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1. Introduction

In a 1876 report Eugen Baumann described the isolation of
a crystalline ‘phenol-forming’ substance from horse urine and
denosine-50-phosphosulfate; PSGL
ulfate; –OSO3

�, Sulfate; DEFGH, Hig
ulfamic acid; DCC, N,N0-Dicyclohex
Sulfur trioxide; Py, Pyridine; Me3N
te; ZnCl2, Zinc chloride; PhBCl2, Ph
orenyl-methoxycarbonyl; DCV, Di
; TBDMS, tert-Butyl dimethyl silyl;
ne; EtOAC, Ethyl acetate; AcOH, Ace
Room temperature.
: þ1 804 827 3664.

All rights reserved.
showed that the substance was related to m- and p-phenol sulfonic
acids. Later the substance was identified as potassium phenyl sul-
fate and found to be essentially nontoxic because 2.6 g could be
administered to rabbits without any adverse consequences.
-1, P-Selectin glycoprotein ligand-1; CCR5, Chemokine receptor-5; HIV-1, Human
h affinity pentasaccharide sequence of heparin; H2SO4, Sulfuric acid; CCl4, Carbon
ylcarbodiimide; APTT, Activated partial thromboplastin time; SO2, Sulfur dioxide;
, Trimethylamine; Et3N, Triethylamine; DMF, N,N-Dimethylformamide; TCE, 2,2,2-
enyl boron dichloride; Et3SiH, Triethyl silane; DBU, 1,8-Diazabicyclo[5.4.0]undec-7-

chlorovinyl; Pd/C, Palladium-activated carbon; H2, Hydrogen gas; Boc, tert-Butoxy-
GAG’s, Glycosaminoglycans; equiv, equivalent; TfOH, Triflic acid; EtOH, Ethanol; Pt.
tic acid; PhB(OH)2, Phenyl boronic acid; p-TsOH, p-Toluenesulfonic acid; MeC(OEt)3,
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Baumann also noticed that phenol, catechol, and indole were ex-
creted extensively as covalently bound sulfuric acid esters when
administered to dogs and/or patients. This appears to be the first
report on detoxication of phenol and related aromatic molecules
and highlights the pioneering work of Eugen Baumann in the
chemistry and biochemistry of sulfate esters.1 Sulfate esters are
now recognized as modulators of a number of important physio-
logical and pathological processes.

Nature appears to use sulfation of endogenous and exogenous
molecules for primarily two purposes including enhanced elimi-
nation to avoid potential toxicity and induction of specific cellular
or acellular responses. Sulfated molecules may also serve as res-
ervoirs of bioactive principles, which are released upon sulfatase-
mediated hydrolysis.

Sulfation of xenobiotics is an important mechanism of removing
potentially toxic agents from our body.2 Metabolic sulfation, or
more appropriately sulfonation, occurs in the cytosol through the
action of one of the sulfotransferases and 30-phosphoadenosine-50-
phosphosulfate (PAPS), which donates the activated sulfonate
group (SO3

�) to an acceptor alcohol, phenol or amine group.3 This
introduces anionic character in the molecule, thereby enhancing its
excretion properties to avoid potential adverse effects.

Even more interesting is exploitation of an essentially similar
mechanism to induce a specific biological response. This mecha-
nism involves the sulfation of biological molecules, especially car-
bohydrates, to generate unique sulfated ligands. The enzymes that
catalyze these biotransformations are sulfotransferases, i.e., car-
bohydrate sulfotransferases, which play important roles in cell
signaling, adhesion and several other functions.4–6 A key example is
sialyl Lewis X for which sulfonation at 6-position of its N-acetyl
glucosamine and galactose components enhances the recognition
of C-type lectins (L-selectin) (Fig. 1), thus mediating the
recruitment of leukocytes to tissue.7 Sulfated tyrosine has been
implicated in high affinity binding of P-selectin glycoprotein
ligand-1 (PSGL-1) with P-selectin, 8–11 which plays a major role in
pro-inflammatory response. Likewise, sulfation of tyrosine of the
N-terminus of chemokine receptor CCR5 facilitates human immu-
nodeficiency virus-1 (HIV-1) entry into host cells.12 Finally in the
class of unique molecules generated by biosynthetic sulfation, the
Figure 1. Structures of endogeneous sulfated ligands shown to be involved in generating sp
Lewis X and DEFGH) are known to be essential for interaction with target proteins. Such s
specific sequences present in polymeric heparin/heparan sulfate
(H/HS) is nature’s engineering feat.13,14 The sequences engineered,
e.g., the antithrombin- and glycoprotein D-binding HS sequences
(Fig. 1), possess exquisite specificity for their target proteins pri-
marily because of the three-dimensional constellation of their key
sulfate groups (–OSO3

�).15–18

In addition to the above metabolic and biosynthetic uses, sul-
fation is an important mechanism for regulating bioactivity of
certain molecules. For example, steroid sulfates may not function as
hormones, but appear to serve as precursors of active steroids,
which are formed by sulfatase-based hydrolysis of the sulfate
group. There is growing evidence that intracellular sulfation and
desulfation play important roles in regulating the availability of
active steroid hormones near the target sites.19

Although many sulfate group–protein interactions are primarily
non-specific, i.e., do not require a unique ‘pharmacophore’ for
eliciting a biological response, several interactions are known to be
driven by specific recognition of one or more sulfate groups. The
primary reason for specificity, or lack thereof, is nature of forces
dominating the interaction. An electrostatic interaction, as present
in a purely anion–cation point pair, is non-directional and hence
non-specific (Fig. 2). In contrast, a hydrogen bonding interaction, as
may be present between two strongly electronegative or ionic
points sandwiching a hydrogen atom, is a directional interaction
responsible for generation of specificity. The thrombin–heparin
system involves multiple sulfate groups interacting with several
arginine and lysine residues. Yet, the system is considered as non-
specific because the principal contribution to affinity arises from
electrostatic forces.20,21 On the other hand, the heparin penta-
saccharide DEFGH–antithrombin system (Fig. 3) is highly specific
because non-ionic forces, such as multiple hydrogen bonds, are
primary contributors to the free energy of binding.22–24 It is in-
teresting to note that a sulfate group can introduce both specific
and non-specific interactions, and therein lies the challenge of
modulating sulfate–protein interaction.

