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Glicosidasas: ROH=H2O aunque para algunas enzimas puede ser otro 
nucleófilo

Liasas de polisacáridos: 
�-Eliminación
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Glicosiltransferasas: síntesis de enlaces glicosídicos usando dadores 
de azú cares activados. El grupo activador, R, es tí picamente un 
nucleótido o un lípido-fosfato
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Esterasas de carbohidratos
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Chemo-enzymatic synthesis and glycosidase inhibitory
properties of DAB and LAB derivatives†

Alda Lisa Concia,a Livia Gómez,a Jordi Bujons,a Teodor Parella,b Cristina Vilaplana,c

Pere Joan Cardona,c Jesús Joglara and Pere Clapés*a

A chemo-enzymatic strategy for the preparation of 2-aminomethyl derivatives of (2R,3R,4R)-2-(hydroxy-

methyl)pyrrolidine-3,4-diol (also called 1,4-dideoxy-1,4-imino-D-arabinitol, DAB) and its enantiomer LAB

is presented. The synthesis is based on the enzymatic preparation of DAB and LAB followed by the chemi-

cal modification of their hydroxymethyl functionality to afford diverse 2-aminomethyl derivatives. This

strategy leads to novel aromatic, aminoalcohol and 2-oxopiperazine DAB and LAB derivatives. The com-

pounds were preliminarily explored as inhibitors of a panel of commercial glycosidases, rat intestinal

disaccharidases and against Mycobacterium tuberculosis, the causative agent of tuberculosis. It was

found that the inhibitory profile of the new products differed considerably from the parent DAB and

LAB. Furthermore, some of them were active inhibiting the growth ofM. tuberculosis.

1. Introduction

Polyhydroxylated pyrrolizidine 2-aminomethyl derivatives of
(2R,3R,4R)-2-(hydroxymethyl)pyrrolidine-3,4-diol (also called
1,4-dideoxy-1,4-imino-D-arabinitol, DAB) (1),1 isolated from
Arachniodes standishii and Angylocalyx boutiqueanus,2 as well as
from marine sponges,3 and its corresponding enantiomer LAB
(2), are interesting iminocyclitols for their structural simplicity
and exceptional biological activity.4 They show a strong inhibi-
tory effect on α-glucosidases from different sources5–7 as well
as on mice and rat intestinal glycosidases.7,8 DAB is also a
potent inhibitor of glycogen phosphorylase9 and mulberry leaf
extracts containing DAB have also been shown to possess an
antihyperglycemic effect on streptozocin (STZ)-induced dia-
betic mice.10 The activity regulation of glycogen-degrading
enzymes in addition to the reduction of the postprandial gly-
caemia in blood makes DAB and LAB promising therapeutic
agents for the prevention and treatment of type-II diabetes,11,12

and the metabolic syndrome associated to hypercaloric
diets.12–14

Structural modification of DAB and LAB has led to novel
derivatives with unprecedented activities and selectivities. For
instance, preliminary experiments suggest that 1,4-dideoxy-2-
hydroxymethyl-1,4-imino-L-threitol (3, Fig. 1) may have a role
in the mechanism of chaperoning the folding of the cystic
fibrosis transmembrane conductance regulator (CFTR).15

2-Acetamido-1,4-imino-1,2,4-trideoxy-L-arabinitol (4) and its
N-benzyl derivative (5) were found to be potent non-competi-
tive inhibitors of D-hexosaminidase, that may lead to new
strategies for the treatment of diseases such as cancer, arterio-
sclerosis and some lysosomal storage diseases, such as Tay–
Sachs or Sandhoff diseases.16 Moreover, it has been reported
that modification of the hydroxymethyl moiety to generate 3,4-
dihydroxypyrrolidin-2-yl (6) derivatives with different stereo-
chemistries at positions 2, 3 and 4 has been performed, fur-
nishing potent inhibitors of α-mannosidases.17–19

It was found that (2R,3R,4S)- and (2S,3R,4S)-2-aminomethyl-
pyrrolidine-3,4-diol derivatives (7, 8, Fig. 1) with aromatic

Fig. 1 Structures of biologically active pyrrolidine derivatives.
†Electronic supplementary information (ESI) available. See DOI:
10.1039/c3ob27343a
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moieties lead to potent and selective competitive inhibitors of
α-D-mannosidase from jack beans and from almonds.18 The
parent iminocyclitol, 1,4-dideoxy-1,4-imino-D-ribitol (9), with
the two vicinal cis-oriented hydroxyl groups mandatory for
effective inhibition, already possessed inhibitory activity
against mannosidase.20 Furthermore, a class of polyhydroxy-
lated pyrrolidine derivatives were uncovered, namely codonop-
sinol21 (10) and radicamines A (11) and B (12) isolated from
Codonopsis clematidea and Lobelia chinensis Lour, respecti-
vely,22 in which an aryl moiety is directly attached to the C-2
position of the pyrrolidine ring (13) (Fig. 1). These compounds
were found to be inhibitors of α-glucosidase at the micromolar
range.23

