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ABSTRACT: The unique 18-membered macrocyclic natural
product mangrolide D was prepared in totally synthetic form.
Key steps feature an Au-catalyzed glycosylation, aza-Michael
addition, and LaLi3tris(binaphthoxide) catalyzed epoxidation.
Detailed analysis of the constitution and configuration of the
carbohydrate segment and the total synthesis of the revised
structure led to structural revision of the originally proposed
structure.

The lack of effective antibiotics for the treatment of
bacterial infections remains a global concern.1 However,

due to the diminished economic incentives by the
pharmaceutical industry, novel classes of antibiotics approved
over the last decades remain few.2 To address the emergence
of resistant microbial strains, the discovery of novel antibiotics
via total chemical synthesis can provide an orthogonal solution
to fermentation and isolation.3 Intrigued by the diverse alley of
their carbohydrate decoration of the 18-membered antibiotic
natural products and their interesting biological activities,4 we
were attracted by a novel antibiotic candidate, mangrolide D
(1), with an unprecedented vancosamine moiety attached to
the 18-membered macrocycle (Figure 1).

Mangrolide D (1) is a bacterial secondary metabolite found
in a modified strain of Actinoalloteichus sp. (SNA18-M5), of
which the wild type was isolated from mangrove sediment
samples collected in the Bahamas.5 The structure of
mangrolide D (1) was originally deduced by spectroscopic
means5 (mainly NMR spectroscopy) and is characterized by a
high degree of unsaturation of the 18-membered macrocyclic
scaffold and, particularly, vancosamine as a carbohydrate
segment attached at the C11 position of the macrocycle.
Impressively, mangrolide D (1) is the first example among
macrocyclic lactone natural products bearing vancosamine,
while few other classes of natural products with similar sugars
are well-known (such as vancomycin, nocardicyclin, etc.).

Together with the strong activity of vancomycin, vancos-
amine and its unique structure have attracted the attention of
many synthetic chemists.6 However, many existing synthetic
strategies are either unselective or require lengthy routes, and
most importantly, there are only a few such examples
applicable to total synthesis of the glycosylated natural product
target.7 The main challenge in the mangrolide D synthesis is
associated with the lack of a directing group at the C2′
position, which impedes efficient glycosylation.8 In addition,
the exact configuration of 1 at the anomeric position remained
elusive at the start of our work due to minute quantities of
material and the impurities stemming from contamination
during the isolation work.5 While this manuscript was finished,
a report by De Brabander and coworkers appeared, reporting
on the isolation and synthesis of mangrolide D.9 In this study,
we report (1) the selective synthesis of the putative
vancosamine segment, (2) comparison of spectral data and
subsequent structural revision of the proposed structure 1, and
(3) the total synthesis of the revised structure 2 of mangrolide
D.
To approach the synthesis, we assumed the absolute

configuration for the vancosamine segment to be L based on
the biosynthetic proposal of 4′-epi-vancosamine.10 Considering
the antibiotic structure−activity relationship (SAR) studies of
the compounds potentially produced through the collective
synthesis and the unambiguous structure elucidation of
mangrolide D, we envisaged the retrosynthetic analysis as
described below (Scheme 1).
Retrosynthetically, we envisioned to employ a modular

approach to perform a late-stage glycosylation of the
macrocycle 3 and the glycosyl donor 4 using Au catalysis.11

The introduction of the key C3′ stereogenic center could be
constructed by an aza-Michael addition reaction from alcohol
5. The enantiopure alcohol 5 was thought to be accessible
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Figure 1. Structure of mangrolide D.
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through Shibasaki’s LaLi3tris(binaphthoxide) (LLB) catalysis
12

and lactonization.
The synthesis of vancosamine segment 4 commenced with

the enantioselective epoxidation of commercially available
enone 6 employing LLB catalysis developed by Shibasaki
(Scheme 2).12 The obtained epoxyketone intermediate was

directly homologated with the phosphonate to provide
conjugated ester 7 in 77% yield (E/Z = 1:1.2, >95% ee).
The subsequent Pd-catalyzed Tsuji−Trost substitution reac-
tion13 proceeded smoothly to deliver the syn-alcohol with
perfect selectivity. Hydrolysis of the ethylester followed by
lactonization under Steglich conditions14 furnished the δ-
lactone 8 in 48% yield over three steps. Cleavage of the PMB
group of 8 was carried out under acidic conditions, and the
following addition of trichloroacetonitrile provided the desired
trichloroacetimidate intermediate. The direct in situ conversion

of this intermediate to the oxazoline 9 was attempted using
strong bases with heating (excess DBU, reflux).15 However, all
the attempts using basic conditions turned out to be
unsuccessful, probably due to the electron-rich nature of the
lactone and the larger steric requirements of the C7′ methyl
group as compared to literature known examples. Surprisingly,
to our delight, we found out that the intended aza-Michael
cyclization could be promoted by the addition of stoichio-
metric amount of Lewis acids to give 9 with perfect
diastereoselectivity. It is worth noting that neither epimeriza-
tion at C4′ nor Overman rearrangement16 were observed. After
the stereoselective introduction of the nitrogen atom at the
C3′ position, we next hydrolyzed the oxazoline, and the
formed primary amine was transformed to the azide via
treatment with TfN3.

