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Total Syntheses and Biological Assessment of Macrocyclic Glycolipids
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Novel strategies for the synthesis of structurally complex
macrocyclic glycolipids are outlined which have opened con-
cise and highly flexible entries into various resin glycosides
and sugar-based macrodiolides. The key design elements
consist of either a ring-closing alkene (RCM) or alkyne
metathesis (RCAM) event or a newly developed template-
directed dilactonization reaction. The performance and ex-
cellent application profile of these transformations are illus-

1. Introduction

Despite the considerable advances in carbohydrate chem-
istry achieved in recent years, the total synthesis of bioac-
tive glycoconjugates is still far from routine.[1,2] The struc-
tural complexity of such molecular hybrids provides a
strong stimulus and unique opportunity for the develop-
ment of new synthetic strategies and constitutes a rigorous
testing ground for the efficacy of modern glycosidation re-
actions.[3,4] Compounds 1�6 (Scheme 1 and 2) bear witness
to this notion. The preparative challenges posed by these
intricate glycolipids, together with their promising biologi-
cal activities, have rendered them target molecules of con-
siderable interest in our quest for a synthesis-driven evalu-
ation of bioactive natural products.[5,6] Outlined below is a
summary of our efforts in this field together with a prelimi-
nary survey of the biological effects exerted by amphiphilic
secondary metabolites of these types.
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trated by the total syntheses of tricolorin A and G, woodrosin
I, sophorolipid lactone, cycloviracin B1, glucolipsin A, and
various analogues thereof. A brief survey of the biological
activities exerted by these amphiphilic natural products is
provided.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

2. Resin Glycosides

2.1. Tricolorin A and G

Plants belonging to the Morning Glory family (Convolvu-
laceae) are rich sources of alkaloids and resin glycosides
and have been extensively used in traditional medicine as
herbal remedies for various diseases. Although chemical in-
vestigations on their glycosidic components were initiated
as early as the middle of the 19th century, it was not until
the advent of modern spectroscopic techniques that the
amazing structures of the resin glycosides produced by Con-
volvulaceae could be elucidated. Resin glycosides, in gen-
eral, are conjugates between complex oligosaccharide enti-
ties and (11S)-hydroxyhexadecanoic acid (‘‘jalapinolic ac-
id’’) as the common aglycon in virtually all members of
this series.[7] The latter is frequently tied back to form a
characteristic macrolactone ring spanning two or more su-
gar units of the backbone. Further carboxylic acids may
complement the peripheral acylation pattern.

Tricolorin A (1) and G (2) are prototype members of this
sort of amphiphilic glycoconjugate.[8] They have been iso-
lated as the allelochemical principles of Ipomoea tricolor
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Scheme 1. Glycolipids containing a macrolactone substructure

Scheme 2. Glycolipids with macrodilactone (macrodiolide) substructures
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Cav., a plant used in traditional agriculture in Mexico as a
cover crop to protect sugar cane against invasive weeds. Its
molecular mechanism of action probably involves the inhi-
bition of the H�-ATPase of the plasma membrane, an en-
zyme that plays a crucial role in plant-cell physiology;[9]

moreover, 1 acts as a natural uncoupler of photophosphor-
ylation in spinach chloroplasts.[10] This compound also dis-
plays general cytotoxicity against several cancer cell lines
(ED50 � 2.2 µg·mL�1 against human breast cancer and P-
388 cells) and is able to antagonize phorbol ester binding
to protein kinase C (PKC, IC50 � 43 µ).[8�10]

Although only very limited information is available con-
cerning possible structure-activity relationships, it is known
that the intact macrocyclic lactone ring of 1 is essential for
effective plant growth inhibition.[10] This structural element,
however, poses a major challenge in preparative terms.
While two previous syntheses of tricolorin A have managed
to close this ring by conventional macrolactonization
techniques,[11�13] it is fairly obvious that such an approach
will hardly allow the formation of a wider range of struc-
tural analogues because each new compound ultimately re-
quires an independent multistep synthesis. Therefore we
have explored an alternative entry into this challenging tar-
get by taking advantage of the favorable profile and in-
herent flexibility of ring-closing metathesis (RCM)[14] for
the formation of large rings.[15,16]

Previous investigations from this laboratory have shown
that the efficiency of macrocyclizations by RCM using the
standard ruthenium catalysts is strongly affected by hetero-
elements in the proximity of the reacting alkenes.[17�19]