Inspired by these results we envisaged that modifications of
DAB and LAB iminocyclitols may improve their inhibitory pro-
files in terms of potency and/or selectivity. Following our
ongoing research program to develop new chemo-enzymatic
methods for the synthesis of iminocyclitols as potential inhibi-
tors of digestive glycosidases that decrease the post-prandial
glycaemia,7,14,24 we explored new derivatives with potential
application in this field. Hence, it was regarded as interesting
and significant to investigate on the synthesis and preliminary
inhibitory properties of new 2-aminomethyl derivatives of DAB
and LAB. Towards this end, a chemo-enzymatic strategy was
envisaged to modify the hydroxymethyl functionality on DAB
and LAB iminocyclitols with different aminomethyl moieties
from aromatic amines, aminoalcohols or amino acid deriva-
tives. Moreover, piperazines and their keto analogues, such as
2-oxopiperazines, have been recognized amongst the most
important scaffolds in medicinal chemistry and drug discovery
industries.25–27 This prompted us to study the conjugation of
these two moieties to obtain iminocyclitol fused 2-oxopiper-
azine derivatives, namely hexahydropyrrolo[1,2-a]pyrazin-4
(1H)-one derivatives.

Preliminary exploration of the inhibitory properties of these
compounds was directed towards commercial glycosidases
and rat intestinal glycosidases. Moreover, the iminocyclitol
derivatives active against α-L-rhamnosidase from Penicillium
decumbens were assayed as inhibitors of the growth of the
H37Rv Pasteur Mycobacterium tuberculosis strain, the causative
agent of tuberculosis.28

2. Results and discussion
2.1 Synthesis

We envisaged that aldehydes 18 and 19 could be the most
straightforward key intermediates to generate a collection of
(2R,3R,4R)- and (2S,3S,4S)-3,4-dihydroxypyrrolidin-2-yl deriva-
tives (Scheme 1). We have recently developed a straightforward
chemo-enzymatic asymmetric stereodivergent methodology for
the expedient synthesis of 1 and 2 starting from simple and
achiral materials such as dihydroxyacetone (14) and N-Cbz-
glycinal (15) (Scheme 1).29,30 In this work, we optimized the
conditions to obtain, after the imino protection with the Cbz,
the highly valuable 16 and 17 intermediates in 46% and 53%

isolated yields, respectively, which compare favorably with
other reported procedures (e.g., between 18–30% for the under-
ivatized DAB and LAB).5,31

At this point we pursued a more efficient route that avoids
removing and reintroducing the Cbz group. Therefore, we
sought a potential new method to convert directly the aldol
adduct into N-Cbz-protected DAB or LAB derivatives. In pre-
vious works we have observed that the products formed from
the aldol addition of DHAP, DHA or glycolaldehyde to N-Cbz-
aminoaldehydes consist of a mixture of acyclic and cyclic
hemiaminal compounds in equilibrium (Scheme 2,
20–20a).32,33 The percentage of the hemiaminal was particu-
larly significant for the five membered ring, owing to the
minimal transition state strain energy for its formation as
compared with other ring sizes.34 Thus, we intended to
perform a reductive dehydroxylation of the cyclic hemiaminal
using the silane procedure in the presence of BF3·OEt2
(Scheme 2).35 The aldol adduct from the FSA catalyst was taken
as an example. Interestingly, the reaction proceeded in 68%
isolated yield; however, as ascertained by high field NMR data
of the resulting iminocyclitol, the major configuration at C2
was opposite to that obtained with Pd/C with a 4 : 1 2S : 2R dia-
stereomeric ratio. Hence, (2S,3R,4R)-2-(hydroxymethyl)pyrroli-
dine-3,4-diol (22) was obtained instead of 1.

Remarkably, this result encompasses more general applica-
bility in the chemo-enzymatic strategy for the synthesis of
iminocyclitols, providing a useful potential stereocomplemen-
tary method for the reductive amination.

Following the synthetic plan, the hydroxymethyl group of
16 and 17 was selectively oxidized with iodoxybenzoic acid
(IBX) to furnish aldehydes 18 and 19, respectively (Scheme 1).
With the aim to develop a straightforward methodology, these

Scheme 1 Chemo-enzymatic synthesis of DAB (1) and LAB (2) derivatives.
(a) D-Fructose-6-phosphate aldolase (FSA) mutant A129S/A165G, (b) H2 (50 psi)
Pd/C, (c) L-rhamnulose-1-phosphate aldolase from E. coli (RhuA), 200 mM
aqueous borate buffer, (d) Cbz-OSu, 1 : 1 dioxane–water, (e) iodoxybenzoic acid
(IBX), AcOEt reflux. Isolated yields in parentheses. Compounds 18 and 19 were
not isolated.

