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Abstract: The total synthesis of the 16-membered macrolide
mycinamicin IV is outlined, which complements our previ-
ously disclosed, largely catalysis-based route to the aglycone.
This work must also be seen in the context of our recent
conquest of aldgamycin N, a related antibiotic featuring a
similar core but a distinctly different functionalization pattern.
Taken together, these projects prove that the underlying
blueprint is integrative and hence qualifies for a collective

approach to this prominent class of natural products. In both
cases, the final glycosylation phase mandated close attention
and was accomplished only after robust de novo syntheses of
the (di)deoxy sugars of the desosamine, chalcose, mycinose
and aldgarose types had been established. Systematic screen-
ing of the glycosidation promoter was also critically important
for success.

An unmistakable trend in contemporary natural product syn-
thesis is the shift away from the pursuit of individual
compounds to the conquest of entire target families.[1–3] It was
within this conceptual framework that we pursued a “collective”
synthesis of a class of macrolide antibiotics comprised of several
dozen members, for which mycinamicin IV (1)[4,5] and aldgamy-
cin N (2)[6,7] are representative (Scheme 1).[8,9] Any endeavor
chasing this challenging chemical estate must ensure ready
access to the common 16-membered macrolide frame, yet be
flexible enough to decorate this core in various ways. In this
context, it is pointed out that the carbon framework of 1 is one
C-atom longer than that of 2 (Et- versus Me- branching off C15)
but lacks the hydroxy group at C8 and shows a higher level of
unsaturation in the “western” sector. The different glycosylation
patterns of these antibiotics made up by rare deoxy sugars
present yet another formidable challenge. It seems reasonable
to believe that a synthesis blueprint able to encompass these
“odd twins” will also bring many additional siblings (and non-
natural analogues thereof) into reach upon deliberate editing of
the modules and proper permutation of the assembly
process.[10]

The successful conquest of aldgamycin N (2)[9,11] as well as
the bare macrolide mycinolide IV (3),[8] which itself had been a
prominent target in the past,[12–15] can be taken as proof-of-
concept. It relied on the use of compound 5 as the common
starting point en route to both product subsets, for which a
practical synthesis viable on decagram scale could be

established.[8] The alkene terminus of 5 served as the actual
branching point, in that it was either subjected to a Tsuji-
Wacker oxidation to give ketone 6 or to a rhodium-catalyzed
asymmetric hydroformylation[16,17]] to produce aldehyde 12. This
latter transformation had been basically without precedent in
the context of natural product total synthesis;[18,19] it critically
hinged upon the use of a MOM-acetal at the C5-OH group of 5,
which exerts the proper directing effect and favors formation of
the branched product.[20] The subsequent fragment coupling
steps took advantage of the fact that the alkyne termini of the
“western” segments 7 and 13 are appropriate pre-nucleophiles.
After macrocyclization of the resulting adducts,[21] the stage was
set to harness the synthetic equivalence of the triple bonds
with the carbonyl groups of the targets through contemporary
π-acid catalysis (8!9; 14!15).[22–25]

While the assembly of the macrocyclic cores 9 and 15 along
this integral blueprint proceeded well, the final glycosylation
phase proved far from trivial. Most notable is the fact that all
attempts at unveiling the free alcohol 9b and reacting it with
an appropriate glycosyl donor met with failure because of
competing transannular ketalization with irreversible formation
of 10.[8] To remedy this issue, the eponymous aldgarose[26] had
to be introduced at an earlier stage (8!11) and carried through
several steps of the longest linear sequence; such a tactic,
however, can only be justified if the de novo synthesis of this
intricate branched octopyranose is short and efficient. Although
this boundary condition was met and the first total synthesis of
aldgamycin N (2) accomplished,[9] the preparation and proper
mounting of the peripheral sugars required considerably more
attention than we had anticipated at the outset.

When seen against this backdrop, our parallel conquest of
mycinolide IV (3) rather than of the fully glycosylated antibiotic
mycinamicin IV (1) could be seen as missing out on the final
challenges.[8] This objection is partly invalidated by the only
previous total synthesis of 1, in which bare 3 had been
successfully converted into the target antibiotic.[12] Yet, we still
felt the need to complete the project, not least because the

[a] G. Späth, Prof. A. Fürstner
Max-Planck-Institut für Kohlenforschung
45470 Mülheim/Ruhr (Germany)
E-mail: fuerstner@kofo.mpg.de

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202104400

© 2021 The Authors. Chemistry - A European Journal published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and re-
production in any medium, provided the original work is properly cited.