17 Interestingly, we observed a rearrange-
ment from δ-lactone to γ-lactone 10 during the hydrolysis,18

which was confirmed by HMBC correlations between C1′and
H4′. Selective reduction of 10 using DIBAL provided the
desired lactol in an excellent yield (96%), which was selectively
acylated at the C1′ position using a known carboxylic acid
11.19 The obtained ester 12 was next subjected to TES
protection to give 4 in 89% yield.
At this point, we noticed that the coupling constant between

H4′ and H5′ of 4 (J = 0 Hz) is completely different from the
one reported originally for the natural product (J = 9.5 Hz).5,20

As the large coupling constant reported for natural product
suggested an axial−axial coupling between these two protons,
the configuration required for the matching glycosyl donor was
proposed to be the 4′-epimer 13 for the total synthesis. The
transformation from alcohol 12 to 13 was achieved by the
Dess−Martin oxidation, followed by selective reduction as well
as TES protection. Corroborating our earlier configurational
hypothesis, 1H NMR analysis of 13 revealed the coupling
constant between H4′ and H5′ to be J = 9.6 Hz, suggesting
that the carbohydrate segment of mangrolide D is not
vancosamine but 4′-epi-vancosamine instead.21

To further elucidate the anomeric configuration of the
vancosamine moiety and to gain further evidence for the
revised C4′ stereogenic center, we derivatized two donors, 4
and 13, into all four possible model vancosamine derivatives.
The collective synthesis and detailed 1H NMR analysis
provided evidence that the carbohydrate segment present on
mangrolide D refers to the configuration of α-4′-epi-vancos-
amine (see Supporting Information for details).
The synthesis of macrocycle 3 started out with Yamaguchi

esterification of the previously synthesized alcohol 144a and the
known carboxylic acid 154c (Scheme 3). Subsequent ring-
closing metathesis using second-generation Grubbs catalyst
furnished the macrocycle in an excellent yield (88%).
Hydrolysis of the nitrobenzoyl group in the presence of the
lactone moiety was selectively achieved in good yield (88%) to
give alcohol 3 ready for glycosylation.
With the key macrocycle 3 and glycosyl donor 13 in hand,

we set forward to attempt the late-stage glycosylation. The
initial attempt using literature known Au catalysis
(PPh3AuOTf) turned out to be unproductive due to the
decomposition of macrocycle 3. Therefore, we screened
various activation conditions and finally found that the
addition of 2,6-di-tert-butylpyridine was essential for the
reaction to proceed smoothly and provide the desired α-17
in 37% together with the epimeric β-17 in 27%. At this point,
we did not try to increase the selectivity to maximize the scope
of successive derivatives available for antibiotic testing. Having

Scheme 1. Retrosynthetic Analysis of Mangrolide D (1)a

aTBS = tert-butyldimethylsilyl, TES = triethylsilyl, RCM = ring-
closing metathesis, LLB = LaLi3tris(binaphthoxide).

Scheme 2. Synthesis of Vancosamine Donor 4 and 4′-epi-
Vancosamine Donor 13a

aTBHP = tert-butyl hydroperoxide, PMB = para-methoxybenzyl,
EDCI = 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide hydro-
chloride, DMAP = 4-dimethylaminopyridine, DIBAL = diisobutyla-
luminum hydride, OTf = trifluoromethanesulfonate, DMP = Dess−
Martin periodinane.
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obtained the α-isomer α-17, we attempted the final trans-
formations to the revised structure 2 of mangrolide D .
Deprotections of the silyl protecting groups were achieved
using 3HF·NEt3 to give diol 18. At this point, we were
surprised to find that the (E)-18 could be separated from the
undesired (Z)-isomer.22 The pure azide (E)-18 was finally
reduced under Staudinger conditions, and the subsequent
purification by reversed-phase HPLC furnished the targeted
product 2. Analysis of 1H and 13C NMR spectra revealed that
the chemical shift and coupling constants of the revised
compound 2 completely match those reported for natural
sample as well as the recently reported data for revised
mangrolide D.9 Other spectroscopic data, including 2D NMR
results, also supported the identity between the synthetic 2 and
the natural 2.5

In conclusion, the total synthesis of the revised structure 2 of
mangrolide D is presented. The synthesis of the carbohydrate
segment is enabled by an enantioselective LLB catalyzed
epoxidation, Lewis acid promoted intramolecular aza-Michael
addition, and careful selection of leaving groups and the
respective activation conditions for the key glycosylation. The
differences in 1H NMR spectra of the key sugar segment 4 led
us to revise the structure to its epimer 13 as an intermediate.
Finally, the successful glycosylation with the sterically
demanding macrocyclic alcohol provided the revised structure
2 after a series of deprotections.
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