The growing importance of natural sulfated ligands, either
mono-sulfated or poly-sulfated, conveys similar importance to
appropriately designed, non-natural, sulfated scaffolds. For exam-
ple, Tamura and Nishihara report the stereo-selective synthesis of
ecific physiological or pathological responses. Sulfate groups highlighted in blue (Sialyl
ulfate groups have not been rigorously identified for glycoprotein D octasaccharide.
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Figure 2. Interaction of sulfate group(s) with positively charged nitrogen containing groups. (A) The interaction relies solely on the ionic charges on the two groups. This interaction is
defined as Coulomb-type interaction and occurs over a longer range in comparison to other atomic interactions. It is isotropic and does not involve any geometrical constraints. (B) The
interaction between a Lys or an Arg with one or more sulfate groups may sandwich an H atom resulting in the formation of a hydrogen bond. This H-bond may not be linear, yet provides
sufficient energy to engineer specificity of recognition. The stoichiometry of interaction here may be 1:1 or 1:2 per nitrogen atom. (C) For arginine, a linear H-bond geometry is feasible
generating significant bond energy and greater specificity of recognition. The stoichiometry of interaction here is 1:1. Geometry (C) is expected to be most stable.

Figure 3. Close-up view of the heparin-binding site in antithrombin. The structure of
co-complex was obtained from PDB (filename ‘1e03’). Green ribbon shows anti-
thrombin and magenta represents the heparin-binding site. Pentasaccharide DEFGH is
shown in ball-and-stick representation. Extensive interactions between antithrombin
arginine and lysines with multiple sulfate groups of DEFGH engineer the high affinity,
high specificity interaction. Majority of the non-ionic binding energy involved in the
heparin–antithrombin interaction is thought to arise from the hydrogen bond type
interaction with sulfate groups. Figure modified from Ref. 98.
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sulfated glycosyl serine derivatives as mechanistic probes to better
understand the mechanism of sorting that occurs in the initial steps
of glycosaminoglycan (GAG) biosynthesis.25 Similarly, isosteres of
CCR5 tyrosine sulfate have been designed as tools to understand
HIV-1 entry.26

Another major application of designed sulfated scaffolds is as
agonists/antagonists of biological processes. For example, several
large and small aromatic H/HS mimetics including sulfated flavo-
noids27,28, benzofurans29, isoquinolines30 and sulfated dehy-
dropolymers of the lignin-type31,32 have been designed to
modulate the function of coagulation proteins such as antithrom-
bin, thrombin and factor Xa. The design of such highly sulfated,
non-natural molecules suggests a strong possibility of discovering
novel sulfated non-carbohydrate pharmaceutical agents. Likewise,
the carbohydrate literature is replete with numerous reports on the
synthesis of non-natural oligosaccharides bearing one or more
sulfate groups.16,33 Of these, at least one oligosaccharide, fonda-
parinux, has reached the clinic to treat deep vein thrombosis.

Although sulfation appears to be a one-step reaction, chemical
synthesis of sulfated small molecules is challenging. The in-
troduction of a sulfate group drastically alters the physico-chemical
properties of the small molecule. Nearly all sulfated molecules are
water soluble, which makes them difficult to isolate in highly pure
form. A common problem is the presence of inorganic salts, the
proportion of which is usually higher at small synthetic scales34

and which lead to significant inconsistencies. Another challenge
is the lability of sulfate groups to acidic conditions and high tem-
peratures.35,36 An additional problem is the lack of maneuverability
following introduction of sulfate group. Few functional group
transformations can be successfully performed in the presence of
sulfate group, which essentially forces the design of the synthetic
scheme to include sulfation as the final step. These complications
increase geometrically for a poly-sulfated scaffold. Although theo-
retically, a synthetic approach for a mono-sulfated scaffold should
be easy to extend to a poly-sulfated scaffold, yet practically it is
a synthetic nightmare because of the generation of significantly
higher negative charge density.37 The major challenge is driving the
reaction to completion to sulfate all available reactive functional
groups (e.g., ROH or PhOH). As the number of alcoholic/phenolic
groups increase on a small scaffold, sulfation becomes pro-
gressively difficult because of anionic crowding, resulting in nu-
merous partially sulfated side-products.34 Finally, lack of
regioselectivity can be expected to become a dominant issue with
polyfunctional substrates.