Chemistry—A European Journal 

www.chemeurj.org

Research Article
doi.org/10.1002/chem.202104400

Chem. Eur. J. 2022, 28, e202104400 (1 of 7) © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Montag, 14.02.2022

2211 / 232060 [S. 149/155] 1

http://orcid.org/0000-0003-0098-3417
https://doi.org/10.1002/chem.202104400


literature precedent had explicitly referred to the necessary
glycosylations as an “extremely hard problem”.[12] Moreover, the
development of a practical alternative access to appropriate D-
desosaminyl donors (18) to be attached to the secondary C5-
OH group of the aglycone seemed desirable: acid-catalyzed
degradation of erythromycin produced by fermentation is the
currently best source of this valuable dideoxyamino sugar.[27] A
remarkably short de novo synthesis of desosamine is also
known but proved troublesome in our hands.[28,29] Therefore, an
entirely new approach was conceived, in which we attempted

to derive adequate donors 18 from the exact same building
block 16[9] that had previously served us very well en route to
aldgarose (17) (see the Insert in Scheme 1). If successful, this
strategy concurs very well with the original plan of a collective
approach that requires just a few well-chosen building blocks
to reach an ensemble of diverse and elaborate targets.

As previously described, the asymmetric hetero-Diels-Alder
reaction of 20 with acetaldehyde catalyzed by the chiral
chromium complex 32[30] provides multigram amounts of
pyranone 16 with an ee of 93 % after acid catalyzed hydrolysis

Scheme 1. Towards a collective total synthesis of a large family of 16-membered macrolide antibiotics, represented by the “odd twins” mycinamicin IV (1) and
aldgamycin N (2); MOM =methoxymethyl; PMB=p-methoxybenzyl; TBDPS= tert-butyldiphenylsilyl.
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of the crude cycloadduct to facilitate isolation (Scheme 2).[31]

Treatment with H2O2/aq. NaOH in MeOH allowed the equato-
rially oriented 2-OH group and methyl glycoside to be set with
impeccable selectivity. Although the resulting ketol 21 is in
equilibrium with the corresponding dimer 22,[9] the material
could be transformed into the corresponding oxime 25 without
incident. Very much to our dismay, however, attempted stereo-
selective reduction with a variety of metal hydride reagents
largely met with failure. Hydrogenation/reductive amination
over Pd(OH)2/C was to no avail either as it furnished an
inseparable mixture of the 2,3-cis configured amino-alcohol 26
and the desired 2,3-trans configured desosamine derivative
18b. We can only speculate about the cause for the surprising
epimerization at C2 leading to the formation of 26, but

intervention of a transient enamine/enol form A provides a
reasonable explanation.

Yet another peculiarity was observed when the derived
benzoate 23 was reacted with L-selectride in THF, which gave
the corresponding trans-configured diol derivative 24 as the
only product. Puzzled by this again unforeseen course, the
mixture of 21/22 was directly reduced with Dibal-H; as this
reaction led to the opposite stereochemical outcome, the
selective formation of 24 is tentatively ascribed to an
intervention of the adjacent benzoate in 23. As expected,
treatment of diol 27 with one equivalent of benzoyl chloride
and catalytic DMAP in CH2Cl2/pyridine resulted in selective
acylation of the equatorial -OH group to give 28 in good yield,
whereas benzoylation of a transient stannylene acetal[32]

