A practical synthesis of macrobicyclic thiolincosamines
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ABSTRACT: Scalable syntheses of the northern macrobicyclic thiolincosamine fragments of two structurally complex anti-
biotic candidates, BT-33 and cresomycin, are presented. A key transformation in each route is the highly diastereoselective
addition of a putative allenylzinc nucleophile to a common Ellman sulfinimine intermediate using a zinc-promoted Barbier-
type propargylation protocol that is detailed herein. These transformations proceed with dynamic kinetic resolution and
use just 1.2 equivalents of each respective propargyl bromide precursor.

INTRODUCTION AND BACKGROUND

The lincosamide antibiotics inhibit bacterial protein syn-
thesis by binding to the 50S subunit of the bacterial ribo-
some, near the peptidyl transferase center.! The last lin-
cosamide antibiotic to receive FDA approval was
clindamycin, in 1970, but after more than 50 years of use
in hospitals and the community, bacterial resistance to
clindamycin is now widespread.? For several years our
laboratory has sought to explore and expand the lincosa-
mides and other classes of antibiotics using convergent
chemical synthesis. Recently, we reported the discovery of
the potent, broad-spectrum antibiotics BT-333 and creso-
mycin (CRM)#* (Figure 1).

BT-33 CRM 2

Figure 1. Chemical structures of BT-33 and CRM, alongside
their respective northern macrobicyclic fragments, 1 and 2.

BT-33 and CRM comprise structurally distinct, confor-
mationally restricted macrobicyclic northern halves, and
share a common oxepanoprolinamide (OPP) southern scaf-
fold, the latter emerging from the discovery of iboxamy-
cin.® Like the macrobicyclic northern halves, the OPP
southern fragment contains a new, fused ring that rigidi-
fies the molecule with respect to natural or semi-synthetic
lincosamides. In view of their promising in vitro and in
vivo potencies, we hope to advance both BT-33 and CRM
in pre-clinical, investigational new drug (IND)-enabling
studies, but these experiments will require multi-gram
quantities of each of the structurally distinct northern
fragments (11- and 10-membered macrobicyclic thiolin-
cosamines 1 and 2, respectively, Figure 1). Using the new,
scalable synthetic routes reported herein, we believe that

we can now meet these objectives. Both of the two routes
described below employ a new carbon-carbon bond-
forming reaction that creates adjoining stereocenters high-
ly selectively, and both feature different strategies for
transannular macrocyclization.

The discovery synthetic route to CRM employed a
Grubbs ring-closing olefin metathesis® reaction for macro-
bicycle formation and was suitable for gram-scale synthe-
sis%; however, BT-33 was one of two co-products of a sin-
gle deoxyfluorination reaction, and was isolated in low
yields after a challenging chromatographic purification.3
BT-33 was the first 11-membered macrobicyclic antibiotic
candidate we had synthesized and demonstrated extraor-
dinary potencies against multidrug-resistant (MDR) Gram-
positive and Gram-negative bacteria in in vitro MIC anal-
yses, making it a particularly attractive molecule for ad-
vancement. Unfortunately, attempts to prepare BT-33 and
other 11-membered macrobicyclic analogs by using the
Grubbs ring-closing metathesis reaction were not success-
ful because (E)- not (Z)-alkene products were favored in
these macrocyclization reactions (not depicted). For these
reasons, we considered an entirely new strategy for mac-
rocyclic construction, one centered on C-S bond formation
rather than C=C bond formation for ring closure. The ret-
rosynthetic analyses for the macrobicyclic thiolincosa-
mines 1 and 2 are depicted in Scheme 1.