Given the growing importance of sulfated natural as well as
non-natural scaffolds, we review the most widely applicable
chemical sulfation protocols. Chemical sulfation reaction is an age
old reaction and recent developments attempt to make it more
‘user friendly’. Yet, major improvement in technology is necessary
to harvest the fruits of significant improvements in understanding
the biology of sulfate esters.
2. Chemical sulfation approaches

2.1. Sulfation using sulfuric acid

Literature reveals that sulfation used to be carried out with
sulfuric acid (H2SO4) in the early part of the 20th century.38 H2SO4

can directly sulfate alkenes and cycloalkenes at moderate temper-
atures and mild pressures. Mechanistically, a Markownikoff prod-
uct is obtained. H2SO4 also sulfates saturated monohydric alcohols,
although the formation of water in the reaction results in only 65%
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yield of the sulfate ester from equimolar concentrations of acid and
alcohol.39 Addition of excess acid, the removal of water through
a Deans–Stark distillation unit and CCl4, adding boron sulfate
(a dehydrating chemical) and sulfation in vacuo have been
attempted to enhance yields.38

Polyhydric alcohols, e.g., polyethylene glycol, glycerol, and poly-
vinyl alcohol, and polysaccharides, nitrogenous and non-nitrogenous,
have been sulfated using H2SO4. Although H2SO4 could sulfate cel-
lulose under mild conditions, e.g., 5 �C in CH2Cl2 or at�10 �C in liquid
SO2, it is advisable to convert it into bis-(2-chloroethyl)ether adduct,
a less reactive form, with 1,2-dichloroethane as solvent.40 Other ap-
proaches in this line of work, such as using SO2 as a moderating sol-
vent, have also been explored.41

A modified form of sulfuric acid exploited for sulfation is sul-
famic acid (H2NSO3H), which has been used for synthesis of satu-
rated monohydric alcohol sulfates and carbohydrate sulfates. Since
it is less reactive and more expensive than other sulfating agents, it
is a reagent to explore when others fail. Sulfamic acid sulfation of
long chained primary alcohols gives poor yields and dark-colored
products. Nevertheless, phenolic ethylene oxide condensates are
preferably sulfated with sulfamic acid.42 Catalysts such as pyridine,
urea, thiourea, and acetamide have been used to improve the
outcome of sulfation of long chain secondary alcohols and mono-
and di-esters of glycerol. Cellulose is reported to undergo degra-
dation when heated with sulfamic acid alone, but in presence of
urea satisfactory sulfation occurs at 140 �C in 30 min.40 Despite its
usefulness for sulfating simple alcohols that are available in
abundance, the main problems in H2SO4-based sulfation are the
numerous side reactions including dehydration, nonselective sul-
fation and scaffold degradation.
2.2. Dicyclohexylcarbodiimide-mediated sulfation

The first sulfation of aliphatic/alicyclic alcohols using dicyclo-
hexylcarbodiimide (DCC) and H2SO4 was reported by Mumma in
1966 (Scheme 1). The alcohol, DCC, and H2SO4 were allowed to
react in a fixed ratio of 1:5:1, respectively, in DMF at low temper-
ature (~4 �C) for about 15 min. The order of addition of reactants
was found to be important with alcohol being added to DCC fol-
lowed by H2SO4. The proposed mechanism involves the formation
of a solvated, protonated DCC/H2SO4 intermediate (Scheme 1),
followed by a nucleophilic attack of the alcoholic group onto the
sulfur atom producing the monosulfate ester and dicyclohexylurea.
Scheme 1.
The reaction appeared to show concentration-dependent regio-
selectivity for alcohols. Under dilute conditions only unhindered
hydroxyl groups were sulfated, while higher concentrations led to
per-sulfated products.43,44 For example, under dilute conditions the
phenolic group of estrone or estradiol-17b-acetate could not
be sulfated, whereas only one 35S-labeled product was obtained in
the case of estradiol and corticosterone suggesting that aliphatic
unhindered 1� or 2� alcohols are preferentially sulfated.44 In a sim-
ilar manner, sulfation of methyl a- and b-D-galactopyranosides and
4-O-b-D-galactopyranosyl-3,6-anhydro-L-galactose dimethylacetal
led primarily to the 6-O-sulfated product.45 The steric bulk of DCC/
H2SO4 complex is likely to reduce the accessibility of the reagent to
the sterically hindered hydroxyl groups.

The versatility of this protocol has been tested through sulfation of
other functionalities including phenols, mercaptans, amines, and
oximes. These groups can be sulfated in reasonably good yields using
an essentially identical protocol with minor modifications. Yet, these
functional groupstypically require higherconcentration of reactants.44

This protocol was also used for O-sulfation of cholecystokinin
octapeptide without protection of the amino acid side chains.
A maximal yield of 40% could only be achieved with fourfold excess of
H2SO4 and 40-fold excess of DCC highlighting the challenges involved.
The purified sulfated octapeptide 1 was active in stimulating amylase
secretion from rat pancreatic fragments, and amino acid analysis
confirmed the sulfation of tyrosine residue in the peptide.46 Similarly,
the tyrosine residue of a synthetic dodecapeptide, designed as a hir-
udin mimic, was sulfated by the DCC/H2SO4 method. The sulfated
hirudin mimic displayed an order of magnitude higher inhibitory
activity in traditional clotting assays, the activated partial thrombo-
plastin time (APTT) and thrombin time.47

Although the DCC-mediated sulfation protocol gives good yields
of monoalkyl sulfates, the formation of the relatively insoluble
dicyclohexylurea complicates the direct isolation of the sulfated
product. Rather large volumes of methanol are required for dis-
solving dicyclohexylurea, especially during the DEAE–cellulose
column chromatography.48 To ease the isolation, several carbodi-
imide derivatives have been investigated. Aromatic derivatives of
carbodiimides generally gave poor yields of the final sulfated
product in contrast to those with aliphatic groups. The best yields
were noted with L-cyclohexyl-3-(2-morpholinoethyl)carbodiimide
methyl-p-toluene sulfonate 2, which releases a more water soluble
carbodiimide derivative. In parallel, reaction conditions were in-
vestigated using THF, dioxane, and alcohols as solvents. Although
monoalkyl sulfates were the major products with THF and dioxane,
many undesirable side products were obtained and reactions were
uncontrollable. When alcohols were used as both solvent and re-
actant, mono- and di- alkyl sulfates were formed.49
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2.3. Sulfation using sulfur trioxide–amine complexes