Scheme 2 Chemo-enzymatic synthesis of (2S,3R,4R)-2-(hydroxymethyl)pyrroli-
dine-3,4-diol: (a) D-fructose-6-phosphate aldolase from E. coli mutant
A129S/A165G, (b) BF3·OEt2, and Et3SiH in CH2Cl2 −78 °C to 0 °C, (c) H2 (50 psi)
Pd/C. Isolated yield in parentheses.
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aldehydes were readily used after evaporation of the solvent
without the need for isolation and purification. Indeed, the
aldehydes reacted with primary amines (R–NH2, Fig. 2) in
anhydrous methanol at 20 °C under acidic conditions (acetic
acid, pH = 5.0), furnishing the corresponding imines that were
reduced in situ with NaBH3CN. Deprotection of the Cbz group
by hydrogenolysis in the presence of Pd/C gave the correspond-
ing 2-aminomethyl derivatives of compounds 1 and 2 (see the
next sections).

DAB and LAB derivatives with aromatic amines. The strategy
depicted above worked for the selected aromatic amines a, b
and c, which furnished derivatives 23a–c and 24a–c (Scheme 3)
in 38–44% and 34–54% isolated yields, respectively.

Furthermore, unexpectedly (2R,3R,4R)- and (2S,3S,4S)-2-
(aminomethyl)-1-(quinolin-3-yl)pyrrolidine-3,4-diol (23e and
24e, respectively) were isolated (5%) after treatment of N-Cbz
derivatives of 23c and 24c with H2 in the presence of Pd/C.
These products were characterized and are described in the
Experimental section and ESI.†

Expectedly, the reaction of the aldehydes 18 and 19 with
N-methyl-1,2-phenylenediamine (d), in the presence of acetic

acid and O2, gave the corresponding benzimidazole derivatives
23d and 24d in 52% and 41% isolated yields, respectively
(Scheme 4).36

DAB aminoalcohol conjugates. In a similar line of thinking,
DAB aminoalcohol conjugates were also considered. They can
be regarded as analogues of 1,4-dideoxy-1,4-iminoalditols in
which the corresponding polyhydroxyl chain is substituted by
an aminoalcohol through a C–N bond.37 Moreover, the intro-
duction of different functionalities might increase the recog-
nition sites of the molecule, improving its activity and
selectivity.

Following the devised strategy, aminoalcohols e–k provided
the corresponding DAB conjugates (25e–k, Scheme 5) in
39–66% isolated yields. Secondary alcohols, e.g. D-fagomine (l),
also reacted with the aldehyde affording the corresponding
iminocyclitol conjugate (25l) in 41% isolated yield. It can be
anticipated that an identical methodology can be followed to
obtain the corresponding LAB conjugates.

The NMR analysis showed that for some conjugates a sec-
ondary product corresponding to the (2S,3R,4R)-2-(hydroxy-
methyl)pyrrolidine-3,4-diol 2-aminoalcohol derivative (see
ESI†) was identified. This resulted from epimer formation at
C2 that probably occurred during imine generation. The
amount varied depending on the aminoalcohol employed, e.g.
25 : 75 2S : 2R 25e, 1 : 9 2S : 2R 25f, 17 : 83 2S : 2R 25g and 25h,
though it was not observed for conjugates 25i–l. Separation of
epimer pairs was accomplished by cation exchange chromato-
graphy under conditions established in previous work (as an
example see NMR spectra of purified compound 25g in
ESI†).24

Amino acid conjugates: preparation of iminocyclitol fused
2-oxopiperazine derivatives. By analogy to the general
methodology described above, we envisaged that the aldehydes

Scheme 4 Synthesis of benzimidazole derivatives 23d and 24d. (a) AcOH at
25 °C, spontaneous oxidation; (b) H2 (22 psi), Pd/C. Isolated yields in
parentheses.

Scheme 5 Synthesis and isolated yields of DAB aminoalcohol conjugates. (a)
Aminoalcohol e–l, NaBH3CN, AcOH; (b) H2 (22 psi), Pd/C.

Fig. 2 Amines used for the preparation of the 2-aminomethyl derivatives of
compounds 1 and 2.

Scheme 3 Synthesis and isolated yields of 2-aminomethyl aromatic derivatives
23 and 24: (a) amines a–c, NaBH3CN, AcOH, (b) H2 (22 psi) Pd/C. Structures of
compounds 23e and 24e.
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18 and 19 can react with 1 equiv. of an amino acid to furnish
the 2-aminomethyl DAB or LAB derivatives 26 and 27, respect-
ively. Then, using ideas stemming from peptide chemistry,
intramolecular lactamization can be forced, after Cbz removal
from 26 and 27, by analogy with the undesired diketopipera-
zine formation that occurs during solid phase peptide syn-
thesis (Scheme 6).26,38

Given the approach adumbrated above, the reaction
between aldehydes 18 or 19 and 1 equiv. of the selected amino
acid derivatives (Scheme 7) furnished the corresponding DAB
(26m–r, t–v) or LAB (27m–q, s–u) conjugates. Amino acid
amides (i.e., amide derivatives from amino acids) gave good
isolated yields (51–70%) and were the derivatives of choice.
Amino acid esters (i.e., ester derivatives from amino acids)
were the most obvious selection but it was discouraging to
find out that only phenylalanine methyl ester (r) was readily
able to form the corresponding 26r derivative. Furthermore,
the β-carboxylate of the aspartic acid amide (s) must be pro-
tected (t) to make the reaction proceed towards the product 26t
(or 27t).