furnished the regioisomeric ester 30 exclusively. The mesylate

Scheme 2. a) TESOTf, Et3N, Et2O, � 20 °C, 92 %; b) 32 (1.5 mol %), MeCHO (neat), � 20 °C!RT; c) TFA, CH2Cl2, 61 % (93 % ee); d) H2O2, MeOH, aq. NaOH, � 45 °C; e)
benzoic acid anhydride, pyridine, DMAP cat., CH2Cl2, 98 % (from 21/22); f) L-Selectride, THF, � 78 °C, 75 %; g) H2NOMe·HCl, pyridine, MeOH, 88 % (from 21/22);
h) H2, Pd(OH)2/C cat., MeOH, HOAc, then aq. H2CO, (dr�3 : 1); i) Dibal-H, THF/toluene, 58 % (over both steps); j) benzoyl chloride, DMAP cat., pyridine, CH2Cl2,
84 %; k) methanesulfonyl chloride, DMAP, CH2Cl2, quant.; l) NaN3, DMF, 90 °C, 82 %; m) H2, Pd(OH)2/C cat., MeOH, EtOAc, then aq. H2CO, 98 %; n) (i) Bu2SnO,
toluene, reflux; (ii) benzoyl chloride, RT, 80 %; o) (i) Bu2SnO, toluene, reflux; (ii) tosyl chloride, DMF, RT, 55 % (31a,+ 37 % of 31b); p) Ac2O, H2SO4, 87 %; q) (i)
NH3, MeOH, THF, 0 °C, 85 % (from 18c); r) Cl3CCN, DBU, CH2Cl2, 80 %; s) HF·pyridine, CH2Cl2, 0 °C, 67 %; t) K2CO3, MeOH, 96 %; DBU= 1,8-
diazabicyclo[5.4.0]undec-7-ene; Dibal-H= diisobutylaluminum hydride; DMAP =4-dimethylamino-pyridine; L-Selectride= lithium tri-sec-butyl(hydrido)borate;
TES = triethylsilyl; Tf= trifluoromethanesulfonyl; TFA = trifluoroacetic acid.
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derived from 28 reacted with NaN3 in DMF at elevated
temperature to provide 29, which was transformed into the
desired dimethylamine derivative 18c by hydrogenolysis/reduc-
tive amination in a one-pot operation. This route proved much
more efficient than the conceivable alternative sequence
commencing with tosylation of the axial � OH group of 27
followed by conversion of 31a into 29, because the sulfonyla-
tion reaction was only modestly selective.

Compound 18c was elaborated into presumably adequate
glycosyl donors by cleavage of the methyl glycoside under
acylating conditions; exposure of the resulting anomeric acetate
18d to HF·pyridine gave glycosyl fluoride 18e.[33] Alternatively,
aminolysis of 18d paved the way to the corresponding
trichloroacetimidate 18f.[34] Of course, the parent D-desosamine
(18a) itself is also readily available from 18d upon concomitant
cleavage of both esters with K2CO3 in MeOH. This sugar is not
only present in the mycinamicin series discussed herein, but in
a large number of iconic macrolide antibiotics and innumerous
semisynthetic derivatives thereof (Figure 1).[35–37] Although the
current synthesis is longer than the shortest known access
routes to desosaminyl donors,[38] we found it significantly more
robust, practical, high yielding, and flexible:[39] if desirable, one
could easily divert it towards the preparation of various regio-
and stereomers of desosamine. Moreover, some intermediates
themselves (or simple derivatives thereof) are part of other
natural products, ranging from the bespoken macrolide anti-
biotics to various steroidal glycosides (Figure 1). Since asymmet-
ric catalysis is the gatekeeper, it is equally facile to obtain the
enantiomers of all of these valuable sugars; because some of
them actually appear in nature (for example, 27/ent-27), this
aspect is also truly relevant.

With ample quantities of appropriate glycosyl donors in
hand, the current project entered into the critical glycosylation
phase. The course of action emanates from the protecting
group pattern of aglycone 15 in that introduction of desos-
amine at the secondary C5-OH should precede the attachment
of mycinose at the primary C21-OH position; if carried out in
the reverse order, the MOM-acetal would need to be depro-
tected with a (Lewis) acid in the presence of a pre-existing
glycosidic bond, which might jeopardize success. As mentioned

above, the choice of these particular protecting groups reflects
inherent constraints encountered during the branch-selective
asymmetric hydroformylation of the key building block 5.[8,20]

When seen against this backdrop, the end game had to
start with the selective removal of the MOM-acetal. Unexpect-
edly, treatment of 15 with aqueous HCl in MeOH at ambient
temperature cleaved the TBDPS-ether faster than the MOM-
group to give the primary alcohol derivative 33 as the major
product (Scheme 3). The use of Me2BBr followed by work-up of
the resulting mixture with aq. Na2CO3 in THF remedied the issue
and furnished compound 34 in high yield.[40,41] Attempted
introduction of the desosamine residue to the liberated site in
analogy to the only previous total synthesis of mycinamicin IV
was met with poor results. In this literature precedent, an
almost identical substrate had been reacted with great success
with the glycosyl fluoride 18e in the presence of Cp2HfCl2/
AgClO4 as fluorophilic activating agent (β :α=6 : 1, 72 %).[12,42]