The DCC/H2SO4-based is not amenable to sulfation for many
sensitive scaffolds considering the strong acidity of sulfuric acid,
while direct sulfation of alcoholic or phenolic groups using sulfur
trioxide (liquid or gas) is fraught with other multiple problems in-
cluding polymerization and difficulty of handling SO3.43 Thus, SO3 is
preferentially used as adduct with amine, amide, ether, or phosphate
containing molecules. These organic complexes are relativelyeasy to
prepare by bubbling SO3 gas into a solution of the preferred organic
base or byadding the base to the SO3–organic suspension;50 are solid
at room temperature; and are relatively stable at high temperatures.
These complexes have been used for sulfating a variety of scaffolds
containing alcoholic, phenolic, amine, thiol and other functional
groups. Complexes of SO3 with organic bases including pyridine
(Py), trimethylamine (NMe3), and triethylamine (NEt3), or amides
such as DMF have typically found extensive usage.51–55

NMe3 and NEt3 complexes with SO3 appear to be well suited for
sulfation of alcoholic groups present in carbohydrates, steroids, and
aliphatic or alicyclic scaffolds. For instance, Kakiyama et al. report
the chemical synthesis of 3b-sulfooxy-7b-hydroxy-24-nor-5-chol-
enoic acid 3 as an internal standard for mass spectrometric analysis
of the abnormal D5-bile acids occurring in Niemann–Pick disease.56

The mono-sulfated steroid was synthesized in 76% yield using
5 equiv of SO3–NMe3 complex per –OH group in dry pyridine at
room temperature within 1 h. Another example is the synthesis of
2-sulfated form of a-L-iduronate glycosides using 1.5 equiv of SO3–
NMe3 per –OH group in dry DMF at 55 �C for 24 h.57 A lengthy series
of steroid sulfates have been prepared using SO3-NEt3 complex in
which selective sulfation was observed for unhindered hydroxyl
groups at room temperature, while heating to 70–95 �C led to
sulfation of hindered alcoholic groups.58 Polyhydroxysteroids have
also been sulfated using 1.5 equiv of SO3-NEt3 per hydroxyl group at
95 �C.59 Highly sulfated b-D-glucopyranoside derivatives were
synthesized in varying yields of 22–86% with SO3–NMe3 complex at
70 �C in dry DMF.60
Scheme 2.
Scaffolds based on phenolic structures and containing more
acidic –OH groups appear to be better sulfated with SO3 complexes
with weaker bases such as pyridine and DMF. Additional consid-
erations also play a role including the stability of the resulting
quaternary salt, the ease of the product purification, and the sim-
plicity of the sulfating complex preparation. For example, it would
be preferable to sulfate tyrosine under neutral or mildly basic
conditions. Fujii et al. report SO3–Py complex as more suitable
sulfating agent than pyridinium acetyl sulfate for tyrosine sulfa-
tion.61 Yet, sulfation with SO3–Py is known to result in considerable
coloring and SO3–Py complex is not readily soluble in water or
ether leading to difficulties in work-up. Futaki et al. report that
sulfation of Boc–tyrosine-OH with SO3–DMF complex (1:5 ratio) at
25 �C gives 20% better yields than SO3–Py complex under similar
conditions. DMF is a weaker base than pyridine, which implies that
the partial positive charge on the sulfur atom of the SO3–DMF
complex would be greater than that in the SO3–Py complex. Thus, it
is likely that the nucleophilic attack on SO3–DMF complex would be
more favorable resulting in higher yields.62

SO3–Py complex has been most often used for sulfation of car-
bohydrate scaffolds. Popek et al. have prepared 2,3:4,5-di-O-iso-
propylidene-b-D-fructopyranose-1-sulfate 4 using SO3–Py complex
at 55 �C in ~80% yield.63 Another representative example is the
synthesis of 2-sulfates of glucose and galactose, which also utilized
SO3–Py complex at room temperature for 20–36 h.64 Likewise, syn-
thesis of heparin pentasaccharide and its derivatives have been most
often exploited SO3–NMe3 and SO3–Py complexes.16,65,66 In one
protocol, O-sulfation was simultaneously accomplished at five posi-
tions (D unit: 6-OSO3

�, F unit: 3 and 6-OSO3
�, G unit: 2-OSO3

�, H unit:
6-OSO3

�) in 85% yield using 2.5 equiv per –OH of SO3–NMe3 complex
(Scheme 2). Following O-sulfation, triple N-sulfation was achieved
with 3 equiv of SO3–Py complex per –NH2 group in 63% yield (D unit:
2-NSO3

�, F unit: 2-NSO3
�, H unit: 2-NSO3

�). It is interesting to note that
the triple N-sulfation was achieved in H2O at pH 9.5 in presence of
exposed –OH groups suggesting major regioselectivity in recognition
of the amine groups (Scheme 2). A recent report achieves simulta-
neous sulfation at seven positions (D unit: 6-OSO3

�, F unit: 2, 3 and 6-
OSO3

�, H unit: 2, 3 and 6-OSO3
�) to synthesize idraparinux in one step

using excess SO3–NEt3 in 93% yield (not shown), which should be
considered an achievement from the synthetic perspective.67 Finally,
Tully et al. synthesized a tetrasaccharide bearing two sulfate groups
at position 4- and -6 of the D-galactosamine unit (Scheme 3), the
minimum structural motif in chondroitin sulfate required to promote
the neuronal growth, using 10 equiv of SO3–NMe3 complex per –OH
group in DMF at 50 �C for 2 h.54



Scheme 3.