Scheme 1. Retrosynthetic Analyses of 1 and 2
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RESULTS AND DISCUSSION

Retrosynthetic Analysis. We imagined forming the (Z)-
alkenes of targets 1 and 2 by semihydrogenation of an al-
kyne precursor, either before or after macrocyclization by
using an intramolecular C-S bond-forming reaction (see
precursors 3 and 6, respectively, Scheme 1). This in turn
led us to consider establishing the C6-C7 anti-stereodiad
within intermediates 3 and 6 by anti-addition of a (chiral)
allenylzinc reagent to the Ellman sulfinimine substrate 4.
Allenylzinc reagents are readily obtained by y-lithiation-
transmetalation of an alkyne precursor,” or, as in this
work, by direct insertion of zinc metal into a propargyl
bromide precursor such as compound 5 or 7 (Scheme 1).8
Foundational studies by others have shown that allenyl-
zinc intermediates readily add to carbonyl compounds and
imines (including Ellman tert-butylsulfinimines),’-13 that in
general the additions proceed with anti-selectivities,®-13
and that at low temperatures the rate of racemization of
chiral allenylzinc intermediates is typically slower than the
rate of addition of the organometallic intermediates to the
different electrophiles.'%12 To study the key carbon-carbon
bond-forming reactions proposed in Scheme 1, we devel-
oped scalable synthetic routes to the common Ellman tert-
butylsulfinimine intermediate 4 (Scheme 2) and the two
different propargyl bromides 5 and 7 (Scheme 3).

Scheme 2. Synthesis and Single-crystal X-ray Structure
of the Ellman Sulfinimine 4
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Synthesis of the Ellman Sulfinimine 4. Component 4
was prepared on 9-g scale in our laboratory, and subse-
quently on 240-g scale by a contract research organization,
using the eight-step sequence depicted in Scheme 2, be-
ginning with methyl a-D-galactopyranoside (8) as starting
material. The latter is both inexpensive and commercially
available in kilogram amounts. The primary hydroxyl
group of tetraol 8 underwent selective protection in the
presence of triisopropylsilyl chloride (TIPSCI) and imidaz-
ole; perbenzylation of the remaining three hydroxyl
groups and removal of the silyl protecting group then af-
forded the primary alcohol 9 in 70% yield for the three-
step sequence.* Intermediate 9 cyclized in the presence of
ferric chloride, forming the tribenzylated derivative 10,5 a
transformation we conducted routinely to prepare 10 in
>10-g amounts. Alternatively, 10 can be prepared in one
step by per-benzylation of 1,6-anhydro-3-D-
galactopyranose,'® which is also commercially available,
but more expensive than 8. Prepared by either sequence,
intermediate 10 was next transformed in a stereospecific
ring-opening reaction using bis(trimethylsilyl)sulfide as
nucleophile and trimethylsilyl triflate as Lewis acid.l” The
resultant S-trimethylsilyl thioether hydrolyzed during

aqueous workup; the free thiol was reprotected as the S-
pivaloyl thioester 11 using pivaloyl chloride and triethyl-
amine in dichloromethane. The two-step sequence afford-
ed 11 exclusively as the a-anomer, in 81% yield. Oxidation
of the primary hydroxyl group within 11 using the Dess-
Martin periodinane (DMP) followed by condensation of the
product aldehyde with (R)-tert-butylsulfinamide!® com-
pleted the sequence to the Ellman sulfinimine 4 (67% yield
over two steps). After purification by flash column chroma-
tography, 4 was recrystallized from ethyl acetate-hexanes
as white needle-like crystals. Analysis of these by single-
crystal X-ray diffraction (thermal ellipsoids depicted in
Scheme 2) unambiguously confirmed structure 4, includ-
ing all stereochemical assignments.

