90%. (p) AcOH:H,0 (2:1, vol/vol), 50°C, 1 h, 90%. (q) Ts2O (1.1 eq), 2,4,6-collidine (4.0 eq), pyridine (0.1 eq),
CH,Cl;, =10 — 0°C, 2 h; then, NH4OH:i-PrOH (excess, 1:1, vol/vol), 0 — 30°C, 20 h, 68%. 18-crown-6, 1,4,7,10,13,16-hexaoxacyclooctadecane; (+)-CSA, (+)-(7,7-
dimethyl-2-oxobicyclo[2.2.1]heptan-1-yl)methanesulfonic acid; 2,2-DMP, 2,2-dimethoxypropane; LIHMDS, lithium 1,1,1-trimethyl-N-(trimethylsilyl)silanami-
nide; PMB-TCAI, 2,2,2-trichloroethanimidic acid (4-methoxyphenyl)methyl ester; TBAF, N,N,N-tributylbutan-1-aminium fluoride; Ts,O, p-toluenesulfonic
anhydride.

in order to enrich the tool box for constructing such challeng-
ing all carbon ring macrocycles, we opted to search for an alter-
native method to achieve such macrocyclizations. To this end,
we converted key advanced intermediate 41 to various potential
precursors (i.e., 42, 44, and 45) for casting the required C-C
bond of the targeted macrocycle, as shown in Scheme 5. Thus,
Dess—Martin oxidation of the primary hydroxyl group within
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41 led to aldehyde methyl ester 42 in 90% vyield, whereas
iodination (I, PPhj) of 41 at the hydroxyl site, followed by
DIBAL-H-induced selective reduction of the so-formed iodo-
methyl ester, furnished iodoaldehyde 44 in 65% overall yield,
as shown in Scheme 5.

Attempts to induce macrocyclization of aldehyde methyl
ester 42 employing Sml, (51-53) [or SmI,/LiCl or Sml,/
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Scheme 6. Synthesis of halichondrin B macrolactam analog 4. Reagents and conditions. (a) K-selectride (1.5 eq), THF, 0°C, 20 min, 20% for 50a, 72% for
50b. (b) MsCl (1.5 eq), pyridine, 0 — 23°C, 2 h. (c) NaN3 (8.0 eq), DMF, 23 — 100°C, 5 h, 60% for the two steps. (d) Pd/C (30 wt % Pd/C, 20% loading of 51), H,
(1 bar), MeOH, 23°C, 2 h. (e) Boc,O (2.0 eq), EtsN (2.0 eq), THF, 0 — 23°C, 1 h, 79% for the two steps. (f) TBAF (3.0 eq), THF, 23°C, 3 h. (g) DMP (2.5 eq),
CH,Cl,, 23°C, 1 h, 85% for the two steps. (h) CrCl, (3.0 eq), NiCl, (0.2 eq), ligand (—)-39 (2.5 eq), Et3N (5.0 eq), THF, 23°C, 15 h, 72%. (i) DBU (98 eq), toluene,
110°C, 1 h, 83%. (j) 2,6-lutidine (10.0 eq), TBSOTf (5.0 eq), 0 — 23°C, 2 h, 89%. (k) KF-2H,0 (5.0 eq), THF:H,O (10:1, vol/vol), 20 min; then, aq. LiOH (0.2 w),
23°C, 3 h. (l) 57 (0.17 mm), EDCI (20 eq), HOAt (20 eq), CH,Cl;:DMF (5:1, vol/vol), 23°C, 8 h, 73% for the two steps. EDCI, 3-{[(ethylimino)methylidene]lamino}-
N,N-dimethylpropan-1-amine; HOAt, 3H-[1,2,3]triazolo[4,5-b]pyridin-3-ol; K-selectride, potassium trisec-butyl(hydrido)borate(1-).

hexamethylphosphoric triamide (HMPA)] unfortunately failed
to produce the expected macrocycle 43 as depicted in Scheme 5.
Iodoaldehyde 44 was then converted to its zers-butyldimethylsilyl
(TBS)-protected cyanohydrin derivative 45, through the action
of terrbutyldimethylsilyl cyanide (TBSCN) and KCN (87%
yield), as a potential precursor of the expected macrocyclic TBS-
protected hydroxynitrile derivative 46, as shown in Scheme 5.
However, several attempts to facilitate the intramolecular C-C
bond formation required to form macrocycle 46 (Scheme 5)
under basic conditions [e.g., LDA, lithium hexamethyldisilazide
(LIHMDS), DBU, etc.] proved fruitless, leading us to attempt
the SmI,/HMPA and other protocols including CoPc/CrCl, con-
ditions with alkyl iodoaldehyde 44, as the precursor (Table 1,
entries 1 to 9). Our early screening studies revealed the Takai
conditions (ref. 54; for examples of the intermolecular application
of Takai’s NHK-like coupling conditions employing alkyl halides
in total synthesis, see refs. 55-57) (CoPc/CrCl, and VB;,/CrCl,)
(Table 1, entries 8 and 9, highlighted beige) to be the most
promising for further optimization and with the CoPc/CrCl,
chosen as the simplest and more convenient combination of
reagents for our purpose. As shown in Table 1, the use of the

PNAS 2022 Vol. 119 No.32 2208938119

CoPc/CrCl, combination of reagents produced the desired mac-
rocyclic product 47 in moderate to good yields (Table 1, entries
10 to 16, highlighted blue), with 67% yield obtained by employ-
ing potassium iodide (KI) as an additive and adjusting the equiva-
lents of CrCl, (Table 1, entry 17, highlighted green). Whereas
previous work in the halichondrin, eribulin, and other carbocyclic
systems employed the Nozaki-Hiyama—Kishi reaction (58-61)
(e.g., utilizing a vinyl halide-aldehyde and alkynyl halide—aldehyde
coupling) to cast the relevant macrocycles, the present macrocycli-
zation features an intramolecular coupling between an alkyl halide
and an aldehyde functionality, thus representing an innovative
paradigm for the construction of such challenging structural
motifs, although the intermolecular version of this reaction was
initially demonstrated by Takai et al. (54).