Scheme 5.
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Recently, a microwave-based protocol has been developed to
enhance the rate of sulfation of phenolic structures, especially
those with multiple phenolic groups.34 Per-sulfation of small
polyphenolic scaffold is typically difficult because of anionic
overcrowding as well as reduced stability of highly sulfated
products to high temperatures. It was reasoned that microwaves
are likely to induce significant rate enhancements because the
sulfated intermediates may couple to microwaves through ionic
conduction. Acetonitrile, instead of the commonly used DMF, was
used as the solvent for its microwave-friendliness and ease of
evaporation. Further, presence of free base in the reaction mix-
ture was proposed to promote the difficult per-sulfation reaction.
Optimal results were achieved by using SO3-amine complex
(–NR3 or –Py, where R¼Me or Et) at approximately 6–10 times
molar proportion per phenolic group in the presence of micro-
waves at 100 �C (Scheme 4). Using these conditions, per-sulfated
products could be isolated in ~70–95% yield.34 Of special note
was the synthesis of a crowded 3,4,5-trisulfated structure, which
was essentially impossible to isolate through traditional sulfation
protocols.
Scheme 4.
Microwave-assisted sulfation approach has opened a new ave-
nue to access polysulfated organic compounds mimicking glycos-
aminoglycans. This protocol seems to tolerate a range of functional
groups such as amides, esters, aldehydes as well as alkenes. Besides,
the high yield of the products makes the method convenient for
construction of sulfated compounds library. The method can be
applied uniformly toward the synthesis of mono- to hexa-sulfated
compounds, which is important considering that repulsive intra-
molecular forces are thought to limit polysulfation resulting in
a mixture of partially sulfated products. Both alcoholic and phenolic
hydroxyl groups can be sulfated equally well using SO3–Py complex
as the sulfating agent. This method appears to provide the
per-sulfated product in high purity using a one step aqueous G-10
filtration column. The method is particularly convenient for quan-
titative isolation of small amounts (<10 mg) of the per-sulfated
products and may be possible to scale up. Recently, this protocol
has been applied successfully in synthesis of non-saccharide,
allosteric antithrombin activators.30 The application of
microwave-assisted sulfation to amine, thiols and other functional
groups remains unexplored.

In contrast to the above microwave-assisted sulfation, which can
be categorized as high temperature, base-catalyzed reaction, Krylov
et al. have recently reported low temperature, acid-catalyzed
sulfation reaction.68 The general protocol involves addition of
SO3–NEt3 complex to a DMF solution of the poly-alcohol followed
by addition of triflic acid (1.6–3.0 equiv/–OH group) at �20 �C. The
suggested mechanism is that triflic acid liberates SO3 from the
amine complex in situ and negates the requirement for high tem-
peratures. This approach has been useful for per-O-sulfation of
poly-alcoholic scaffolds and has been used to synthesize tetra-
sulfated forms of lignans, isolariciresinol and secoisolariciresinol,
pentasulfated form of flavonoid dihydroquercetin, hexa-sulfated
form of cyclitol myo-inositol, and nonasulfated form of an
oligosaccharide (Scheme 5). The yields of the per-sulfated products
were a commendable 53 to 77% depending on the structure of the
reactant.68
2.4. Protection/deprotection strategies

Despite the success of direct sulfation strategy, syntheses of
complex molecules containing multiple sulfate groups may turn
out to be challenging. Insolubility of sulfated molecules in organic
solvents and limited development of water-based chemical trans-
formations may pose considerable hurdles in the synthesis of
complex sulfated molecules. Further, the acid stability of sulfated
molecules is also suspect.36 Consequently there is growing interest
in developing protection/deprotection strategies in which sulfate
group(s) are introduced into the target scaffold in a masked form at
an intermediate step. Following appropriate transformations, the
unmasking of the sulfate group is achieved through a simple
deprotection step. This is an attractive approach because the in-
termediate containing the masked sulfate can be usually purified
using traditional synthetic methods, characterized in detail using
standard spectroscopic tools, and is usually stable to a wider range
of functional group transformations.

Penney and Perlin describe the strategy of using phenyl chloro-
sulfate to introduce a masked sulfate in monosaccharides.69

Reaction of phenyl chlorosulfate with 1,2:5,6-di-O-isopropylidene-
a-D-glucofuranose (Scheme 6) gave the corresponding sulfated form
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in 75% yield. The removal of the phenyl group was effected through
catalytic hydrogenation on platinum oxide under alkaline condi-
tions. It is important to note that the phenyl group is first perhy-
drogenated to the cyclohexyl group, which undergoes cycloalkyl
fission to release cyclohexanol and the desired sulfated D-glucofur-
anose.69 The masked sulfate intermediate, phenyl monosaccharyl
sulfate diester, can be expected to endure a number of trans-
formations including selective acid-hydrolysis, acetolysis, deacety-
lation, and fluoride-mediated removal of trialkylsilyl substituents,
which may facilitate important structure modifications. However,
reports exploiting such an opportunity in the synthesis of sulfated
saccharides are limited in the literature.70 A probable reason for this
state is the low or variable yield of the deprotection step.
Scheme 6.

Scheme 7.

Scheme 8.
To address this deficiency, a new protocol was developed in-
volving 2,2,2-trifluoroethyl protecting group.71 In this strategy, the
trifluoroethyl group was introduced by treating sulfate monoesters
of carbohydrates with 2,2,2-trifluorodiazoethane, a highly toxic and
potentially explosive agent. Following the desired manipulation of
carbohydrate structure, the trifluoroethyl protecting group was
removed using potassium tert-butoxide at high temperature. It is
important to note that the demasking conditions in both the above
methods are vigorous, which may not be compatible with some
sensitive structures.