Scheme 3. Syntheses of Propargyl Bromides 5 and
(¥)-7
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Syntheses of Propargyl Bromides 5 and (+)-7. The
two different propargyl bromide allenylzinc precursors
were prepared on multi-gram scale using the simple reac-
tion sequences depicted in Scheme 3. The route to bro-
mide(s) 5, precursor to the thiolincosamine 1 and there-
by BT-33, is depicted first (eq 1). Lithiation of the racemic
terminal alkyne 12 and subsequent addition of boron tri-
fluoride etherate and (S)-epichlorohydrin in sequence af-
forded the alcohol(s) 13 as a 1:1 mixture of diastereomers
in 80% yield after purification by flash column chromatog-
raphy. Stereoinvertive deoxyfluorination with diethyla-
minosulfur trifluoride (DAST) at 40 °C, MEM ether cleav-
age with HCI in methanol, and then bromination of the re-
sulting diastereomeric mixture of secondary alcohols gave
bromide(s) 5 in 63% yield for the three-step sequence (7-g
scale). The bromide (#)-7, precursor to thiolincosa-
mine 2 and thereby CRM, was prepared by coupling of
lithiated 1-chloro-3-butyne (14) with acetaldehyde fol-
lowed by bromination, as shown in eq 2 of Scheme 3 (9-g
scale). Each of the depicted sequences to the two propargyl
alcohol precursors of bromides 5 and (+)-7 (Scheme 3) has
been replicated on 50-g scale by a contract research organ-
ization.

Synthesis of the 11-Membered Macrobicyclic Thi-
olincosamine 1, Precursor to BT-33. With readily scala-
ble routes to the Ellman sulfinimine 4 and the two propar-
gyl bromide coupling partners 5 and 7, we next developed
methodology that proved to be generally enabling for both
coupling reactions on decagram scale. The chemistry is
depicted for the specific instance of propargyl bromide 5 in
Scheme 4, wherein we propose the occurrence of a dynam-
ic kinetic resolution of allenylzinc diastereomers 15 and
16 at the reaction temperature of 90 °C in N,N-
dimethylformamide (DMF) as solvent.



Scheme 4. Barbier-type Diastereoselective Propargyla-
tion of Sulfinimine 4 with Propargyl Bromide 5
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As shown in Scheme 4, this Barbier-type protocol for in
situ allenylzinc formation from just 1.2 equivalents of
bromide 5 (relative to sulfinimine 4) afforded the coupling
product 3 as a single diastereomer (>49:1 dr at both C6
and C7 by 'H NMR analysis) in 85% yield on 26-g scale.

Scheme 5. Synthesis of 1-HCl
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Heating thioester 3 with sodium methoxide (1.2 equiv.)
in methanol at reflux effected concomitant thiopivaloate
deprotection and intramolecular S-alkylation to provide
the 11-membered macrobicyclic alkyne 17 in 75% yield
(17-g scale, Scheme 5). Reduction of 17 with diimide, gen-
erated in situ by decomposition of o-
nitrobenzenesulfonylhydrazide (NBSH, 2.0 equiv.)1%%0 at
23 °C, proceeded in 94% yield and afforded the (Z)-alkene
product 18 stereospecifically. Benzyl deprotection of 18
with lithium naphthalenide (LiNap) at 0 °C, followed by
sulfinamide cleavage with HCl in methanol at 23 °C, pro-
duced the macrobicyclic thiolincosamine 1 as its hydro-
chloride salt in 86% yield over two steps (5-g scale).

Synthesis of the 10-Membered Macrobicyclic Thi-
olincosamine 2, Precursor to CRM. The same Barbier-
type protocol, when separately applied using the propargyl
bromide (%)-7 and the Ellman sulfinimine 4 as substrates
(Scheme 6), afforded product 6 (86% yield on 21-g scale),
also as a single diastereomer (>49:1 dr at both C6 and C7
by 'H NMR analysis).

Scheme 6. Synthesis of 2-HCl
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Attempts to transform the alkyne 6 into the correspond-
ing 10-membered macrobicyclic alkyne (see the analogous
transformation of 3 to 17, Scheme 5) were unsuccessful;

the 20-membered dimer was formed instead. Therefore,
the alkyne 6 was exposed to hydrogen gas (1 atm) in the
presence of palladium on carbon (0.7 equiv.) at 23 °C to
furnish the (Z)-alkene 19 selectively, without overreduc-
tion or benzyl deprotection (Scheme 6). When the (2)-
alkene 19 was heated with sodium methoxide (1.2 equiv.)
in methanol at reflux, macrobicycle 20 was obtained in
68% yield over two steps (12-g scale) as white block-like
crystals suitable for X-ray diffraction (thermal ellipsoids
shown in Scheme 6). The benzyl and sulfinamide groups
were removed by the same two-step sequence employed
for the synthesis of 1, described above, to furnish macrobi-
cyclic thiolincosamine 2 as its hydrochloride salt in 90%
yield over two steps (5-g scale).