Such donor sites can attenuate the reactivity of the emerg-
ing Lewis-acidic carbene species by formation of stable che-
late complexes. Any such complications should be mini-
mized, however, if the ring of 1 is forged at a remote site,
such as the C6�C7 bond (Scheme 3). The required cycliza-
tion precursor 9 can be readily assembled by established
glycosidation methods from -glucose, -fucose and (6S)-
undecen-1-ol (10) as the key building blocks. The latter is
available in optically pure form (ee � 99%) on a multigram
scale by a ligand-controlled addition of dipentylzinc to 5-
hexenal.[20,21] In the forward sense, a few routine protecting-
group manipulations and standard glycosidations allowed
the assembly of compound 14 from precursors 11 and 12
(Scheme 4). Its vicinal diol entity can then be regioselec-
tively acylated due to the inherently higher reactivity of its
3��-OH group. This not only readily provides diene 15b (n �
3) as the key intermediate for the total synthesis of tricolo-
rin A, but also allows for a convenient introduction of other
residues at that site, which can then be processed in the
same way to provide analogues of 1 that differ from the
parent compound in ring size and hence lipophilicity. This
possibility has been exemplified by the synthesis of com-
pound 17, which is missing two of the CH2 groups in the
macrocyclic loop, and compound 18, featuring a consider-
ably expanded lactone moiety.[15,16]

In line with our expectations, all RCM reactions pro-
ceeded smoothly using either the classical Grubbs carbene
complex 19[22] or the recently developed cationic ruthenium
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Scheme 3. Retrosynthetic analysis of tricolorin A (1)

allenylidene complex 20[23] as the precatalysts. The fact that
neither the free hydroxyl groups nor any other functionality
of substrates 15a�c interfere with RCM illustrates the ex-
cellent selectivity profile of catalysts of this type.

Standard hydrogenation of the cycloalkene formed by
RCM (E/Z mixture) afforded disaccharide 16, which can be
elaborated into tricolorin A (1) by glycosidation with ac-
ceptor 8 according to literature procedures.[11,12] Com-
pound 16 is also the first crystallographically characterized
resin glycoside derivative.[24] Although five independent
molecules are found in the unit cell, their superposition
shows that even the conformation of the macrocyclic motif
is surprisingly well preserved (Figure 1).

Compound 14 is not only the key intermediate en route
to tricolorin A (1) and analogues thereof, but also opens
access to tricolorin G (2) in which jalapinolic acid spans
a trisaccharidic backbone (Scheme 5). For this purpose, a
properly functionalized rhamnose unit must be attached to
the less reactive C2�� hydroxyl group of diol 14 prior to the



A. FürstnerMICROREVIEW

Scheme 4. Key steps of the total synthesis of tricolorin A and analogues: a) BF3·Et2O cat., �20 °C, CH2Cl2/n-hexane, 82%; b) KOMe
cat., MeOH, 71%; c) DCC, DMAP, CH2Cl2, 15a: 4-pentenoic acid, 80%; 15b: 6-heptenoic acid, 71%; 15c: 10-undecenoic acid, 67%; d)
catalyst 19a, CH2Cl2, reflux; e) H2 (1 atm), Pd/C, EtOH, 16: 77% (over both steps); 17: 76% (over both steps); 18: 76% (over both steps)

Figure 1. Superposition of the five crystallographically independent
molecules of 16; the superposition has been calculated by fitting
the oxygen atoms of the fucose moiety

crucial RCM reaction. This regiochemistry was ensured by
blocking the more reactive site as a benzyl ether followed
by reaction of the resulting product 21 with trichloroacet-
imidate 22 in the presence of BF3·Et2O as the catalyst. Ex-
change of the acetyl group on the rhamnose entity for the
corresponding 6-heptenoic acid ester delivered the required
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diene 23 as the substrate for the subsequent RCM reaction,
which was again highly productive. Saturation of the cyclo-
alkene formed gave product 24, which was deprotected to
complete the first total synthesis of tricolorin G (2). Once
again, the flexibility of the chosen approach allowed us to
form analogues of this intricate target without undue pre-
parative efforts.[16]