Taylor et al. have described the use of a related group, the 2,2,2-
trichloroethyl (TCE) group, as the preferred protecting group for
synthesizing aryl sulfates. TCE-protected sulfate esters can
be prepared in high yields from starting phenols with 2,2,2-
trichloroethyl chlorosulfate (TCECS) in the presence of NEt3.72 The
resulting TCE aryl disulfate esters could be readily deprotected in
excellent yields under neutral conditions with Pd/C and ammo-
nium formate or zinc and ammonium formate. This approach was
successfully applied to the synthesis of estrone sulfate derivatives,
which were difficult to obtain through other methodologies
(Scheme 7). The deblocking conditions were incompatible with
functional groups sensitive to reducing agents. The intermediate
sulfate diester was stable to strong acid and weak base, but reactive
toward nucleophiles or strong organic bases. This strategy
was utilized by Gunnarsson et al. to synthesize per-sulfated flavo-
noids that displayed interesting factor Xa inhibition properties
(Scheme 8).73
The above TCE-protection protocol appears to fail for certain
carbohydrates. TCECS reaction with diisopropylidene-D-glucose
gave the corresponding chlorosugar under a variety of different
conditions.74 To obviate the chlorosugar product, sulfuryl imida-
zolium triflate was chosen as a sulfating agent. It was reasoned that
replacing the chloride group with another good leaving group that
does not possess nucleophilic property would aid TCE-based pro-
tection of saccharides. The reaction of TCECS with imidazole gave
the corresponding sulfuryl imidazole in 86% yield, which when
further treated with methyl triflate resulted in quantitative
precipitation of imididazolinium triflate.74,75 Using this agent in 2–
5-fold excess over the saccharide in the presence of N-methyl-
imidazole, primary and secondary hydroxy groups were sulfated in
good to excellent yields at room temperature within 16–48 h
(Scheme 9). Bases such as NEt3, pyridine, 2,6-lutidine, piperidine
were found to be considerably less effective.74
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As mentioned earlier, the TCE-protected saccharides could be
deprotected to generate sulfated carbohydrates in good yields by
employing zinc- ammonium formate reducing agent in methanol.74

Unmasking of the sulfate groups could also be performed with Pd/C
and ammonium formate reducing agent, however, the yields were
lower. A specific advantage of this method was that the crude
sulfated product was nearly pure with minor inorganic impurities,
which could be removed by passing the product through a short
column of silica. The TCE-protected sulfates were stable to many of
the reaction conditions commonly encountered in carbohydrate
chemistry such as ZnCl2/acetic acid/acetic anhydride–mediated
debenzylation/acetylation, deacetylation by sodium methoxide,
benzylidene ring opening with trifluoromethanesulfonyl or PhBCl2
in the presence of Et3SiH, and formation of trichloroacetimidate
derivative using catalytic DBU.74

An attempt has been made to integrate the TCE-based sulfation
reaction with the solid-phase peptide synthesis (SPPS).
Introduction of TCE-protected tyrosine in the SPPS process turned
out to be good start.76 The TCE protective group withstands harsh
acidic treatment involved in releasing the synthesized peptide from
the resin and can also be readily removed using mild reductive
conditions. Yet, it is not as stable to organic bases that are com-
monly used to remove the 9-fluorenylmethoxycarbonyl (Fmoc)
protective group during SPPS, such as piperidine, morpholine or
DBU. The pitfall inspired Ali et al. to develop a related protecting
group, dichlorovinyl (DCV) group (see compound 5), for SPPS. The
DCV-protected tyrosine can be easily synthesized, it can withstand
a wide variety of reactions particularly trifluoroacetic acid-
mediated peptide release and 2-methypiperidine-mediated Fmoc
deprotection. Besides, it can be removed using 10% Pd/C and H2

(gas) or ammonium formate in MeOH at room temperature. This
method has been proved to be effective in the synthesis of mono-
sulfated hexapeptide (71% yield), trisulfated octapeptide (46%
yield), monosulfated octapeptide (63% yield), disulfated 22-mer
(58% yield) and tetrasulfated 20-mer (39% yield).76
Scheme 10.
Simpson and Widlanski have studied alkyl chlorosulfates, es-
pecially isobutyl and neopentyl chlorosulfates, as protected forms
of sulfates.77 In this approach, neopentyl- and isobutyl- groups as
sulfate protecting groups were investigated. Sulfate diesters
containing these protecting groups could be synthesized without
much difficulty from the parent phenols or alcohols and neopentyl-
or isobutyl- chlorosulfates in high yields (>70%) by nucleophilic
displacement of the chloride ion. The neopentylated sulfate diester
was found to exhibit high stability to strong acids and bases, thus
ruling out efficient protection/deprotection strategy. On the other
hand, the isobutylated sulfate diester was suggested to be stable to
strong acids, but susceptible to piperidine. Selective advantages of
the two protection groups include the ability to withstand Fmoc
and tert-butoxycarbonyl (Boc) amino group protection reaction
conditions. The two groups also tolerate hydrogenolysis conditions
(Pd/C and H2) for deprotection of benzyl and benzyloxycarbonyl
(Cbz) groups of carboxylic acid and amino group, respectively.
Likewise, the neopentyl- and isobutyl- sulfate diesters withstand
aqueous acidic conditions suggesting their applicability in complex
oligosaccharide synthesis involving isopropylidene protection/
deprotection steps. Thus, overall the neopentyl- and isobutyl- sul-
fate protection groups appears to possess good chemical properties
for exploitation in carbohydrate and peptide syntheses.

