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Abstract: A review dealing with 1,4-iminoalditol (hydroxylated pyrrolidine) derivatives as inhibitors of a-L-fucosi-
dases including the different synthetic approaches for their preparation as well as their inhibitory properties is

presented.
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1. Introduction

a-L-Fucosidases are exo-glycosidases in-
volved in the last stages of glycoprotein
biosynthesis, catalyzing the hydrolysis of
the terminal a-L-fucose residues contained
in the cell surface oligosaccharides via 1,2,
1,3-, 1,4- or 1,6-linkages,!! and participat-
ing in a variety of biological processes.!!
These enzymes, like other glycosidases,
are able to catalyze glycosylation reactions
since glycosylation processes and hydro-
lysis are reversible and, in consequence,
a-L-fucosidases can also be used in the
synthesis of fucosylated glycans.3] The ac-
cumulation of glycoconjugates containing
fucose due to the absence or deficiency of
a-L-fucosidases, induces the recognition
of the a-L-fucose moieties by specific
lectins that lead to neurovisceral disorders
known as fucosidosis.[*] An abnormal o.-L-
fucosidase distribution, both extracellular
and intracellular, is found in inflamma-
tion, 3! cystic fibrosis, !l tumor cell growth
and metastasis.l”l Moreover, o-L-fucosi-
dases are used as diagnostic markers for
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the early detection of several carcinomas.[8!
a-L-Fucosidases are also present in the
membranes of human sperm cells and fa-
cilitate sperm transport and sperm-egg in-
teractions, so that their inhibitors may have
contraceptive properties.”!

Due to the variety and importance of the
biological processes that involve o-L-fu-
cosidases, the amount of structural data in the
literature on this enzyme is increasing.[10:11]
Several enzyme—inhibitor complexes have
been crystallized. In 2004 Bourne and co-
workers studied the complex between a-L-
fucosidase from the bacteria Thermotoga
maritima and the 2-deoxy-2-fluorofuco-
pyranosyl fluoride!'?! and, in 2007, Kato
and coworkers that of the a-L-fucosidase
isolated from Bifidobacterium bifidum
with deoxyfuconojirimycin.['3 Recently,
Lin, Wang and coworkers!!4 reported the
X-ray crystal structures of nine complexes
between a-L-fucosidase from Thermotoga
maritima (TmF) and iminocyclitols bear-
ing hydrophobic side chains.

Inhibitors of a-L-fucosidases can be
used as probes for the study of these en-
zymes with regard to their function and for
the development of potential therapeutic
agents. This enzyme is necessary in the
processes of glycosylation of the viral en-
velope, which is essential in the formation
of mature virus. Some of the a-L-fucosi-
dase inhibitors also inhibit the cytopathic
effect of HIV and reduce infection.[!5] Al-
though a large number of glycosidase in-
hibitors can be used to alleviate diseases,
the development of effective drugs based
on them without side effects has been dif-
ficult to achieve. This is partly because
many enzyme inhibitors, both natural and
synthetic, are active against more than one
enzyme resulting in the appearance of side
effects. It would be possible to obtain more
selective inhibitors with a deeper knowl-
edge of structure-activity relationships and

a better understanding of the mechanism
of action of glycosidases, together with a
detailed structural design. This process is
complicated because only a small number
of existing glycosidases has been cloned
and overexpressed.['o!  Therefore, the
search for not only effective but also selec-
tive a-L-fucosidase inhibitors is a field of
current interest.

The aim of this review is to present a
compilation of the existing 1,4-iminoaldi-
tols as inhibitors of a-L-fucosidases to
date. The different synthetic strategies em-
ployed in their preparation as well as their
inhibitory properties are also presented.

2. Polyhydroxylated Pyrrolidines

Polyhydroxylated  pyrrolidines  or
1,4-iminoalditols are a type of well-known
glycosidase inhibitors. Their inhibitory
properties are enhanced if the iminosugar,
which mimics the pyranosyl cation, in-
cludes some information of the aglycon
undergoing the hydrolytical process.l7] It
has been reported that hydrophobic groups
attached to the iminosugar improve their
inhibitory activity by contributing with
non-specific binding stabilizing interac-
tions to the enzyme, and/or with the elimi-
nation of water molecules in the hydro-
phobic active site, thereby increasing the
affinity of the enzyme to the inhibitor due
to the entropy released in the process.8]
We have reported(!®! that the inhibitory
properties of the weak and non-selective
glycosidase inhibitor meso-pyrrolidine-
3,4-diol (1) can be significantly improved
by joining aromatic and heteroaromatic
moieties to the pyrrolidine framework.
Thus, polyhydroxylated pyrrolidines hav-
ing a (25/R,3S,4R) configuration and in-
corporating a furan ring at position C(2) of
the iminosugar, are more potent and spe-
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Fig. 1. Enzymatic inhibitory activities of 1-3.

