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ABSTRACT: M. tuberculosis sulfoglycolipids SL-1 and Ac2SGL are
highly immunogenic and potential vaccine candidates. A short and
efficient methodology is reported for the synthesis of SL-1 and
Ac2SGL analogues via regioselective functionalization of α,α-D-
trehalose employing a highly regioselective late stage sulfation, as a
key step. The SL-1 analogues 3a and 4 were obtained in 10 and 9
steps in 13.4% and 23.9% overall yields, respectively. The Ac2SGL
analogue 5 was synthesized in 5 steps in 18.4% yield.

Mycobacterium tuberculosis, the causative agent of tuberculosis, is
one of the deadliest pathogens of global importance.1 Despite
decades of intensive research in antibiotics and vaccine
development, we are still far from a reliable treatment for
tuberculosis. Mycobacterial infections are progressively being
recognized as a major public health risk due to coinfection with
HIV and the emergence of multidrug resistant strains. Today,
approximately 2 billion people, about one-third of the world’s
population, are estimated to be infected with M. tuberculosis. In
2012 alone, nearly 8.6 million people contracted tuberculosis and
1.3 million died from complications of the disease.2 Thus, novel
antibiotics and vaccines are urgently required to control the
spread of this lethal disease.
A distinguishing feature of mycobacteria is that it displays a

vast array of complex lipids, oligosaccharides, and unique
glycolipids on its outer envelope.3 Particularly, many virulent
strains of M. tuberculosis contain large quantities of certain
glycolipids.4 Many of these glycolipids are involved in host
immunomodulation. Goren, in 1972, elucidated the structures of
some of the lipids and established that they possess a common
α,α-D-trehalose core.5 The most remarkable lipid of these is a
sulfated glycolipid, termed sulfolipid-1 (SL-1) 1 (Figure 1),
which is thought to mediate specific host−pathogen interactions
during infection and is a potential virulence factor. Its abundant
and preferential expression in virulent strains of M. tuberculosis
and its location on the outer envelope are suggestive of its
putative vital role in the virulence mechanism. Furthermore, it
has been shown to be immunogenic in human patients and has
utility as a serodiagnostic marker.6

Structurally, SL-1 (1) consists of a trehalose-2′-O-sulfate
disaccharide equipped with four fatty acid groups esterified at
various positions: two hydroxyphthioceranoyl substituents at the
O6 and O6′ positions, a palmitoyl or stearoyl group at the O2
position, and a phthioceranoyl group at O3. In 2004, Gilleron et
al. characterized a structurally related diacyl trehalose sulfolipid
called Ac2SGL 2, specifically found in M. tuberculosis, and
identified it as a potential vaccine candidate for tuberculosis.7

Ac2SGL 2 is also comprised of a trehalose 2′-O-sulfate core, but is
esterified with either a palmitic or stearic acid at the 2-position
and a hydroxyphthioceranic acid at the 3-position. Due to their
immunological potential, both SL-1 and Ac2SGL have received
immense attention from synthetic chemists over the past few
years.8 In 2008, Bertozzi’s group reported the first synthesis of a
model compoundmimicking SL-1 3a9 from D-glucose employing
an intramolecular aglycon delivery (IAD) reaction as a key step
to form the dissymmetrically substituted trehalose core.
Recently, Beau et al. reported a synthesis of SL-1 analogue 3b
as well as its simplified analogue 4 starting from α,α-D-trehalose
via a tandem regioselective protection approach.10 Minnaard et
al.11 accomplished the first total synthesis of SL-1 in its native
form. Toward the synthesis of Ac2SGL, in 2008, Prandi et al.12

reported a regioselective strategy for the synthesis of various lipid
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Figure 1. Mycobacterial sulfoglycolipids and their analogues.
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chain analogs of Ac2SGL including analogue 5. Along similar
lines, total synthesis of Ac2SGL 2was reported byMinnaard et al.
in 2013.13 Very recently, the Beau and Prandi groups synthesized
various analogues differing in the lipid chains at O3, employing
the strategy originally established for SL-1 analogues.14 In
continuation of our studies directed toward the synthesis of
trehalose glycoconjugates,15 herein, we report expeditious
syntheses of SL-1 and Ac2SGL analogues 3a, 4, and 5 via
regioselective functionalization of α,α-D-trehalose, employing a
late stage regioselective 2′-O-sulfation as a key step.
In order to obtain the target sulfoglycolipids in good amount, it