Discussion. Certain chiral allenylzinc reagents are
known to be configurationally stable at temperatures up to
-10 °C in tetrahydrofuran' and do not readily intercon-
vert between enantiomeric forms even at room tempera-
ture in ethyl ether.? Highly diastereoselective propargyla-
tion reactions have been documented to occur using =2
equivalents of racemic allenylzinc nucleophiles and 1
equivalent of an enantiopure chiral imine as electrophile to
form “matched pair” anti-products,®101213 but in the pre-
sent context such an approach was considered impractical,
leading us to explore the dynamic kinetic resolutions we
report, using just 1.2 equivalents of each of the two pro-
pargyl bromide substrates. We are unaware of previous
examples of such an approach, and anticipate that the
Barbier-type coupling process reported herein may prove
to be of general value. It should be noted that attempts to
transform bromide (+)-7 into the corresponding allenyl-
zinc reagent in DMF at 90 °C,2! with subsequent addition
of the Ellman sulfinimine coupling partner 4, were not suc-
cessful and provided complex product mixtures that were
not easily characterized.

CONCLUSION

We envision that the synthetic routes reported herein
will provide the foundations for a potential manufacturing
route to both BT-33 and CRM. There is great benefit to
having sulfinimine 4 as a common, late-stage intermediate
in both synthetic routes. First, sulfinimine 4 can be ac-
cessed on large scale (240 g) and is highly crystalline. Sec-
ond, macrobicyclic thiolincosamines (such as 1 and 2) can
be synthesized in just five steps from sulfinimine 4 on mul-
ti-gram scale. Lastly, in addition to supporting the gram-
scale syntheses of macrobicyclic thiolincosamines 1 and 2,
we expect that other Barbier-type propargylation reac-
tions of sulfinimine 4 will be useful for the discovery of
future novel northern macrobicyclic antibiotic precursors.

ASSOCIATED CONTENT

Detailed experimental procedures and NMR characterization
data (PDF) are provided as supporting information. This ma-
terial is available free of charge via the Internet at
http://pubs.acs.org. Single-crystal X-ray crystallographic data
for sulfinimine 4 and macrobicyclic thiolincosamine 20 are
deposited at the Cambridge Crystallographic Data Centre
(CCDC) under deposition numbers 2376059 and 2376060,
respectively.

AUTHOR INFORMATION



Corresponding Author

*myers@chemistry.harvard.edu

Author Contributions

#These authors contributed equally.

Notes

KJ.YW, B.ICT., and A.G.M. have filed patent application
WO0/2023/205206, “Lincosamides and Uses Thereof.” and US
provisional patent application U.S. 63/676,017, “Synthesis of
Macrobicyclic Thiolincosamines.” B.I.C.T., KJ.Y.W., and A.G.M.
are shareholders of Kinvard Bio, Inc. All other authors declare
that they have no competing financial or non-financial inter-
ests.

ACKNOWLEDGMENTS

We gratefully acknowledge support from the National Insti-
tute of Allergy and Infectious Diseases (NIAID) of the National
Institutes of Health (NIH) (grant R01-AI168228) and from the
Combating Antibiotic-Resistant Bacteria Biopharmaceutical
Accelerator (CARB-X) (grant 4500004904). CARB-X funding
for this research is supported by federal funds from the U.S.
Department of Health and Human Services (HHS); Admin-
istration for Strategic Preparedness and Response; Biomedical
Advanced Research and Development Authority; under
agreement number 75A50122C00028, and by awards from
Wellcome (WT224842), Germany'’s Federal Ministry of Educa-
tion and Research (BMBF), and the UK Department of Health
and Social Care as part of the Global Antimicrobial Resistance
Innovation Fund (GAMRIF). The content of this manuscript is
solely the responsibility of the authors and does not neces-
sarily represent the official views of CARB-X or its funders. We
acknowledge with appreciation Dr. S. L. Zheng for the collec-
tion of X-ray crystallographic data under the support of the
Major Research Instrumentation (MRI) Program of the Na-
tional Science Foundation (NSF) (award 2216066).