Unfortunately, we have neither been able to reach a similarly
good anomer ratio nor has the yield been anywhere close.
Although a full optimization was not undertaken, none of our
orienting trials was overly promising. Therefore we were
prompted to explore the use of the trichloroacetimidate 18f,
not least because this methodology[34] had proven superior to
the use of glycosyl fluoride donors in our total synthesis of
aldgamycin N (2).[9] In line with this prior experience, treatment
of 34 with excess 18f in the presence of TBSOTf furnished the
desired β-glycoside 35 as the only anomer in 84 % yield after
cleavage of the terminal silyl ether with TBAF to facilitate
purification of the product. It is important to note that this
excellent outcome mandated the use of TBS-OTf as promoter;
the otherwise more commonly used TMS-OTf preferentially
activated the ketone of 34 and entailed transannular cyclization
with formation of enol ether 36 when the reaction was
performed at or below 0 °C; at ambient temperature, TMS-OTf
as well as TES-OTf simply led to silylation of the secondary C5-
OH group to give 37. These observations provide a striking
illustration for the arguably underappreciated fact that system-
atic screening of the silyl triflate promotor is worth the effort as
it can obviously exert a dramatic effect and thus decide on
success or failure of a projected glycosylation in a challenging
setting.[43]

Similar problems were faced in the final introduction of the
yet missing mycinose at the primary � OH terminus when
resorting to the fluoride donor 39a.[9] Although the literature
reports an almost exclusive and high yielding formation of the
desired β-anomer (α :β=1 : 26, 86 %),[12] it was the α-anomer
that was slightly favored in our hands for reasons that are not
entirely clear, even though we tried to follow the reported
conditions as closely as possible.[44] In the end, we again
resorted to the use of the trichloroacetimidate 39b in
combination with TBSOTf, which gave the β-glycoside exclu-
sively, albeit in modest yield, when the reaction was performed
under high dilution conditions in CH2Cl2/MeCN.[45] Since the
glycosyl donor carries a “non-participating” methyl ether at the
C2-position, this remarkable selectivity has to be ascribed to the
intervention of MeCN that is thought to coordinate to the
transient oxocarbenium intermediate, preferentially in axialFigure 1. The pedigree of selected 4,6-dideoxy sugars.

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202104400

Chem. Eur. J. 2022, 28, e202104400 (4 of 7) © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Montag, 14.02.2022

2211 / 232060 [S. 152/155] 1



orientation for stereoelectronic reasons (“nitrile effect”).[46,47] The
final cleavage of the two different acyl groups at the two sugar
residues of product 38 thus formed was accomplished with
Et3N in MeOH/H2O,[12] whereas aq. LiOH or Ba(OH)2 in THF
saponified only the acetate even when the reaction was carried
out at 50 °C overnight. The analytical and spectral data of
synthetic mycinamicin IV (1) were in excellent agreement with
those of the natural product previously reported in the
literature (see the Supporting Information).

When seen from close up, the second conquest of the
emblematic macrolide antibiotic mycinamicin IV (1) completed
herein may be taken as an illustration for the methodological
advances in organic chemistry since the time when the first

total synthesis of this demanding target was disclosed. Not only
is the new route considerably shorter than its ancestor
(16 versus 32 steps, longest linear sequence),[12] but it is also
largely catalysis-based rather than relying on the “chiral pool”.
As such, it features the first branch-selective asymmetric and
fully catalyst-controlled hydroformylation of an ordinary termi-
nal alkene substrate in the context of total synthesis, an
advanced application of a ruthenium catalyzed redox isomer-
ization, as well as a rare example of direct transesterification for
the closure of a macrolactone ring.[8] In parallel, robust yet
flexible new approaches to the peripheral (di)deoxysugars of
the desosamine, chalcose, aldgamycin,[9] and mycinose[9] type
were developed, which are enabling in other context too since

Scheme 3. a) aq. HCl, MeOH, 52 %; b) Me2BBr, CH2Cl2, � 78 °C, then aq. Na2CO3, THF, RT, 80 %; c) (i) 18f, TBSOTf, CH2Cl2; (ii) TBAF, THF, 84 %; d) 18f, TMSOTf,
CH2Cl2, � 30 °C!RT, 30 %; e) 18f, TMSOTf, CH2Cl2, RT, 44 % (R= Me); f) 39b, TBSOTf, CH2Cl2/MeCN (1 : 1), 33 %; g) Et3N, MeOH, H2O, 70 °C, 71 %; TBAF = tetra-n-
butylammonium fluoride.
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these sugars are prominently featured in a considerable number
of bioactive natural products of, in part, different chemotypes.

When assessed at the meta-level, the current total synthesis
of mycinamcin IV complements our previous work on aldgamy-
cin N;[9] because these two targets are representative for a large
number of antibiotics and because the underlying blueprint is
integrative and modular, a solid foundation for a collective
synthesis of this important class of natural products and their
analogues is laid out. Further work in our laboratory intends to
take advantage of this notion.
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