2.2. Woodrosin I

Woodrosin I (3) is an ether-insoluble glycolipid isolated
from the stems of Ipomoea tuberosa L. [Merremia tuberosa
(L.) Rendle], commonly called ‘‘Woodrose’’ after the shape
of its dried calyx.[25] This particular compound is certainly
the structurally most demanding resin glycoside to be con-
quered by total synthesis so far.[26�28] Particular challenges
arise from the impressively large macrolide ring spanning
four glucose units, the complementary acylation pattern at
its periphery, which seriously restricts the choice of tempor-
ary protecting groups, as well as the branched pentasac-
charide backbone entailing severe steric hindrance at vici-
nal positions.
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Scheme 5. Total synthesis of tricolorin G (2): a) (i) (Bu3Sn)2O, toluene, reflux, 6 h; (ii) Bu4NI, BnBr, 2.5 h, 57% (� 18% of the re-
gioisomer); b) donor 22, BF3·Et2O cat., CH2Cl2/n-hexane, �20 °C, 53%; c) KOMe, MeOH, room temp.; d) 6-heptenoic acid, DCC,
DMAP cat., CH2Cl2, 84% (over both steps); e) catalyst 19a, CH2Cl2, reflux, 22 h; f) H2 (1 atm), [RhCl(PPh3)3] cat., EtOH, 93% (over
both steps); g) (i) F3CCOOH, CH2Cl2, 3 h; (ii) H2 (1 atm), Pd/C, MeOH, F3CCOOH cat., 49%

While the experiences gained in the tricolorin project
gave reason to believe that the formation of the macrocycle
by RCM should be straightforward when carried out at a
remote site within the hydrocarbon chain of 3, the actual
synthesis highlights the notion that the assembly of com-
plex oligosaccharidic frameworks is far from routine and
still bears considerable risks despite the arsenal of glycosid-
ation methods available to the practitioner.[3,4] Several note-
worthy aspects are addressed below.

First and foremost, the formation of the oligosaccharide
backbone of 3 posed considerable problems because of the
severe steric hindrance at the branching site (Scheme 6).
While it was easy to attach the rhamnose unit 27 to the 2��-
OH group of compound 26, no way was found to introduce
the then missing disaccharide entity 30[27] to the adjacent
position, despite a considerable number of attempts. This
inherent lack of reactivity is obviously due to the very
crowded situation in 29, rendering the -OH group virtually
inaccessible. Even glycosyl donors less complex than 30
could not be coupled to that site.[27]

We therefore inversed the order of events; this route,
though ultimately successful, was severely complicated by
the escapade of one of the protecting groups. Thus, treat-
ment of substrate 25 with trichloroacetimidate 30 in the
presence of catalytic amounts of TMSOTf in CH2Cl2 re-
sulted in a regioselective reaction of the glycosyl acceptor’s
vicinal diol unit; surprisingly, however, the reaction exclus-
ively delivered the orthoester 31 by participation of the ad-
jacent chloroacetyl moiety rather than the expected β-glyco-
side.[28] Once more, all attempts to access the now remain-
ing hydroxyl group at O2�� and attach the missing rham-
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nose moiety to this site were in vain and only led to a rapid
destruction of this elaborate compound. This lack of reac-
tivity is again ascribed to a severe steric shielding of the
hydroxyl group in the bay region of the orthoester.[28]

Despite this pitfall, the total synthesis of woodrosin was
pursued further in the hope of rectifying the connectivity
pattern at a later stage. Inspection of models suggested that
the trajectory of a glycosyl donor towards the hidden 2��-
OH group might be less narrow after closing the macro-
cyclic ring. Therefore the completion of the sugar backbone
was postponed until after the RCM reaction. Driven by this
hope, diene 31 was treated with catalytic amounts of the
ruthenium indenylidene complex 32[29] recently developed
in this laboratory as a readily accessible alternative to the
classical Grubbs catalyst 19. This resulted in an exception-
ally efficient ring closure, delivering cycloalkene 33 in 94%
isolated yield (E:Z � 9:1; Scheme 7).

With this product in hand, the introduction of the miss-
ing rhamnose moiety was re-investigated. The lability of do-
nor 27 in the presence of a Lewis acid, however, made it
necessary to apply an ‘‘inverse glycosylation procedure’’.[30]

Specifically, alcohol 33 was premixed with catalytic
amounts of TMSOTf in rigorously anhydrous Et2O prior
to the slow addition of compound 27. The outcome of this
key experiment surpassed our expectations. Not only was it
possible to attach the missing rhamnose unit to the oligo-
saccharide backbone, but the compromising orthoester
junction was found to rearrange concomitantly to the re-
quired β-glycosidic linkage. By optimizing the pre-mixing
and addition times it was possible to isolate product 34 in
60% yield. In view of the delicacy of this transformation,
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Scheme 6. Towards the oligosaccharidic perimeter of woodrosin I: a) donor 27, TMSOTf cat., Et2O/THF, �20 °C, 62%; b) DDQ, CH2Cl2/
H2O, 71%; c) donor 30, TMSOTf cat., CH2Cl2, 84%

and the lability of the reaction partners, this result show-
cases the power of the trichloroacetimidate method[4] and,
at the same time, represents one of the most advanced ap-
plications of Kochetkov’s orthoester protocol reported to
date.[31] Product 34 was then elaborated into woodrosin I
(3) without incident.[26�28]