is necessary to develop efficient strategies for the regioselective
protection of trehalose, using minimal protecting groups which
can be also removed swiftly in a single deprotection step without
affecting the acyl chains and the sulfate group. With this in mind,
we decided to explore the tricyclohexylidene acetal derivative of
trehalose which offers the opportunity for a quick desymmetriza-
tion of trehalose, and which provides access to a regioselectively
differentiated 2,3-diol in a single step. Wallace and Minnikin in
1993 reported the preparation of 2,3;4,6;4′,6′-tricyclo-
hexylidene-α,α-D-trehalose 6 from trehalose,16a which was
further used for the synthesis of 2,3-diacyltrehaloses via
sequential acylations with two different acids and subsequent
removal of the cyclohexylidene acetal.16 This short strategy gives
ready access to 2,3-diacyltrehaloses, with the only caveat being
the moderate yields of the tricyclohexylidene protection (40−
45%) and deprotection steps (30−45%).
We envisioned that such an appropriately functionalized 2,3-

diacyltrehalose could be further acylated at the 6,6′-positions by
using the unique reactivity of TMS-protecting groups,15a,17 to
obtain the desired 2,3,6,6′-tetra-O-ester, which in turn could be
expected to undergo regioselective O-sulfation at the 2′-O-
position, owing to the greater acidity of the C2′-OH proton as
compared to the C3′-OH, C4′-OH, and C4-OH. Such a route
would allow a rapid access to SL-1 analogues and could also be
adapted for the synthesis of Ac2SGL analogues. Although the
strategy looked promising, it would involve a highly challenging
regioselective sulfation at a late stage.
We began our synthesis with optimization of the tricyclohex-

ylidene protection and deprotection reaction conditions
(Scheme 1). The one-step preparation of 6 from α,α-D-trehalose
was performed using an increased amount of 1,1-dimethoxy-
cyclohexane (DMC, 12 equiv instead of 8 equiv) and by adding
the reagent in two portions. The reaction was held at 60 °C and
140 mbar pressure on a rotary evaporator for 5 h, and the pH of
the reaction was carefully maintained in the range of 1−2 by
addition of p-TsOH with each portion of the reagent, to obtain
better yields of 6 (69%). Diol 6 upon treatment with palmitic acid
(2.5 equiv) and DCC furnished the di-O-palmitoyl derivative 7a
(92%), whereas a regioselective 2-O-palmitoylation (7b, 67%)
followed by acylation at the 3-O-position with S-2-methylocta-
decanoic acid18 using DCC-mediated coupling reactions
afforded 7c (86%). Hydrolysis of the cyclohexylidene acetals in
diacyltrehalose derivatives has been reported using either 10% aq
HCl−THF (2:1) at 20 °C (31%)16a or 75% aq AcOH at 85 °C
for 16 h (44%).16b Slight modifications to the conditions, i.e.
heating 7a or 7b in 80% aq AcOH at 80 °C for 2 h, furnished 8a
(85%) and 8b (79%), respectively, in much higher yields.
Alternatively, addition of aq TFA to a solution of 7a in THF at 0
°C and stirring at rt for 15 min followed by immediate
evaporation of the solvents on a rotary evaporator (at 35−37 °C)
furnished 8a (81%).

All attempts to directly acylate O6 and O6′ in hexaols 8a and
8b failed. So, the free hydroxyl groups in 8a and 8b were
protected as TMS ethers using TMSCl and pyridine;17 this
afforded compounds 9a and 9b, respectively (Scheme 2).
Regioselective deprotection of the primary TMS groups of the
hexa-TMS derivatives 9a/9b also turned out to be a difficult task.