The next step entailed the deprotection of the Cbz group
and the lactamization (i.e. intramolecular aminolysis) to
furnish the corresponding iminocyclitol fused 2-oxopiperazine
moiety (Scheme 8). Thus, the glycinamide conjugate 26m gave
complete lactamization readily after the removal of the Cbz
group at room temperature. The alaninamide and prolinamide

conjugates 26n and 26v, respectively, needed 40 °C overnight
to afford the complete reaction, whereas the rest required over-
night heating at 100 °C. Attempted lactamization of the valin-
amide derivative 26o failed under various reaction conditions,
probably due to steric effects of the isopropyl group. The con-
jugate 26t did not form the cyclic species under mild con-
ditions, while a number of unidentified by-products appeared
when it was heated at 100 °C. Removal of the β(OtBu) group
(26s) did not help the lactamization reaction, decomposing
under the reflux conditions in water. The phenylalanine amide
derivative 26q furnished only 50% of the bicyclic product,
whereas quantitative yields were obtained from the corre-
sponding methyl ester derivative 26r.

For the LAB derivatives, the cyclization was faster and Gly–
NH2 (m), Ala–NH2 (n) and Leu–NH2 (p) reacted at room temp-
erature, readily after the removal of the Cbz protecting group.
Derivatives from Phe–NH2 (q), Asp–NH2 (s) and Arg–NH2 (u)
partially cyclize at room temperature and the reaction was
completed at 40 °C. The aspartic acid derivative, 27s, gave the
corresponding intramolecular product in quantitative yields
whereas the corresponding OtBu protected analogue (27t) did
not react. Moreover, the Phe–NH2 conjugate 27q gave the
corresponding 2-oxopiperazine–iminocyclitol derivative at
40 °C. Val (o) was the only derivative that did not perform the
lactamization reaction.

These resulted in a new class of hexahydropyrrolo[1,2-a]-
pyrazin-4(1H)-one derivatives (i.e. 2-oxopiperazine derivatives)
that might be considered indolizidine analogues (Scheme 8).

2.2 Inhibitory activity

Commercial glycosidases. The DAB and LAB derivatives
23a–d, 24a–d, 25e–l, 28, 29 and 30 were screened as inhibitors
against a panel of commercial glycosidases (Table 1) and rat
intestinal disaccharidases, i.e. sucrase, lactase, threalase and
maltase (Table 2). The inhibitory activity was compared with
that of the parent compounds 1 and 2, measured in our lab-
oratory in previous work.7 The inhibitory profiles of the new

Scheme 6 Synthetic strategy towards iminocyclitol fused 2-oxopiperazine
derivatives.

Scheme 7 Synthesis and isolated yields of N-Cbz-DAB and -LAB amino acid
amide and ester conjugates: (a) amino acidsm–v, NaBH3CN.

Scheme 8 Synthesis and isolated yields of iminocyclitol fused 2-oxopiperazine
28 and 29 and amino acid conjugate derivatives 30o, t. (a) H2 (22 psi), Pd/C; (b)
cyclization at rt, 40 °C or 100 °C (see text).
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Table 1 Activities, IC50 (μM) and Ki (μM) (in parentheses), of the compounds synthesized against commercial glycosidasesa

Product
α-D-Glucosidase
baker’s yeast

α-D-Glucosidase
rice

β-D-Glucosidase
sweet almonds

β-D-Galactosidase
bovine liver

α-L-Rhamnosidase
P. decumbens

α-D-Mannosidase
jack beans

α-L-Fucosidase
bovine kidney

23a n.i. n.i. 370 ± 11 155 ± 19 n.i. n.i. n.i.
(215 ± 18) (406 ± 128)
C NC, α = 1

24a 40 ± 6 620 ± 29 n.i. n.i. 15.6 ± 0.5 n.i. n.i.
(44 ± 13) (236 ± 61) (38 ± 12)
NC, α = 1 C NC, α = 1

23b n.i. n.i. 832 ± 105 n.i. n.i. n.i. n.i.
(338 ± 116)
C

24b 136 ± 13 n.i. 38 ± 4 n.i. 274 ± 35 n.i. n.i.
(208 ± 102) (41 ± 13) (699 ± 112)
NC, α = 1 C NC, α > 1

23c 165 ± 44 n.i. n.i. 263 ± 50 n.i. n.i. n.i.
(170 ± 95) (308 ± 55)
C NC, αα = 1

24c 247 ± 26 n.i. n.i. n.i. 132 ± 31 n.i. n.i.
(100 ± 66) (132 ± 27)
NC, α = 1 C

24d n.i. n.i. n.i. n.i. 320 ± 130 n.i. n.i.
(331 ± 19)
NC, α = 1

25e 273 ± 31 n.i. n.i. n.i. n.i. n.i. n.i.
(358 ± 52)
NC α > 1

25f 158 ± 25 n.i. n.i. n.i. n.i. n.i. n.i.
(153 ± 8)
NC α > 1

25h n.i. n.i. 260 ± 100 n.i. n.i. n.i. n.i.
(734 ± 19)
NC α > 1

25i 4.6 ± 1.6 342 ± 90 150 ± 71 n.i. n.i. n.i. n.i.
(2.1 ± 0.8) (144 ± 90) (223 ± 9)
C C NC α > 1