REFERENCES

(D Schliinzen, F.; Zarivach, R.; Harms, J.; Bashan, A.; Tocilj,
A.; Albrecht, R,; Yonath, A.; Franceschi, F. Structural Basis for the
Interaction of Antibiotics with the Peptidyl Transferase Centre in
Eubacteria. Nature 2001 413:6858 2001, 413 (6858), 814-821.
https://doi.org/10.1038/35101544.

(2) Centers for Disease Control and Prevention (CDC). Anti-
biotic Resistance Threats in the United States, 2019; Atlanta, GA,
2019.

3) Tresco, B. I. C.; Wu, K. ]J. Y,; Ramkissoon, A.; Aleksan-
drova, E. V,; Purdy, M.; See, D. N. Y,; Liu, R. Y.; Polikanov, Y. S.; My-
ers, A. G. Discovery of a Broad-Spectrum, Fluorinated Macrobicy-
clic Antibiotic through Chemical Synthesis. ChemRxiv 2024.
https://doi.org/10.26434 /chemrxiv-2024-1lv6q.

4) Wu, K. J. Y,; Tresco, B. I. C.; Ramkissoon, A.; Aleksan-
drova, E. V.; Syroegin, E. A;; See, D. N. Y.; Liow, P.; Dittemore, G. A.;
Yu, M.; Testolin, G.; Mitcheltree, M. |.; Liu, R. Y.; Svetlov, M. S,;
Polikanov, Y. S.; Myers, A. G. An Antibiotic Preorganized for Ribo-
somal Binding Overcomes Antimicrobial Resistance. Science
2024, 383 (6684), 721-726.
https://doi.org/10.1126/science.adk8013.

(5) Mitcheltree, M. ].; Pisipati, A.; Syroegin, E. A.; Silvestre,
K. ].; Klepacki, D.; Mason, |. D.; Terwilliger, D. W.; Testolin, G.; Pote,
A.R; Wu, K. J. Y,; Ladley, R. P,; Chatman, K.; Mankin, A. S.; Polika-
nov, Y. S;; Myers, A. G. A Synthetic Antibiotic Class Overcoming
Bacterial Multidrug Resistance. Nature 2021 599:7885 2021, 599
(7885), 507-512. https://doi.org/10.1038/s41586-021-04045-6.

(6) Grubbs, R. H. Olefin Metathesis. Tetrahedron 2004, 60
(34), 7117-7140. https://doi.org/10.1016/j.tet.2004.05.124.

(7 Botuha, C.; Chemla, F.; Ferreira, F.; Pérez-Luna, A.; Roy,
B. Allenylzinc Reagents: New Trends and Synthetic Applications.
New  Journal of Chemistry 2007, 31 (9), 1552.
https://doi.org/10.1039/b706541h.

(8) Marshall, J. A. Synthesis and Reactions of Allenylzinc
Reagents. In Patai’s Chemistry of Functional Groups; Wiley, 2009.
https://doi.org/10.1002/9780470682531.pat0373.

9) Poisson, ].-F.; Normant, ]J. F. Comparative Study of the
Diastereoselective Addition of Allenyl Zinc Reagents to a-Alkoxy
(or Silyloxy) Aldehydes and Imines. A Straightforward Synthesis
of Amino Alcohols from Imines. /] Org Chem 2000, 65 (20), 6553-
6560. https://doi.org/10.1021/jo005509r.