cific inhibitors than meso-pyrrolidine 1.
Moreover, they show a drastic dependence
of the specificity with the configuration
of pseudo-anomeric center C(2). Thus,
[(2R,3S,4R)-3,4-dihydroxypyrrolidin-2-
yl]furan derivatives (2a, 2b) are good o-
L-fucosidase inhibitors (human placenta)
[i.e. 2b, K, = 2.2 uM] whereas their C(2)
epimers (3a 3b) exhibit specific inhibition
towards -galactosidase (jack beans) [i.e.
3a, K, = 6.4 uM] (Fig. 1).120]

The preparation of 2a and 3a was car-
ried out starting from a polyhydroxyalkyl
furan, easily obtained from D-glucose,
through a double functionalization of the
side chain and subsequent nucleophilic in-
ternal displacement (Scheme 1).[20]

Polyhydroxylated pyrrolidines having
a methyl group at C(5) and L-fuco configu-
ration, have shown remarkable inhibitory
activities towards a-L-fucosidases because
of their similarity to the fucopyranosyl cat-
ion originated in the hydrolysis of an O-
fucopyranoside. Derivatives 4, 5,[21221 6,[23]
and 7,121.221 have proven to be inhibitors of
a-L-fucosidases in the nanomolar range
(Fig. 2).

Pyrrolidine amino-L-lyxose 4 was pre-
pared as indicated in Scheme 2. Reduc-
tion of nitrone 8, easily obtained from D-
ribose, 21224 with aqueous SO, gave crys-
talline sulfite adduct 9. The aminosugar
4 was obtained by SO,-elimination with
Ba(OH),.[21al

The synthesis of 4 and 5 was carried out
by Wong and coworkers starting from pri-
mary tosylate 10, which was obtained from
D-ribose (Scheme 3).1221 Compound 5 was
also prepared in seven steps and 33% over-
all yield from D-ribose following Jéager’s
methodology.?*] This strategy implied the
halocyclization of unsaturated oximes,
easily obtained from D-sugars (Scheme 4).

Compound 6 was prepared by Wong
and coworkers!?! through a chemo-enzy-
matic synthesis from azidocarbaldehyde
11 and dihydroxyacetone-3-phosphate
(DHAP) in the presence of Fuc-1-P aldol-
ase (Scheme 5).

The preparation of compound 7 was
performed by a 1,3 dipolar cycloaddition
of nitrone 8 with alkene 13a as key step
(Scheme 6).121a]
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Scheme 1. Reagents and conditions: (a) Ethyl acetoacetate, ZnCl,. (b)
(1) TsCI/Py, (2) NCS, SMe, DCM, -20 °C, 50%. (c) (1) NaN,/DMF, (2)
H,, Pd-C, (3) CbzCl, NaHCO, aq., (4) Ac,0/ Py, (5) Chromatographic
separation, 60% (4 steps). (d) (1) NaOMe/MeCH, (2) H,, Pd-C, EtOH.
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Fig. 2. Inhibitory
activities of 4-7
towards O.-L-
fucosidases from
bovine kidney.
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Scheme 2. Reagents and conditions: (a) SO,/
H,0, 62%. (b) Ba(OH),.

Scheme 3. Reagents and conditions: (a) NaN,,
DMF, 80 °C, 86%. (b) (1) PPh,, PhCH,, reflux,
(2) p-TsCl, Et;,N, CH,CI,, 100%. (c) (1) Red-Al,
THF, (2) Na, NH,, THF, 88%. (d) MeOH, 1 N
HCI, 100%. (e) NaCNBH,, MeOH, 12%.

Scheme 4. Reagents and conditions: (a)

Me,CO/Me,C(OMe),, MeOH, HCI, 70%. (b) I,
H HBr PPh,, 70 °C, imidazole, toluene. (c) BuLi, THF,
A o) Me., N 30 ) ) . ’ 3
p-Ribose ‘) U @@ "y ~80 °C, 90%. (d) NH,0H.HCI, Na,CO,, EtOH/
5 b bt H,0, 90%. (e) Br,, NaHCO,, CH,Cl,, 0-25 °C,
X HO OH MPLC (83:17). (f) H, (3 bar), Pd/C, MeOH, 92%.
5 (g) HBr, MeOH, 95%.
Scheme 5. Reagents
N3 (@) N OH Me, and conditions:
— - (a) DHAP/Fuc-1-P
CHO OH O (_7/\ aldolase, then acid
(S)-11 12 6 phosphatase, 10%. (b)
H,/Pd-C, 50 psi, 76%.
o Scheme 6. Reagents
% R Me, Me and conditions: (a)
Men, NG — N-©O R “C[O)‘R C,Cl,, 50 °C. (b) (1)
§7 77 13ap ol 0Nt BnBY, (2) 50 °C, 67%.
s 5 @ 5 A «j\o“ A (c) LIAIH,/E£,0, 93%.
(d) (1) HCI, BN, (2) H,,
>8< 14 a,b aR = OPh 15a,b Pd/C, 95%.
bR= PO(OEt)
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Fig. 3. Inhibitory activities of 17-20 towards o.-L-fucosidases from bovine kidney.
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Phosphonate derivatives 17-20 showed
inhibitory activities in the sub-micromolar
to nanomolar range (Fig. 3).[212.26]