Deprotection of the neopentyl and isobutyl groups can be effected
in a nucleophilic reaction in aprotic polar solvents. Specifically, small
nucleophiles such as azide and cyanide in hot DMF (60–70 �C) are
effective in quantitative removal of the neopentyl group from the
protected aryl sulfate diesters, while deblocking with NaI in hot
acetone (55 �C) is effective for isobutyl alkyl sulfate diesters. This
condition appears to be problematic for isobutyl aryl sulfate diesters
as the iodide can displace the phenoxidethrough a nucleophilic attack
on the sulfur atom. To avoid this problem, sodium thiocyanate in
refluxing acetone in the presence of a base (NEt3) was developed.77

2.5. Sulfitylation–oxidation and release

A three-step sulfation strategy was developed by Huibers et al.
based on the strategy of Gao and Sharpless, who reported the
conversion of vicinal diols to cyclic sulfates via cyclic sulfite
diesters.78 The protocol proceeds under mild conditions and re-
quires near stoichiometric amounts of the reagents. The first step
involves the formation of alkyl ethyl sulfite derivative of the parent
alcohol, which is oxidized using sodium periodate and ruthenium
III chloride to their sulfate diester forms. The targeted sulfate
monoesters were then released in high yields using sodium iodide
at ambient temperature (Scheme 10).79
This approach, reported as sulfitylation–oxidation protocol,
provides several advantages. All three steps are high yielding steps
and their products in most cases require minimal purification.
Sulfite and sulfate esters of the alcohols tested were found to be
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apolar, stable and readily soluble in organic solvents allowing for
traditional chromatographic purification. This strategy appears to
be generally applicable as it was found to work well with a number
of different aliphatic and secondary alcohols, diols, sugars, and
aromatic alcohols. The applicability of this protocol has been
demonstrated in the synthesis of methyl-2,3,4,6-tetra-O-sulfonato-
b-D-glucopyranoside tetrasodium salt. This tetrasulfated
compound was synthesized earlier in 41% yield using SO3–NMe3

complex, while application of the sulfitylation–oxidation and
release protocol gave an overall yield of 77%.60,79

Although this protocol appears to be promising for highly sulfatd
oligosaccharide synthesis, the potential of ethyl sulfite esters as sulfate
precursors requires detailed investigation as acetylation or silylation
appear to proceed well, while other transformations, e.g., benzylation
and deacetonation, resulted in complete decomposition.79

2.6. Regioselective sulfation

Majority of sulfation reaction reported to-date revolve around
mono-sulfation or per-sulfation of appropriate reactants. However
metabolically, sulfation of only selected alcohols or amines among
several available would be more relevant and appealing. Although
structural properties of substrates, such as steric constraints, do
induce some selectivity, specific tools have been developed to
engineer regioselectivity in sulfation reactions.

Hungerford et al. report the regioselective sulfation of a steroid
scaffold, especially at the 3- and 16-position in the presence of
multiple hydroxyl groups using a boronate ester-based approach.80

The C-3 and C-16 sulfated steroids are desirable as standards for
metabolites of anabolic steroid, which are routinely abused in the
highly competitive world of sports. The regioselective sulfation
approach exploited the formation of a 16b,17b-boronate ester to
introduce a sulfate at the available hydroxyl group. To prepare
a 16b-monosulfated steroid, an orthogonal protecting group, i.e.,
TBDMS, was introduced at the 3-position followed by oxidative
removal of the boronate ester and preferential sulfation of the
sterically more accessible 16b-position in the presence of 17b-OH
using SO3–Py (Scheme 11). Using this approach, the 3-monosulfate
and 16b- monosulfate derivatives of 3b,16b,17b-trihydroxy-17a-
methyl-5a-androstane were synthesized in an overall yield of 79
and 69%, respectively.80
Scheme 11.
Another reagent that has been explored to regioselectively
sulfate polysaccharides is trimethylchlorosilane. This reagent has
been shown to be useful in the selective synthesis of either C-6 or
C-2 sulfated anhydroglucose unit of cellulose by SO3 insertion into
the –O–Si– linkage of trimethylsilyl cellulose.81 The mechanism of
this reaction initiates by the nucleophilic attack afforded by one of
the oxygens of the SO3 onto the electropositive Si in cellulose
resulting in the formation of the corresponding trimethylsilyl sul-
fate cellulose diester. In order to unmask the sulfate group, basic
work up in methanol cleaves the trimethyl sulfate ester by once
again exploiting the electrophilicity of the Si atom. Several factors
have been reported to explain the observed selectivity. However,
the type of the partner of SO3 in sulfating complex and the polarity
of –O–Si– have primarily determined the site of sulfation. For in-
stance, SO3 in complex with DMF prefers the least sterically hin-
dered position, which is C-6, while SO3 in complex with NEt3 favors
the most polar –O–Si– position, which is C-2 in the polysaccharide
(Scheme 12).81
Scheme 12.
Likewise, regioselective synthesis of 30-sulfated sialyl Lewis X
from the corresponding 30,40-diol trisaccharide 6 was found to be
temperature dependent (Scheme 13). When diol 6 was sulfated with
SO3–Py complex in DMF for one hour at 0 �C, followed by sodium
methoxide treatment in methanol, the corresponding 40-sulfated
product 7 was obtained in overall yield of about 73%. On the other
hand, when 6 sulfated at room temperature, the product was found
to be 30,40-disulfate 8 in an overall yield of 66%. To regioselectively
synthesize the 30-sulfated derivative 9 an extra protection step was
introduced to block the 40-position, followed by sulfation at 0 �C and
deblocking of the 4-protecting group (Scheme 13).82