2.3. Sophorolipid Lactone

Although most resin glycosides have been isolated from
higher plants, scattered reports on the production of related
glycolipids by bacteria, fungi and yeasts can be found
throughout the literature, some of which contain fatty acid
components other than jalapinolic acid as the aglycon. The
most prominent example is the yeast Candida bombicola,
which is able to grow even on pure hydrocarbons.[32,33] It
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emulsifies such hydrophobic culture media by the pro-
duction of extracellular biosurfactants called sophorolipids
(SL) that can be obtained in large amounts by fermen-
tation. These glycolipids are of growing commercial interest
as biodegradable emulsifiers for applications in the cosmetic
industry, pharmaceutical formulations, food production
and even various technical purposes.

Native SL is a rather complex mixture of up to 14 differ-
ent compounds, the ratio of which strongly depends on the
chosen fermentation conditions; the sophorose 1�,4��-lac-
tone 4, however, is invariably a major component of this
mixture. While the synthesis of its disaccharide backbone
comprising two glucose units is rather straightforward as
compared to the assembly of the oligosaccharide perimeter
of woodrosin I, the challenge of any synthesis of 4 lies in
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Scheme 7. Completion of the total synthesis of woodrosin I: a) complex 32 cat., CH2Cl2, reflux, 94%; b) donor 27, TMSOTf cat., Et2O,
0 °C, 60%; c) hydrazinium acetate, DMF, �10 � 0 °C; d) H2, Pd/C, MeOH, 84% (over both steps)

the stereoselective formation of the (Z)-alkene entity em-
bedded into its macrolactone ring.

As can be seen from the examples discussed above, RCM
tends to favor the formation of the corresponding (E)-iso-
mers and is likely inappropriate for the present case.[14]

Therefore, this compound provides an excellent opportunity
to probe the efficiency of the newly developed ring-closing
alkyne metathesis reaction (RCAM), since the resulting
cycloalkyne can be stereoselectively reduced to the required
(Z)-alkene by a Lindlar hydrogenation (Scheme 8).[34]

Scheme 8. Principle of ring-closing alkyne metathesis (RCAM) fol-
lowed by stereoselective semi-reduction

Although RCAM in general is still in its childhood, this
transformation worked exquisitely well when applied to di-
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yne 38 which derives from glucopyranosyl bromide 36 and
the β-glucoside 35 as shown in Scheme 9.[35] Specifically,
reaction of compound 38 with a catalyst formed in situ
from Mo[N(tBu)(Ar)]3 (Ar � 3,5-dimethylphenyl) 39 and
CH2Cl2 in toluene at 80 °C, as described previously,[36] af-
forded the desired cycloalkyne 40 in 78% yield. This out-
come lends credence to the notion that alkyne metathesis is
a reliable and efficient tool even in complex settings: neither
the acid-labile PMB ethers nor the glycosidic linkages were
damaged by the Lewis acidic metal center of the catalyst
nor did they interfere with its performance; this adds two
important examples to the rapidly growing list of functional
groups that are compatible with this system. Lindlar hydro-
genation of 40 followed by an exhaustive oxidative cleavage
of the PMB-ether groups in 41 with DDQ completed the
first total synthesis of this amphiphilic glycolipid.[35]

3. Glycolipidic Macrodiolides

3.1. Cycloviracin B1

The paucity of effective medication against viral infec-
tions together with the increasing resistance towards ap-
proved drugs render the search, optimization and clinical
development of novel antiviral agents highly desirable. The
macrodiolide derivative cycloviracin B1 (5) might constitute
a promising new lead in this regard because of the selective
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Scheme 9. Total synthesis of sophorolipid lactone (4) by RCAM: a) AgOTf, 2,6-di-tert-butylpyridine, MS 4 Å, �5 °C, 89%; b) complex
39 (10 mol %), CH2Cl2/toluene, 80 °C, 78%; c) H2 (1 atm), Lindlar catalyst, quinoline, CH2Cl2, quant.; d) DDQ, aq. CH2Cl2, 93%

antiviral effect exerted by this complex glycoconjugate.[37]