25j 110 ± 13 n.i. 460 ± 353 n.i. n.i. n.i. n.i.
(96 ± 10) (561 ± 30)
NC α > 1 NC α > 1

25l n.i. 466 ± 64 n.i. n.i. n.i. n.i. n.i.
(186 ± 21)
C

28n n.i. 76 ± 19 n.i. 1116 ± 28 n.i. n.i. n.i.
(39 ± 2)
NC α = 1

28p 9.2 ± 1.5 208 ± 23 285 ± 15 n.i. n.i. n.i. n.i.
(7.1 ± 1.5) (261 ± 29) (394 ± 19)
C C C

28u n.i. 60 ± 19 n.i. n.i. n.i. n.i. n.i.
(21 ± 7)
C

29m 401 ± 35 n.i. n.i. n.i. n.i. n.i. n.i.
(323 ± 65)
NC α > 1

29n 239 ± 9 n.i. n.i. n.i. n.i. n.i. n.i.
(323 ± 64)
NC α > 1

29p 340 ± 25 14 ± 2 n.i. n.i. n.i. n.i. n.i.
(337 ± 84) (13 ± 2)
NC α > 1 C

29q 50 ± 14 148 ± 50 n.i. 691 ± 86 174 ± 12 n.i. n.i.
(76 ± 8) (87 ± 25) (103 ± 27)
UC C NC α = 1

29s 41 ± 8 382 ± 41 n.i. n.i. n.i. n.i. n.i.
(181 ± 24) (176 ± 4)
UC C

29u 140 ± 44 n.i. n.i. n.i. 709 ± 56 n.i. n.i.
(124 ± 13)
NC α = 1
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derivatives differ considerably from those of 1 and 2 (Table 1).
Compounds 23d, 25g, 25k, 28m, 28q and 28v (not included in
Table 1) were not inhibitors (i.e. IC50 ≥ 1 mM) of any assayed
glycosidase.

α-D-Glucosidase from baker’s yeast and rice: The aromatic
conjugates 23a–c and 24a–d have much lower inhibitory prop-
erties against α-D-glucosidase from baker’s yeast than the
parent compounds DAB and LAB (Table 1). Only compound
24a showed moderate non-competitive inhibition against this
glucosidase. Among the rest of the derivatives, compounds
25i, 28p, and 30t were the best competitive inhibitors of α-D-
glucosidase from baker’s yeast with comparable activities.
Compound 30o was the best non-competitive inhibitor of this
glucosidase. Although the structure of the substituent differs

considerably, all of them have a DAB configuration (see
Schemes 6 and 8). The aromatic derivatives and aminoalcohol
conjugates were mostly inactive against α-D-glucosidase from
rice. Among the fused 2-oxopiperazine iminocyclitol deriva-
tives, compound 29p was the best inhibitor, while 28n and 28u
showed inhibitory properties comparable to the parent com-
pound DAB.

β-D-Glucosidase from sweet almonds: Compound 24b was a
moderate inhibitor of β-D-glucosidase from sweet almonds
while the parent compound LAB and its enantiomer DAB were
weak inhibitors of this glycosidase. The rest of the evaluated
compounds had either weak activities or were completely inac-
tive against this glycosidase.

β-D-Galactosidase from bovine liver: Aromatic derivatives
23a, 23c and 24c were weak inhibitors while the parent DAB
and LAB were inactive towards this glycosidase. It appears that
the presence of an aromatic moiety is necessary for the inhibi-
tory activity.39,40 Indeed, among the 2-oxopiperazine imino-
cyclitol fused derivatives only 29q, derived from phenyalanine,
showed some activity. The rest of the derivatives were not
inhibitors of this glucosidase.

α-L-Rhamnosidase from Penicillium decumbens: Among the
aromatic substitutions only those with LAB configuration,
24a–d, were moderately to weakly active against α-L-rhamno-
sidase; consequently, the orientation of the hydroxyl groups
and the amine moiety is a strong factor that determines the
right interaction with the glycosidase. It has been suggested
that the α-L-rhamnosidase inhibition shown by some pyrroli-
dines can be rationalized in terms of stereochemical simi-
larities with α-L-rhamnose.40,41 Thus, it is apparent that the
stereochemistry of 24a–d (2S,3S,4S) matches that of the rham-
nose moiety at C-3, C-4 and C-5. This would place the 2-aryl
containing substituent at the same location as the 5-methyl
group of rhamnose. The best inhibitor was compound 24a
whose structure is similar to those reported by Chapman et al.
(e.g. (2S,3S,4S)-2-benzylpyrrolidine-3,4-diol).40 Moreover, Kim
et al. also proposed a role as aglycone for hydrophobic substi-
tuents at the C-2 position of pyrrolidines.41 This is consistent

Table 1 (Contd.)