Guilbert et al. report an interesting example of regioselective
sulfation in synthesis of sulfated oligosaccharides via the formation
of stannyl complexes.83 The preferential formation of stannyl
complexes by cis diols was exploited to introduce sulfate groups in
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sterically less accessible positions. Thiophenyl lactoside 10 was
converted to the stannylene acetal with dibutyltin oxide, which was
followed by sulfation with SO3–NMe3 complex in dioxane to yield
30-sulfated lactoside 11 and 30,60-disulfated lactoside 12 in 76 and
10% yields, respectively (Scheme 14). In the absence of the stannyl
complex, 6 and 60 mono- and di-sulfated esters were formed
indicating the propensity for the normal reaction to primarily
sulfate sterically unhindered groups. This selective method was also
useful in chemosynthetic synthesis of 30-sulfo N-acetyl lactosami-
nide. Interestingly, the regioselectivity changed with maltoside,
which preferentially gave the 20-sulfated derivative. The regiose-
lectivity apparently arises from the increased reactivity of the 20-
hydroxyl group. In addition, the C10-C20 cis dioxy configuration next
to the a-glycosidic linkage appears to contribute as well because the
b-glycosidic linkage in the lactoside seems to favor 30-sulfation.57,83
Scheme 14.
Dibutyltin oxide has found additional uses in selective
2-O-sulfation of a-L-iduronate glycosides, which are used as sub-
strates in the assay of iduronate-2-sulfatase, an enzyme known
to play an important role in Hunter’s syndrome.57 The selective 2-
O-sulfation of a-L-iduronate is consistent with the previous reports
of selective 2-O-benzoylation and acetylation of monosaccharides
and disaccharides, respectively, upon treating with Bu2SnO. Such
treatment resulted in the formation of 20,40-stannylene acetals,
which facilitated regioselective benzoylation and acetylation at the
20-position by the corresponding chlorides.84,85 As mentioned
before, this emphasizes the enhanced reactivity of the 2 position in
a-glycosides. Finally, selective 4-O-sulfation of xylopyranoside,
xylobioside, and xylotrioside using SO3–NMe3 has been reported.86

Several reports have proposed the mechanism of dibutyltin oxide-
mediated regioselective reactivity of xylopyranosides toward
electrophilic reagents. However, further work is necessary to more
accurately arrive at a satisfactory mechanism for the preferential
recognition in these substrates for the reaction to be more generally
applicable.

2.7. Miscellaneous approaches

Although S- and P-sulfations are not common in synthetic
practice, they can be achieved by essentially the same protocols
discussed above for O- and N-sulfations. For instance, thiosulfate
esters can be generally prepared by the reaction of thiol with a SO3

complex under anhydrous conditions87 or to lesser extent with
H2SO4/DCC.48 Considering the synthesis of sulfatophosphates, aryl
sulfatophosphates are relatively simple to prepare and have been
obtained by the sulfation of the appropriate aryl phosphoric acid in
anhydrous solution with SO3–Py88 or SO3–DMF.89 On the other
hand, the preparation of nucleoside sulfatophosphates is more
difficult because of the likelihood of sulfating the hydroxyl groups
of the sugar moiety. Adenosine-50-sulfatophosphate has been made
by sulfation of its parent with SO3–Py in aqueous medium
(5% yield),90 with SO3–NEt3 in anhydrous conditions (60–75%
yield)91 and also with H2SO4/DCC (20–25% yield), which gave ex-
tensive sulfation of the sugar hydroxyl groups.92

In certain cases, the sensitivity of the scaffold under study and
the availability of the reagents urge the invention of new protocol
or reagent. For example, some scaffolds have been sulfated using
pyridinium sulfate/acetic anhydride.93 Ascorbate-2-sulfate-
mediated oxidative sulfation94 and Cu2þ-catalyzed sulfation have
been reported for synthesis of some sulfated steroids and carbo-
hydrates.95 Finally, most of the above methods introduce a sulfate
group on an existing –OH group. In contrast, the Elb’s persulfate
oxidation introduces a sulfate group directly onto an aromatic ring
by treatment with peroxydisulfate under alkaline conditions. The
oxidation of phenols has been extensively studied and most prob-
ably involves a nucleophilic attack of p-carbanion resonance form
of the phenoxide on the peroxide bond in the peroxydisulfate ion.38

3. Summary and significance

Highly sulfated GAGs, sulfated steroids, and sulfated tyrosine
containing peptide sequences play important roles in the large
number of physiological and pathological processes. These include
morphogenesis, immune response, coagulation, angiogenesis, viral
invasion, and several others.8–19,96,97 In each of these processes the
interaction of a critical protein with an appropriately positioned
sulfate group typically drives the signal. A corollary of this obser-
vation is that the scaffold positioning the sulfate group(s) is of
much less importance. Thus, in principle each of these processes
could be regulated by an appropriately designed sulfated antago-
nist or agonist. This sulfated agonist or antagonist does not have to
be GAG- or peptide- based and may advantageously be a small
aromatic structure.

The field of sulfated, small, aromatic mimetics of highly sulfated
GAGs has put forward some interesting initial results.27–32,73 Yet,
the difficulties associated with chemical sulfation highlighted in
the current review and the absence of large chemical library of
structurally diverse, sulfated aromatic molecules are the major
challenges in discovering new drugs targeting the role of sulfated
biomolecules.

This review attempts to bring together the current knowledge
on chemical sulfation of small scaffolds. As evident from the review,
a large number of methods have been developed for this simple
reaction, yet none is uniformly applicable with high consistency.
Additionally, the primary restriction chemical sulfation places on
library construction, especially of structurally diverse-type, is in-
solubility of products in traditional organic media. This limits
functional group transformations following sulfation. Alternatively,
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it forces construction of scaffolds to include chemical sulfation as
the final step. Recent developments that afford manipulation of
functional groups in organic media with a masked sulfate func-
tionality (Section 2.4) hold considerable promise, but more robust
protecting groups may be necessary to break the cocoon sur-
rounding this important chemical transformation.
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