An imperative prelude to any further assessment of its bio-
logical properties and to a synthesis-driven mapping of its
pharmacophore, however, is the unambiguous determi-
nation of the absolute configuration of the six chiral centers
residing on its alkyl chains, which was unknown at the out-
set of our synthesis project.[38�40]

In view of the size and complexity of this target, however,
it was clear that only a highly convergent and inherently
flexible approach might allow us to reach this objective. The
key design element of this plan exploits the hidden sym-
metry of 5 (Scheme 10). The fact that the individual sub-
units of its macrodiolide core are indistinguishable by
NMR spectroscopy at 600 MHz is best explained by as-
suming a C2-symmetric core structure. This then suggests
to implement a two-directional synthesis strategy[41] en
route to 5 to minimize the preparative efforts and to ensure
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maximum flexibility during fragment coupling. Given the
different length of its two lateral chains and their discrete
hydroxylation patterns, however, this plan bears a consider-
able risk for the final assembly stages. While established
methodology should allow the control of the configuration
of the -OH group at C-17� generated by coupling of frag-
ments A and B (M � metal), the formation of the C�C
bond at the symmetry related C-17/C-18 position joining
segments A and D is highly problematic. Any attempt to
convert fragment D into a carbon nucleophile (Y � metal)
must result in reductive elimination with loss of the adjac-
ent glycoside;[42] the inverse maneuver implying the conver-
sion of the entire lactide A into a suitable nucleophile (X �
metal) is similarly endangered by the presence of electro-
philic and C�H acidic sites in this molecule. More specifi-
cally, deprotonation α to the lactones (i.e. at C-2 and/or C-
2�) would engender the opening of the macrocycle by expul-
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Scheme 10. Retrosynthetic analysis of cycloviracin B1 (5)

sion of the adjacent sugar and formation of an α,β-unsatu-
rated ester. Only a highly stabilized nucleophile X, if any,
might kinetically resist these self-destructive pathways.

Despite these risks and uncertainties, the major design
features of this retrosynthetic plan have been successfully
put into practice. Particularly noteworthy is the fact that the
central macrodiolide motif has been assembled in a highly
efficient manner. Guided by the perception that the specific
array of O atoms in the core region endows the molecule
with some degree of ionophoric character, a template-di-
rected cyclodimerization reaction of hydroxyacid 42 was de-
veloped that allowed us to construct this macrocyclic skel-
eton 44 in a single operation in 71% isolated yield when
carried out in the presence of admixed potassium ions for
the preorganization of two monomer units in a favorable
head-to-tail arrangement (Scheme 11).[38,40,43] The commer-
cial 2-chloro-1,3-dimethylimidazolinium chloride 43 turned
out to be the activating agent of choice in this particular
transformation.[44,45] As an additional bonus of the sim-
plicity and flexibility of this approach, it was possible to
prepare all conceivable stereoisomers without undue pre-
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parative efforts, which, in turn, allowed us to assign the
absolute stereochemistry at the branching points of 5 as
3R,3�R.

The next critical phase of this total synthesis project com-
prised the delicate fragment coupling between this core seg-
ment and the glycosylated building block 47 to complete
one of the alkyl chains of the natural product (Scheme 12).
As discussed above, the success of this transformation de-
pends critically on the ability to convert the intact macrodi-
olide ring into a suitable C-nucleophile. Importantly, this
reactive intermediate must be kinetically resistant to a pos-
sible intramolecular attack onto its own lactone groups as
well as to a destructive deprotonation of the C�H acidic
sites adjacent to these lactones. Moreover, its reaction with
aldehyde 47 must not entail any racemization of the chiral
center α to the carbonyl. Because only a highly stabilized
and weakly basic nucleophile might meet these stringent cri-
teria, recourse was taken to a Julia olefination in the power-
ful modification developed by Kocienski.[46] It was expected
that the somewhat higher kinetic acidity together with the
better accessibility of the terminal tetrazolyl sulfone in 46
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Scheme 11. Preparation of the core segment of cycloviracin B1 by a template-directed macrodilactonization reaction: a) compound 43,
DMAP, KH, CH2Cl2, 71%; b) (i) TBAF, THF, 92%; (ii) TBDPSCl, Et3N, CH2Cl2, 85%

should allow for a selective deprotonation by means of a
sterically encumbered base without damaging the ester moi-
eties or the residual C�H acidic groups on the lactide ring.
Gratifyingly, these expectations were fully met by the
experiment. Thus, treatment of compound 46 with
LiHMDS in DME at low temperature followed by addition
of aldehyde 47 afforded the desired alkene in 61% yield
(E:Z � 1:1) which was subsequently hydrogenated under
standard conditions to give product 48.[39,40] We are un-
aware of any precedence for Julia-type olefination reactions
involving sulfones bearing similarly base-labile and electro-
philic motifs as those present in compound 46.