Product
α-D-Glucosidase
baker’s yeast

α-D-Glucosidase
rice

β-D-Glucosidase
sweet almonds

β-D-Galactosidase
bovine liver

α-L-Rhamnosidase
P. decumbens

α-D-Mannosidase
jack beans

α-L-Fucosidase
bovine kidney

30o 1.1 ± 0.1 448 ± 214 n.i. n.i. n.i. n.i. n.i.
(54 ± 20) (190 ± 33)
NC α > 1 C

30t 3.9 ± 3.1 685 ± 110 n.i. n.i. n.i. n.i. n.i.
(16.7 ± 7.8) (451 ± 170)
C C

1 0.33 ± 0.02 218 ± 3 276 ± 25 n.i. n.i. 286 ± 27 20 ± 1
(0.17 ± 0.01) (104 ± 75) (100 ± 64) (111 ± 60) (5 ± 1)
C C C NC, α > 1 C

2 1.8 ± 0.1 0.05 ± 0.01 685 ± 112 n.i. 56 ± 5 n.i. n.i.
(0.8 ± 0.1) (0.040 ± 0.003) (1014 ± 81) (98 ± 5)
NC, α = 1 NC, α > 1 NC, α > 1 NC, α = 1

a Data are means of triplicate experiments ± standard error of the mean (SE). C: competitive inhibition. NC: noncompetitive inhibition. UC:
uncompetitive inhibition.46 n.i.: no inhibition, i.e. IC50 ≥ 1 mM.

Table 2 Activities, IC50 (μM), of the compounds synthesized against rat intesti-
nal saccharidasesa

Product

Sucrase
(3.91 ± 0.05 UI)b

Lactase
(0.85 ± 0.07 UI)b

Maltase
(26.89 ± 1.50 UI)b

(n = 2) (n = 2) (n = 2)

23a 318 ± 101 n.i. n.i.
24a 538 ± 356 n.i. n.i.
23c 739 ± 392 n.i. n.i.
24c 321 ± 59 n.i. n.i.
24d 173 ± 72 n.i. n.i.
25i 99 ± 52 n.i. 77 ± 34
28n 57 ± 29 n.i. 119 ± 11
28p 320 ± 57 n.i. 304 ± 23
28u 77 ± 17 n.i. 151 ± 2
29p 19 ± 11 n.i. 56 ± 2
29q 174 ± 84 n.i. 263 ± 99
29s 342 ± 123 n.i. n.i.
1 22 ± 12 140 ± 84 50 ± 36
2 0.29 ± 0.02 50 ± 36 0.2 ± 0.1

a The experiments were performed in triplicate for each set of
saccharidases. Two sets of saccharidases from two different rats (n = 2)
were used. IC50s are expressed as μM ± standard error of the mean (SE).
b 1 UI corresponds to 1 μmol of glucose formation per hour at 37 °C in
phosphate buffer, pH 6.8. UI (μmol substrate h−1 mg−1 protein); n.i. no
inhibition, IC50 ≥ 1 mM.
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�

with the absence of inhibitory properties of the aminoalcohol
and 2-oxopiperazine derivatives, where basically non-aromatic
moieties are present.

α-D-Mannosidase from jack beans and α-L-fucosidase from
bovine kidney: It appears that a cis arrangement of the
hydroxyl groups at C-3 and C-4, which parallels that of the
hydroxyl groups at C-2 and C-3 of α-D-mannose and other
known pyrrolidine inhibitors like mannostatin A, is a strong
structural requirement for the inhibition of α-D-mannosidase
by pyrrolidine iminocyclitols.19,42,43 The fact that the com-
pounds synthesized do not match this C-3 and C-4 configur-
ation is probably the reason for their inability to inhibit this
glycosidase.

Similarly to α-D-mannosidase, α-L-fucosidase has also a
strong stereochemical demanding active site.43 Pyrrolidine
derivatives with stereoconfiguration (3S,4R,5S) were reported
as strong inhibitors of α-L-fucosidase,43,44 whereas diastereo-
meric analogues were usually moderate to weak inhibitors.45

The derivatives obtained in the present work have (3R,4R) or
(3S,4S) configuration, therefore they showed no inhibition
activities.

Intestinal disaccharide glycosidases. Concerning their
inhibitory properties against intestinal disaccharide glyco-
sidases, 23a, 23c, 24a, 24c and 24d were weak inhibitors of
sucrase while the parent compounds DAB and LAB were mod-
erate to strong inhibitors of this glycosidase (Table 2). More-
over, the LAB derivatives 24a–d lost the strong inhibitory
activity against maltase. Among the aminoalcohol derivatives
only compound 25i showed inhibitory activity against sucrase
and maltase. Concerning the iminocyclitol fused 2-oxopiper-
azine derivatives, it is remarkable the activity of 29p against
sucrase and maltase, which is comparable to the DAB com-
pound, but with no inhibitory activity against lactase. This com-
pound was also the best against α-D-glucosidase from rice. The
rest of the compounds showed moderate to weak activity on
both sucrase and maltase. Interestingly, no inhibitory activity
was observed against lactase for the compounds under study.