Scheme 1. Synthesis of Diacyltrehaloses 8a and 8b

Scheme 2. Synthesis of Tetra-O-esters 12a and 12b
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The most commonly used method, K2CO3−MeOH,15a,17 when
applied to compound 9a, offered a poor yield (20%) of the
desired 6,6′-diol 10a. Acidic conditions (AcOH−MeOH/
Acetone)19 also turned out to be nonselective. When compound
9awas subjected to TMS deprotection using 2 equiv of NH4OAc
in MeOH/CH2Cl2 (1:1) at rt,20 very little conversion was
observed even after 12 h. The best results were obtained by using
10 equiv of NH4OAc in MeOH/CH2Cl2 (1:1) for 14 h at rt to
afford 10a in 80% yields. These conditions worked equally well
for 9b, furnishing 10b (77%). Diols 10a and 10b were then
subjected to DCC-mediated 6,6′-diacylations with palmitic acid
and the known S-2-methyl-eicosanoic acid18 to obtain the tetra-
O-ester derivatives 11a (98%) and 11b (95%). The remaining
TMS groups were removed by acid promoted hydrolysis using
Dowex 50WX8 inMeOH/CH2Cl2 to obtain 12a (94%) and 12b
(95%).
As anticipated, regioselective 2′-O-sulfation of the tetraol 12a

proved a challenging task. Initial attempts at 2′-O-sulfation with
SO3·Pyridine and SO3·Et3N (DMF/Pyridine)12 met with little
success (<10% conversion). Use of catalyst dimethyltin
dichloride and SO3·Me3N for the transformation improved the
yield and selectivity of the reaction to afford compound 4 (45%),
mixed with a minor regioisomer which could not be separated
from the product even after repeated column chromatographic
purifications. Toward this end, we turned our attention to the
protected sulfuryl imidazolium salts (SIS), which were used
earlier as mild and regioselective sulfating agents for carbohy-
drate and noncarbohydrate substrates.21 Trichloroethyloxy-
sulfuryl imidazolium triflate salt21a has been used in the synthesis
of trehalose based glycolipids SL-1 and Ac2SGL.

11,13 Although
this is a good method for regioselective sulfation, yields for
removal of the trichloroethyl protecting group using catalytic
hydrogenation conditions were not satisfactory in the case of
trehalose glycolipids. In comparison, the other and less explored
variant of the SIS salt, trifluoroethyloxysulfuryl imidazolium
triflate21b was shown to be equally selective on 2,3-diols and the
trifluoroethyl group (TFE) could be deprotected by heating with
NaN3. This reagent combination has not previously been
explored on a trehalose scaffold. Owing to the mild conditions
this requires for deprotection, we decided to try out TFE SIS as a
sulfation agent for our studies. The results of the various reaction
conditions, reagents, and yields are summarized in Table 1. As
shown in entry 1, whenO-sulfation was carried out using the TFE
SIS reagent (4 equiv) and 1,2-dimethylimidazole as a base at 0
°C, with stirring at rt for 3 days, we obtained the 2′-O-sulfated
product 13a in a low yield of 33%, along with recovery of starting

material 12a (47%). Increasing the equivalents of the SIS reagent
up to 8 equiv did not change the outcome of the reaction (entry
2). Use of DMAP in place of 1,2-DMI also proved futile, and 13a
was obtained in 36% yield (SM recovered, 40%, entry 3).
Gratifyingly, the best yields for sulfation of 12a were obtained
when Et3N was employed as a base (entry 4). When Et3N was
added into the solution of 12a and the SIS reagent (4 equiv) in
CH2Cl2 at rt, the reaction was complete in 20 min affording the
2′-O-sulfated product 13a (77%) in a highly regioselective
manner. The regioselectivity of sulfation was confirmed by
observing the downfield movement of the C2′ proton in the 1H
NMR spectrum recorded in CDCl3 (δ 4.46, dd, J = 9.5, 3.5 Hz)
and by using COSY analysis (see Supporting Information (SI)).
Deprotection of the TFE-protecting group proceeded smoothly
with NaN3 to furnish the 2′-O-sulfated tetra-O-palmitoyl
analogue of sulfolipid 4 in 78% yield. The identity of the product
was established with the help of 2D NMR spectroscopy and by
comparing with literature data.10 In a similar manner (Scheme
3), the sequence ofO-sulfation and TFE group deprotection was