Having secured good access to this elaborate construct,
the stage was set for the introduction of the missing second
alkyl side chain and hence the completion of the total syn-
thesis. This was conveniently achieved by deprotection of
the remaining silyl ether in 48 followed by oxidation of the
resulting alcohol with PCC to afford the rather labile alde-
hyde 49, which reacted smoothly with the highly func-
tionalized diorganozinc reagent 50[47] in the presence of a
catalyst formed in situ from [Ti(OiPr)4] and bistriflate 51 as
the controller ligand[20] to give alcohol 52 in 81% yield as
a single diastereomer. Beyond doubt, this transformation
constitutes one of the most advanced applications of ligand
controlled dialkylzinc addition reactions to aldehydes
known to date and bears witness to the maturity of this
method.[21] Subsequent β-selective glucosidation of 52 with
trichloroacetimidate 53 followed by an exhaustive hydro-
genolysis of all residual benzyl ether protecting groups pro-
vided the (3R,19S,25R,3�R,17�S,23�R)-configured product 5
which was shown to be identical in all respects to the natu-
ral cycloviracin B1.[38�40]
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3.2. Glucolipsin A

The blueprint of the synthesis of cycloviracin B1 outlined
above can be easily adapted to the synthesis of the related
macrodiolide glucolipsin A (6), a glucokinase inhibitor pro-
duced by Streptomyces purpurogeniscleroticus and Nocardia
vaccinii strains.[48] While spectroscopic investigations had
unraveled the symmetric structure of 6 and showed the
presence of two β-glucose entities within its macrocyclic
core, the absolute stereochemistry of the peripheral chiral
centers remained elusive. This crucial aspect was unambigu-
ously clarified by preparing all possible C2-symmetric iso-
mers and comparing their data with those of the natural
product (Scheme 14).[49] It was again the efficiency and
flexibility of the chosen approach which brought this com-
plete set of compounds within reach.

The required syn- and anti-configured aldol subunits
were prepared by auxiliary guided reactions using the Ev-
ans[50] and Masamune�Abiko methodology,[51] respec-
tively. A representative example is shown in Scheme 14, pro-
viding the (2R,3S)-configured product 56, which turned out
to be the correct building block for the synthesis of gluco-
lipsin. Subsequent glycosidation with trichloroacetimidate
57 followed by hydrolytic cleavage of the auxiliary delivered
the required hydroxy acid 58, which was subjected to the
macro-dilactonization protocol[38] mediated by 2-chloro-
1,3-dimethylimidazolinium chloride (43) in the presence of
admixed potassium cations. Exhaustive cleavage of the
benzyl ether groups in the resulting macrodiolide 59 com-
pleted the synthesis of 6.[49] Surprisingly, however, this
study revealed that the fatty acid moiety of glucolipsin A
comprises a syn-aldol with a (3S)-configured stereocenter,
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Scheme 12. Fragment coupling by a Julia�Kocienski olefination: a) (i) 1-phenyl-5-mercaptotetrazole, DIAD, PPh3, THF, 91%; (ii)
(NH4)6Mo7O24(H2O)7, EtOH/CH2Cl2, 67%; b) (i) LiHMDS, DME, �78 °C, then 47, 61%; (ii) H2 (1 atm), Pd/C, EtOAc, 72%

Scheme 13. Completion of the total synthesis of cycloviracin B1 (5): a) TBAF, THF, 95%; b) PCC, CH2Cl2, 83%; c) [Ti(OiPr)4], ligand
51 cat., reagent 50, 81%; d) donor 53, TMSOTf cat., CH2Cl2/MeCN, 87%; e) H2 (1 atm), Pd/C, EtOH/EtOAc, 88%
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Scheme 14. Total synthesis of glucolipsin A: a) nBu2BOTf, Et3N, CH2Cl2, 63%; b) donor 57, TMSOTf cat., MeCN, 45%; c) LiOH, H2O2,
aq. THF, 79%; d) reagent 43, KH, DMAP, CH2Cl2, 54%; e) H2 (1 atm), Pd(OH)2 cat., MeOH, quant.

opposite to the (3R)-configured motif found in the other-
wise closely related cycloviracin 5.