Compounds 17-19 were also obtained
from nitrone 8 by reaction with vinylphos-
phonate 13b as indicated in Scheme 4.
Ring opening of endo-14b followed by
deprotection gave the corresponding diol
17 (Scheme 7).121a The same procedure ap-
plied to phosphonate exo-14b gave com-
pound 18. Ring opening of endo-14b fol-
lowed by fB-elimination and deprotection
afforded phosphonate 19.12!2] On the other
hand, addition of alkyl phosphates to ni-
trone 8 followed by deprotection afforded
pyrrolidinephosphonates 20a—c.[20]

Pyrrolidine-3,4-diol derivatives sharing
the absolute configuration at C(2,3,4,5) of
L-fucopyranosides and incorporating aro-

S

HoN

HO OH

Iz

HO OH

H Ar
' N/
H

matic moieties at C(2) have been shown to
be competitive, potent and selective inhibi-
tors of a-L-fucosidases. Thus, 1,4-imino-C-
benzimidazole 21a, phenyl (and biphenyl)
aminomethyl pyrrolidines (22a and 22b)
present inhibition constants in the nano-
molar range.?”l Additionally, compound
21bl27¢l which bears a hydroxyethyl group
at C(5) on the pyrrolidine moiety and L-fuco
configuration on C(2,3,4,5) shows a de-
crease in the inhibitory properties, in accor-
dance with the described small hydrophobic
pocket in the active site of o-L-fucosidases
(Fig. 4).1231 Compound 23,[27a<] epimer at
C(5) of 21a, proved to be a weaker inhibi-
tor (K, = 240 uM) of a-L-fucosidase from
bovine kidney but a good inhibitor (K, = 46
uM) of (3-glucosidase from almonds.

The synthesis of compounds 21a and
22a.b was carried out through the stere-
oselective preparation of carbaldehyde
24 as key intermediate. Oxidation to the
corresponding  pyrrolidine  carboxylic
acid, reaction with o-phenylenediamine
in the presence of PyBOP and DIEA and
subsequent heating in acetic acid and de-
protection easily gave 21a bearing a ben-
zymidazole moiety at C(2). The synthesis
of aminomethyl pyrrolidines 22a and 22b
was carried out starting from aldehyde 24
by reductive amination with aniline and
biphenyl-4-amine respectively followed
by deprotection (Scheme 8).[27a¢]

Other derivatives with hydroxylic sub-
stituents, several alkyl substituents at C(5)
and different configurations at C(2) and
C(5) of the pyrrolidine ring (compounds
25-30) were also reported, showing to be

also inhibitors of a-L-fucosidases (Fig.
5).123.25.2829]

21a, R = Me, K; = 80 nM 22a, Ar = Ph, K; = 237 nM

21b, R = CH,CH,OH,

22b, Ar = Biphenyl,

IC50 = 140 uM K; =40 nM
g> N N
Me Me W\
OH * SoH
R*@)\ N HO  OH HO  OH
- 25 26
HO oA Ki =83 uM Ki =9 uM
23, R =Me, K; = 240 uM H H
R, N R, N S
Fig. 4. Inhibitory activities of 21-23 towards 0Ol-L-fucosidases from QAOH < \OH
bovine kidney. Ho  OH HO‘\- .”OH
27 28
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N Ar N H \ C, nbu, i v , s
Mer.. ~ Me;, . CHO N _ ! _ X
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Scheme 8. Reagents and conditions: (a) NaClO,, KH_PO,, t-BuOH- 29 30
| oo : DME 6554 K=49nM  K=06uM

H,0. (b) (1) o-phenylenediamine, PyBOP, DIEA, DMF, 65%, (2) ACOH,
50 °C, 100%. (c) (1) THF:HCI (IN) 1:1, (2) H,, Pd/C, MeOH, 87% (1+2).
(d) ArNH,, NaBH(AcO),, 66-75%. (e) (1) HCI (1N), (2) H,, Pd/C, MeOH,
quant.