(10) Poisson, J.-F.; Normant, J. F. Kinetic Resolution of an Or-
ganozinc Reagent: In Situ Formation of an Enantioenriched Al-
lenylzinc Species. | Am Chem Soc 2001, 123 (19).
https://doi.org/10.1021/JA015532.

(11) Poisson, J.-F,; Chemla, F.; Normant, ]. F. Configurational
Stability of Propargyl Zinc Reagents. Synlett 2001, 2001 (02),
0305-0307. https://doi.org/10.1055/s-2001-10773.

(12) Chemla, F.; Ferreira, F. High Kinetic Resolution in the
Addition of a Racemic Allenylzinc onto Enantiopure N-Tert-
Butanesulfinimines: Concise Synthesis of Enantiopure Trans-2-
Ethynylaziridines. / Org Chem 2004, 69 (24), 8244-8250.
https://doi.org/10.1021/jo0490696.

(13) Chemla, F.; Ferreira, F. Synthesis of Diastereoenriched
Acetylenic  a-N-Tert-Butanesulfinamidoalkyl =~ Methoxymethyl
Ethers. Synlett 2006, 2006 (16), 2613-2616.
https://doi.org/10.1055/s-2006-951478.

(14) Park, T. K; Danishefsky, S. ]. A Concise Route to Enanti-
omerically Pure 2-Arylcyclohexenones of Relevance to the Pan-
cratistatin Problem. Tetrahedron Lett 1995, 36 (2), 195-196.
https://doi.org/10.1016/0040-4039(94)02245-7.

(15) Aberg, P.-M.; Ernst, B. Facile Preparation of 1,6-
Anhydrohexoses Using Solvent Effects and a Catalytic Amount of a
Lewis Acid. Acta Chem Scand 1994, 48, 228-233.
https://doi.org/10.3891/acta.chem.scand.48-0228.

(16) Paulsen, H.; Lockhoff, O. Bausteine von Oligosaccha-
riden, XXIX. Synthese Des Trisaccharids Aus N -Acetylglucosamin,
Galactose Und Rhamnose Einer O-determinanten Kette von Esch-
erichia Coli. Chem Ber 1981, 114 (9), 3079-3101.
https://doi.org/10.1002/cber.19811140915.

(17)  Zhu, X; Dere, R. T.; Jiang, J.; Zhang, L.; Wang, X. Synthesis
of a-Glycosyl Thiols by Stereospecific Ring-Opening of 1,6-
Anhydrosugars. | Org Chem 2011, 76 (24), 10187-10197.
https://doi.org/10.1021/j0202069y.

(18) Robak, M. T.; Herbage, M. A,; Ellman, J. A. Synthesis and
Applications of Tert-Butanesulfinamide. Chem Rev 2010, 110 (6),
3600-3740. https://doi.org/10.1021/CR900382T.

(19) Hinig, S,; Miiller, H. R; Thier, W. The Chemistry of
Diimine. Angewandte Chemie International Edition in English
1965, 4 (4), 271-280. https://doi.org/10.1002 /anie.196502711.

(20) Myers, A. G.; Zheng, B.; Movassaghi, M. Preparation of
the Reagent o -Nitrobenzenesulfonylhydrazide. /] Org Chem 1997,
62 (21),7507-7507. https://doi.org/10.1021/j09710137.

(21) Huo, S. Highly Efficient, General Procedure for the Prep-
aration of Alkylzinc Reagents from Unactivated Alkyl Bromides
and Chlorides. Org Lett 2003, 5 (4), 423-425.
https://doi.org/10.1021/0L0272693 /SUPPL_FILE/OL0272693SI
20030121_022022.PDF.



For Table of Contents Only

£
' Cl A )
SPiv Zn (goeagwy).)
Bo_/ =07~ " . I " .
BnGg g+tBU DMF, 90 °C
i Br~ “CHy
1 equiv. 1.2 equiv. 85%, 26.0 g

4 steps
61%

5.0 g prepared