Inhibitory activity against Mycobacterium tuberculosis
H37Rv laboratory strain. It has been suggested that the imino-
cyclitol derivatives which are inhibitors of α-L-rhamnosidase
from P. decumbens could have the ability to inhibit dTDP-L-
rhamnose biosynthesis on M. tuberculosis, and therefore con-
stitute potential chemotherapeutic agents for tuberculosis.28

The inhibitors of α-L-rhamnosidase found in this work
were assayed in mycobacterial systems and the Minimum
Inhibitory Concentration values (MIC; i.e. the lowest drug con-
centration that prevented the development of colour akin to
the bacteria growth) were determined (Table 3). The lowest
MIC values were obtained for compounds 23d, 24b and 24d,
whereas no significant differences relative to 1 and 2 were
observed for the other compounds. This might indicate that
the products are not acting on the target rhamnosidase proces-
sing enzymes of the cell wall. The standard compound iso-
niazid (MIC: 0.25 μg mL−1) was evaluated as a positive control
in this assay and it was consistent with the reported values for
this product.47

3. Conclusions

An efficient chemo-enzymatic strategy for the synthesis of
2-aminomethyl derivatives of DAB (1) and LAB (2) was devel-
oped. The straightforward chemo-enzymatic access to imino-
cyclitols 1 and 2, the use of mild and selective oxidation
conditions with IBX, followed by a reductive amination step,
provides easy access to a number of new derivatives with aro-
matic amines, aminoalcohols or amino acids, the latter
leading to the formation of piperazine–iminocyclitol fused
compounds. An alternative method to generate the Cbz-imino-
sugar derivatives was tested that led to (2S,3R,4R)-2-(hydroxy-
methyl)pyrrolidine-3,4-diol. This may open new possibilities
for obtaining novel stereocomplementary derivative epimers at
C-2 to those from 1 and 2.

The inhibitory properties of the new 1 and 2 derivatives
against the panel of commercial glycosidases and rat intestinal
disaccharidases differed considerably from those of the parent
compounds DAB and LAB. The aromatic aminomethyl deriva-
tives 23 and 24 are moderate to good inhibitors of α-L-rhamno-
sidase. Particularly 24a has better inhibitory properties than
its parent LAB. Aromatic derivatives 23a–d and 24a–d were
found to be moderate inhibitors of the growth of M. tuberculo-
sis H37Rv laboratory strain, the causative agent of tuberculosis.
However, the inhibitory pattern could not be correlated with
the activity observed against α-L-rhamnosidase. The amino-
alcohol, amino acid and oxopiperazine derivatives are selective
inhibitors of α-D-glucosidases, particularly 25i and 30t were
selective towards α-D-glucosidase from baker’s yeast. Concern-
ing the intestinal disaccharide glycosidases it is remarkable
that the derivatives are selective for sucrase and maltase and
completely devoid of activity against rat intestinal lactase. Par-
ticularly 29p has inhibitory activity against sucrase and
maltase comparable to DAB, but it does not inhibit lactase.

Experimental

(2R,3R,4R)-N-Benzyloxycarbonyl-2-(hydroxymethyl)pyrrolidine-
3,4-diol (16). FSA A165G (150 U, 150 mg, 1.06 U mg−1) and
dihydroxyacetone DHA (1.3 g, 14.5 mmol) were dissolved in
0.1 M triethanolamine buffer, pH 7.0 (135 mL). This solution
was added to N-Cbz-glycinal (2.25 g, 11.6 mmol) dissolved in
N,N-dimethylformamide (DMF, 15 mL) and the mixture was
shaken at 25 °C. After 24 h (99% conversion) the crude was

Table 3 Minimum inhibitory concentrations (mg mL−1) against the H37Rv
PasteurM. tuberculosis strain

Product MIC (mg mL−1) Product MIC (mg mL−1)

23a 2.5 24a 2.5
23b 1.3 24b 0.31
23c 1.3 24c 2.5
23d 0.63 24d 0.63
1 2.5 2 2.5
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diluted with H2O up to a volume of 150 mL and loaded onto a
glass column (5 cm diameter × 20 cm length, volume 400 mL)
packed with the Amberlite™ XAD™ 16 (Rohm and Haas)
stationary phase, which was previously equilibrated with H2O.
After loading, the column was washed with H2O (800 mL, 2
column volumes). This step removed efficiently the enzyme,
the excess of DHA and the salts. The aldol adduct was then
eluted with 2 : 3 H2O–EtOH (800 mL, 2 column volumes). The
fractions containing the product were pooled and the solvent
reduced to about 300 mL in vacuum. The aqueous residue was
diluted with EtOH (200 mL). The solution was divided into two
batches (250 mL) and each one was treated overnight with H2