With the macrocycle construction problem solved, eribulin
(3) was in reach, with only a three-step sequence remaining to
complete its total synthesis. Thus, as shown in Scheme 5,
hydroxy—acetonide 47 was treated with Dess—Martin reagent to
achieve the pending oxidation of the hydroxyl group to its
ketone counterpart followed by cleavage of the acetonide moiety
from the latter precursor (AcOH) to furnish diol 48 in 81%

https://doi.org/10.1073/pnas.2208938119 7 of 9
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overall yield for the two steps. Finally, diol 48 was converted to
eribulin (3) through selective tosylation (Ts,0), followed by
amination (62) (NH4OH), in 68% overall yield, as depicted in
Scheme 5.

Synthesis of Halichondrin B Macrolactam Analog 4. In an effort
to further expand the scope of our synthetic strategy beyond eri-
bulin and into the realm of analogs of the halichondrins, the syn-
thesis of macrolactam 4 was undertaken and accomplished using
the developed synthetic technologies and following our unified
strategy, as summarized in Scheme 6. Thus, stereoselective reduc-
tion of tricyclic ketone 49 (25) with K-selectride led to diastereo-
meric and chromatographically separable alcohols 50a (20%
yield) and 50b (72% yield). Mesylation (MsCl, py) of the major
and desired isomer 50b followed by azide formation (NaNj),
accompanied by stereochemical inversion, led to azide 51 in
60% overall yield. Reduction of the latter (Pd/C, H,) followed
by Boc protection of the resulting amine (Boc,O, EiN) fur-
nished TBDPS,Boc-bis—protected derivative 52 (79% overall
yield), whose desilylation (TBAF) and oxidation of the resulting
primary alcohol (DMP) led to aldehyde 53 (fragment EFG) in
92% overall yield for the two steps, as depicted in Scheme 6.
Coupling of fragment EFG (53; equipped with a protected pri-
mary amine) and //KLMN fragment (8) (Scheme 2 has the prep-
aration) through Nozaki-Hiyama—Kishi reaction [NiCl,/CrCl,,
EN, ligand (—)-39, 72% yield] furnished coupling product 54.
The latter transient intermediate was subjected to cycloetherifica-
tion to cast ring / in the growing molecule (DBU, 83% yield),
affording advanced intermediate 55. The latter was then trans-
formed to its silyl carbamate counterpart (56) by exposure to
tert-butyldimethylsilyl trifluoromethanesulfonate (TBSOTY)
and 2,6-lutidine (63), in 89% yield, as shown in Scheme 6.
Finally, precursor 56 was transformed to the coveted macro-
lactam halichondrin B analog 4, in 73% overall yield, through
transient amino acid 57 first by exposure to KF-2H,O and
LiOH (liberation of the amino and carboxyl groups, respec-
tively) and thence, to 1-ethyl-3-(3-dimethylaminopropyl)car-
bodiimide (EDCI) and 1-hydroxy-7-azabenzotriazole (HOA¢t)

(macrolactam formation).
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Conclusion

The described herein total synthesis of eribulin (3) and hali-
chondrin B macrolactam analog 4 by a unified synthetic strat-
egy adds further applications to our recently reported (25, 26)
reverse approach (forming the C-O bonds first followed by
C-C bond formation) for the construction of cyclic ether struc-
tural motifs for the total synthesis of halichondrin-type natural
products and analogs thereof. Together, their emergence and
rich harvest of shorter routes than prior existing total syntheses
of members of the halichondrin family of natural products and
related analogs validate our approach and provide inspiration
for further improvements and applications of this paradigm in
designing and executing efficient synthetic strategies toward
polycyclic ether component fragments of such target molecules
for total synthesis endeavors. Furthermore, our development of
the alkyl halide (i.e., iodide)—aldehyde intramolecular macro-
cycle formation through C—C bond formation described in this
research report, utilizing Takai’s conditions, adds significantly to
the tool box of organic synthesis, particularly for challenging
macrocyclic structural motifs. To the best of our knowledge,
although the intermolecular version of the Takai conditions (54)
was reported previously, its intramolecular version reported herein
has not been used before for the construction of macrocyclic sys-
tems. Finally, the present synthetic strategies provide a flexible
and late-stage installation of fragment 4’ (or A”) into the growing
molecule toward eribulin-like molecules, a tactic that could
potentially facilitate the synthesis and exploration of designed hal-
ichondrin and eribulin analogs as demonstrated in this research
report with the syntheses of eribulin (3) and the halichondrin B
macrolactam analog (4). Such studies, including biological evalu-
ation of the synthesized molecules, are currently in progress.
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