4. Biochemical and Biological Investigations

While scattered reports on the biological activities ex-
erted by glycolipids of the type discussed in this review are
available in the literature, a more comprehensive picture is
still elusive. Therefore, the samples made available through
the total synthesis projects pursued in this laboratory were
used to gather additional information. Although a more
extensive assessment is still in progress, some promising
data have already been obtained.

The most striking aspect is our recent discovery that gluco-
lipsin 6 and analogues 60�62 inhibit the dual specific phos-
phatase Cdc25A with IC50 values in the low micromolar
range, while being hardly active against the tyrosine phos-
phatase PTP1B in vitro.[49] To the best of our knowledge,
glycolipids have not been identified as phosphatase inhibi-
tors before.[52] The family of Cdc25 dual specific protein
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phosphatases is critically involved in cell cycle control.
Their physiological substrates are cyclin-dependent kinases
which trigger key transitions in the process of eukaryotic
cellular division.[53] Therefore the homologous Cdc25 en-
zymes exert crucial regulatory functions at the crossroads
between cellular proliferation, cell cycle arrest, and
apoptosis. Their oncogenic properties, together with the
fact that Cdc25A and B are overexpressed in many human
tumors, render these isoenzymes molecular targets of ut-
most interest in the quest for anticancer drugs.

As can be seen from Table 1, the IC50 values for the four
diastereomers are identical within the error limit, indicating
that the configuration of the stereocenters in the core region
is not important for Cdc25A inhibition. The β-hydroxyacid
63, which represents the monomeric building block present
in 6, is less selective and inhibits Cdc25A as well as PTP1B,
although with significantly different potency. The fact that
compound 64 as well as cycloviracin B1 (5), which lack the
methyl branch in the β-hydroxyacid segment but contain
polar head groups in their lipidic appendices, are virtually
inactive in this assay provides a first glimpse of possible
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Table 1. Inhibition of Cdc25A and PTP1B by glucolipsin and ana-
logues (n.i.: less than 50% inhibition at 50 µ)

structure-activity relationships in this series. Moreover,
woodrosin I (3) and caloporoside (65), yet another gly-
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colipid previously conquered by total synthesis in our labor-
atory,[54] were also found to be phosphatase inhibitors,
while sophorolipid lactone 4 and tricolorin G 2 elicited no
response.

In addition to the enzymatic assays discussed above, the
cytotoxicity and antiviral activity of selected glycolipids
have been determined.[40] Our data confirm a specific anti-
viral activity for cycloviracin B1 (i.e. the minimal antivirally
effective concentration is � fivefold lower than the minimal
cytotoxic contentration), whereas none of its immediate
precursors was found to exhibit similar effects. This in-
cludes compound 64, representing the intact macrodiolide
core of 5, which is rather cytotoxic but not antivirally active
at subtoxic concentrations. A herpes simplex virus-1 strain
resistant to acyclovir (strain TK� KOS ACVr) shows the
highest sensitivity against 5 in an assay using cultured hu-
man embryonic lung (HEL) cells. While woodrosin I (3) is
effective at similar concentrations, its cytotoxicity is more
pronounced than that of cycloviracin B1. Selected data are
compiled in Table 2. Compound 5 has also been evaluated,
but found to be inactive at subtoxic concentrations, against
Coxsackie B4 virus, respiratory syncytial virus, parain-
fluenza type 3 virus, reovirus type 1, Sindbis virus, and
Punta Toro virus.[40]

5. Conclusions

While total synthesis in general has reached a truly im-
pressive level of sophistication and can bring almost any
target into reach,[55] this field of research faces increasing
skepticism as to its contributions to the overall advance-
ment of science.[56] Since this criticism has to be taken seri-
ously, it seems appropriate to ask ourselves what we have
learned during the synthetic endeavors described above. A
lasting legacy of a total synthesis can consist of new reac-
tions or reactivity patterns discovered in response to the
chosen target. Though incremental, several aspects of the
projects summarized in this feature article may fall into
this category.