carried out on 12b with similar efficiency to obtain sulfolipid
analogue 3a (75%), via intermediate 13b (82%). The NMR data
of 3amatched well with the data reported by Bertozzi et al.9 The
structure of 3a was also independently confirmed by 2D NMR
analysis (see SI).
Ac2SGL 2 is an intermediate metabolite in the synthesis of SL-

1 in M. tuberculosis. We envisioned that it would be possible to
synthesize the Ac2SGL analogue 5, if the five-membered 1,2-trans
cyclohexylidene acetal at the 2,3-position in 7a was hydrolyzed
selectively (Scheme 4). Accordingly, we attempted selective
hydrolysis of the 2,3-cyclohexylidene acetal in 7a using
pyridinium p-toluene sulfonate (PPTS) in methanol at rt.
Under the conditions, we obtained the desired 2′,3′-diol 14 in a
low yield of 35%. Alternatively, treatment of 7a with AcOH (4
mL/g) in MeOH (25 mL/g) at 60 °C for 1 h afforded 14 in 50%
isolated yield along with recovered starting material 7a (18%).
When sulfation of 14 was carried using the above optimized
conditions, i.e. using the SIS reagent (4 equiv) and employing
triethylamine as a base, we found that the reaction was very
sluggish and offered poor yields (15%) and selectivity. When the
same reaction was carried out under earlier reported
conditions,21b viz. SIS reagent and employing 1,2-DMI as a
base, we observed a dramatic change in the reaction output,
obtaining the 2′-O-sulfated product 14 in 52% yield along with
the minor 3′-O-sulfated product. The reasons behind the
reversed efficiency of sulfation of tetraols 12a/12b and diol 14
are not clear. Perhaps, this could be attributed to the difference in
the amphiphilicity and conformational flexibility of the two

Table 1. Regioselective Sulfation of 12a

entry reagents t (°C) time yield (%)

1 SIS (4 equiv), 1,2-DMI 0 to rt 3 d 33
2 SIS (8 equiv), 1,2-DMI 0 to rt 3 d 30
3 SIS (4 equiv), DMAP 0 to rt 3 d 36
4 SIS (4 equiv), Et3N rt 20 min 77

Scheme 3. Synthesis of SL-1 Analogue 3a
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substrates. The sulfate protecting TFE group was removed under
NaN3 heating conditions to furnish 16 (76%). Alternatively,
sulfation of 14with SO3·Me3N (1.5 equiv) usingMe2SnCl2 (0.25
equiv) as a catalyst delivered 16 in a single step in 66% yield (14
recovered, 15%). The cyclohexylidene acetals were removed by
hydrolysis with aq TFA to afford the Ac2SGL analogue 5 in good
yield (88%). The NMR data of 5 corroborated well with the
reported data12 revealing its identity which was further
independently confirmed by 2D NMR analysis (see SI).
In conclusion, we have established a short and efficient route

for the synthesis of trehalose-based mycobacterial glycolipid SL-
1 via tricyclohexylidene acetal protection, exploiting a unique
reactivity difference of the TMS protecting groups at the primary
and secondary positions and regioselective 2′-O-sulfation. We
applied this strategy for the synthesis of two analogues of SL-1,
compounds 3a (10 steps, 13.4% overall) and 4 (9 steps, 23.9%
overall). We also report the synthesis of Ac2SGL analogue 5 in 5
steps with 18.4% overall yields. Glycolipids 3a, 4, and 5 are
immunogenic compounds. These structurally well-defined and
chemically homogeneous compounds, which are also free from
biological contaminants, can now be potentially utilized as
serodiagnostic markers and for vaccine development. This
straightforward methodology can also be used for the rapid
synthesis of various lipid chain analogues of sulfolipids and
related metabolites of M. tuberculosis.
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