Fig. 5. Inhibitory activities of 25-30 towards O.-L-fucosidases from

bovine kidney.
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Scheme 10. Reagents and conditions: (a) Fuc aldolase. (b) acid phosphatase. (c) H, (50 psi),
Pd/C. 27:28:35, a, R = Et, 86:4:10; b, R = Pr, 86:10:4; ¢, R = Bu, 80:10:10; d, R = Bn, 62:38:0.

The synthesis of compound 25 was
carried out by Jager and coworkers.[28a]
The synthetic sequence is based on the
transformation of a 3,4-isopropylidene-
dioxy-5-methylpyrrolidine-1-oxide with
a 2-methyl substituent into the free diol
and, by reduction, into the correspond-
ing pyrrolidine diol. The pyrrolidine N-
oxide was derived from D-ribose via an
unsaturated hydroxylamine, with the key
steps of nitrone addition and Cope-House
cyclization. The synthesis of compound
25 was also reported by Defoin and co-
workers through an asymmetric hetero-
Diels-Alder cycloaddition, starting from
sorbaldehyde dimethylacetal in 13 steps
and an overall yield of 9.5%.3% The syn-
thesis of 26 was carried out through an
asymmetric hetero-Diels-Alder cycload-
dition of sorbaldehyde dimethylacetal
with an a-chloronitroso derivative as key
step.[311 Subsequent chemical modifica-
tions gave the intermediate oxazane-diol
31 which after several transformations af-
forded trihydroxypyrrolidine 26 (Scheme
9).[30b]

Compounds 27 and 28 were prepared
by Clapés and coworkers(?3] through a
chemo-enzymatic synthesis as depicted
in Scheme 10. In these iminocyclitols, the
configuration at positions C(3) and C(4)
was controlled by the DHAP aldolase,
the configuration of C(5) was fixed by
the starting aldehyde and the stereogenic
center at C(2) was generated during the re-
ductive amination and depended, in most
cases, on the configuration of C(4).

Compounds 27a and 28a were found
to be potent inhibitors of a-L-fucosidases
from bovine kidney (K. = 0.35 uM) where-
as 35a (IC, = 100 uM) was much less ac-
tive. The related compounds 6 (Fig. 2) and

29 (Fig. 5), analogues of 27a and 28a, re-
spectively, which carry a 5-methyl substit-
uent instead of the ethyl group, were found
to be more potent o-L-fucosidase inhibi-
tors with K;= 80 and 4.9 nM, respectively.
Increasing the length of the substituent at
C(5) from methyl (e.g. 6 and 29) to ethyl
(e.g. 27a and 28a), propyl (e.g. 27b), or
butyl (e.g. 27¢) implied a progressive loss
of inhibitory activity. Compounds 27d,
28b-d showed a complete loss of activity,
which is in accordance with a relatively
small hydrophobic pocket in the active site
of the enzyme. In this respect, Behr and co-
workers described that the substitution of
the Me group at C(5) by a spirocyclopro-
pyl moiety such as compound 36 (K, = 1.6
uM), led to a decrease on the bovine kid-
ney a-L-fucosidase inhibition compared to
the pyrrolidine analogue 37 (K, = 0.2 uM)
(Fig. 6).13%

Spirocyclopropyl iminosugar 36 was
prepared in four steps from readily avail-
able D-mannose diacetonide. The key step
of the reaction sequence involves a titani-

H OH H OH
b@{km Me"'(_?{K/OH
N . H N ‘Y H
HO  ©OH HO  OH
36 37
Fig. 6.

um-mediated aminocyclopropanation of
a glycononitrile with subsequent cycliza-
tion.[32!

Other derivatives that do not share the
L-fuco configuration and that bear aromatic
substituents such as in 38 and 39 have been
described as o-L-fucosidase from bovine
kidney inhibitors but are weaker inhibitors
than compound 21a (Fig. 7).127¢]

Compounds 38 and 39 were prepared
from pyrrolidine-esters 41 and 44 as key
intermediates, respectively (Scheme 11).
The preparation of 41 and 44 started from
D-ribose and L-fucose through conjugate
addition of ammonia-internal S 2 dis-
placement to conjugated aldonic esters as
the key step.

3. Conclusions

Several 1,4-iminoalditol derivatives
have proved to be effective a-L-fucosi-
dase inhibitors. They constitute an impor-
tant class of iminosugars with promising
biological and therapeutic properties.
Although several strategies have been de-
veloped to synthesize these compounds,
much remains to be done in order to find
effective and selective a.-L-fucosidase in-
hibitors.
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