There is no doubt that these examples bear witness to the
truly spectacular application profile of modern metathesis
chemistry.[14] The ease with which the ruthenium carbene
complexes 19 and 32 allowed the macrolide rings of tricolo-
rin A (1), tricolorin G (2), or woodrosin I (3) to be formed
constitutes an instructive counterpoint to the subtle diffi-
culties encountered in the assembly of the carbohydrate pe-
rimeters of these targets. It is now widely recognized that
RCM rivals all established methods for the synthesis of
large rings. This transformation has evolved within a few
years into a very reliable tool that can be safely im-
plemented even into complex settings. Chemists have gained
enough confidence in this reaction to subject elaborate and
highly valuable materials to it, with the author of this re-
view being no exception to the rule.[57] Although several
issues related to RCM still remain to be solved, the strategic
advantages of this transformation in general, together with
the remarkable compatibility of the available catalysts, will
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Table 2. Cytotoxicity and antiviral activity of various glycolipids in HEL cell cultures

Compound Minimum Cytotoxic Minimum Virus Inhibitory Concentration[b] (µg.mL�1)
Concentration[a]

(µg·mL�1)
HSV-1 HSV-2 Vaccinia virus Vesicular stomatitis virus HSV-1
(KOS strain) (G strain) (TK� KOS ACVr strain)[c]

5 �200 24 120 24 �200 6.4
64 �16 �16 �16 �16 �16 �16
3 �8 4.8 �6.4 4.8 �8 4.8

[a] Required to cause a microscopically detectable alteration of normal cell morphology. [b] Required to reduce virus-reduced cytopathogen-
icity by 50%. [c] TK�: thymidine kinase deficient; ACVr: resistant to acyclovir.

continue to shape modern organic chemistry. Particularly
noteworthy is the inherent flexibility of this method which
is exemplified, for example, by the ease with which several
analogues of tricolorin A and G differing from the parent
compounds in ring size, and hence lipophilicity, could be
accessed by simple permutations of the acylation pattern of
a common synthetic intermediate.

The syntheses outlined above illustrate yet another im-
portant aspect of RCM which is of even greater heuristic
value. The tricolorins as well as woodrosin have been delib-
erately disconnected within the hydrocarbon chains at sites
remote from the functional groups. This must be seen in
the context of established retrosynthetic analyses which are
uniformly guided by the polarity induced by the substitu-
ents of a given target and therefore invariably opt for dis-
connections at, or close to, the functional groups. Therefore
one must conclude that RCM is complementary to the ex-
isting arsenal and exerts a significant impact on basic con-
cepts of retrosynthetic logic.[58]

Though much less established, the metathesis of alkynes
in general, and the only recently discovered ring-closing
metathesis of diynes (RCAM)[34] in particular, also hold
great promise for target-oriented synthesis, not least be-
cause of the exceedingly high tolerance of the available cata-
lysts. The approach to sophorolipid lactone, together with
several other applications from this laboratory,[59,60] bear
witness to this notion and may encourage more extensive
uses of this versatile methodology in advanced organic syn-
thesis.

The projects outlined above also highlight the reliability
of yet other organometallic bond-forming reactions. This
includes the venerable aldol reaction, the Kocienski modifi-
cation of the Julia olefination, and the ligand-controlled di-
alkylzinc additions to aldehydes. It is believed that the ex-
amples of these transformations shown in Schemes 12 and
13, respectively, involving highly functionalized nucleophiles
are amongst the most advanced cases reported to date.

Furthermore, a comment on the carbohydrate chemistry
exercised in these projects is appropriate. Despite the sub-
stantial methodological advances in glycosylation chemistry
achieved in recent years, our programs showed that the as-
sembly of sophisticated oligosaccharides is still far from
routine. While each synthesis described above substantiates
this aspect, the woodrosin I project stands out in this re-
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gard. Although we lay no claim to the uniqueness of the
trichloroacetimidate method[4] for reaching this particular
target, this reaction has repeatedly served our purposes very
well and the examples summarized above certainly attest to
the performance, reliability and maturity of this transform-
ation. Furthermore, some noteworthy, but largely unex-
plored, aspects of this method became apparent during our
projects: thus, it has been shown that (vicinal) diols can be
regioselectively glycosylated without recourse to protecting
group chemistry, and that this glycosidation strategy can be
executed in an iterative, yet fully selective, way using 1,ω-
unprotected sugars entities.[27]

Finally, the evaluation of the biochemical and biological
properties of the glycoconjugates prepared during our pro-
gram and the immediate precursors thereof has been re-
warding. They have led to the discovery that glycolipids are
promising antiviral agents and act as phosphatase inhibi-
tors that display considerable selectivity for the dual specific
phosphatase Cdc25A, with IC50 values in the low micromo-
lar range.[61] Further studies along these lines are in pro-
gress and will be reported in due course.
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