(50 psi) in the presence of Pd/C (0.4 g, 10% Pd). The catalyst
was removed by filtration and EtOH–water was evaporated in
vacuum. NMR data and physical properties matched those
already published using the same methodology.29,33 The
aqueous solution (200 mL) was diluted with 1,4-dioxane
(200 mL) and solid NaHCO3 (1.9 g, 23.2 mmol) was added
under stirring. After cooling to 0 °C, benzyl chloroformate
(1.8 mL, 12.7 mmol) was added dropwise. After the addition,
the reaction mixture was allowed to warm up to room temp-
erature and it was stirred overnight. Dioxane was removed
under vacuum, the aqueous residue was diluted with saturated
NaHCO3 solution (100 mL) and the product extracted with
ethyl acetate (4 × 150 mL). The organic layer was dried over
Na2SO4, and concentrated in vacuum. The crude material was
purified by flash column chromatography on silica (from
100 : 0 to 9 : 1 EtOAc–MeOH) to yield the title compound (1.4 g,
46% yield). HPLC analysis: gradient elution from 10% to 70%
B in 40 min; tR = 14.5 min, 98% purity by HPLC. [α]22D = −28.0
(c 1.0 in MeOH) (lit.,48 [α]22D = −28.9 (c 1.9 in MeOH); lit.,5 [α]22D
= −29.7 (c 0.3 in MeOH)). 1H NMR (400 MHz, CD3OD) δ 7.32
(m, 5H, arom), 5.13 (m, 2H, OCH2Ph), 4.17 (s, 1H, H-3), 4.12
(s, 1H H-3-rotamer), 4.04 (br s, 1H, H-4), 3.82 (m, 4H, H-2-H-5-
H-6-H-6′), 3.38 (m, 1H, H-5′) (complex spectrum due to the
existence of rotamers as described also by Fleet and Smith5).
13C NMR (101 MHz, CD3OD) δ 157.3 (CvO), 157.1 (CvO
rotamer), 138.0 (C-Ar), 137.9 (C-Ar rotamer), 129.5 (C-Ar), 129.1
(C-Ar), 129.1 (C-Ar), 128.9 (C-Ar), 128.8 (C-Ar), 79.4 (C-3), 78.7
(C-3 rotamer), 76.2 (C-4), 75.6 (C-4 rotamer), 68.6 (C-2), 68.3
(C-2 rotamer), 68.1 (CH2Ph), 68.0 (CH2Ph rotamer), 61.8 (C-6),
61.6 (C-6 rotamer), 54.8 (C-5), 54.4 (C-5 rotamer).

(2S,3S,4S)-N-Benzyloxycarbonyl-2-(hydroxymethyl)pyrroli-
dine-3,4-diol (17). RhuA (400 U, 32 mL of NH4SO4 suspension,
0.35 mg protein mL−1, 12.5 U mL−1) and dihydroxyacetone
(DHA) (1.35 g, 15 mmol) were dissolved in sodium borate
0.25 M, pH 7.0 (160 mL). This solution was added to N-Cbz-
glycinal (2.33 g, 12 mmol) dissolved in DMF (40 mL) and the
mixture was shaken at 25 °C. After 24 h (90% conversion) the
crude was diluted with H2O up to a volume of 200 mL and
loaded onto a glass column packed with Amberlite™ XAD™
16 (Rohm and Haas) following an identical procedure to the
one described above with minor modifications. The aldol
adduct was then eluted with 2 : 3 H2O–EtOH (1000 mL, 2.5
column volumes). The fractions containing the product were
pooled and the solvent reduced to about 400 mL in vacuum.

The aqueous residue was diluted with EtOH (400 mL). The
solution was divided into two batches (400 mL) and each one
was treated overnight with H2 (50 psi) in the presence of Pd/C
(0.6 g, 10% Pd). The catalyst was removed by filtration and
EtOH–water was evaporated in vacuum. NMR data and phys-
ical properties matched those already published using the
same methodology.30 The aqueous solution (ca. 150 mL) was
diluted with 1,4-dioxane (150 mL) and solid NaHCO3 (1.8 g,
21.6 mmol) was added under stirring. After cooling to 0 °C,
benzyl chloroformate (1.7 mL, 11.8 mmol) was added drop-
wise. After the addition, the reaction mixture was allowed to
warm up to room temperature and it was stirred overnight.
Dioxane was removed under vacuum, the aqueous residue was
diluted with saturated NaHCO3 solution (100 mL) and the
product extracted with ethyl acetate (4 × 150 mL). The organic
layer was dried over Na2SO4, and concentrated in vacuum. The
crude material was purified by flash column chromatography
on silica (from 100 : 0 to 9 : 1 EtOAc–MeOH) to yield the title
compound (1.73 g, 53% yield, 98% purity by HPLC). [α]22D =
+25.0 (c 1.2 in MeOH). HPLC retention time and NMR data
were identical to those of DAB.

(2S,3R,4R)-2-(Hydroxymethyl)pyrrolidine-3,4-diol (also
called 1,4-dideoxy-1,4-imino-L-xylitol) (22). The aldol adduct
(500 mg, 1.77 mmol) obtained from the aldol addition of DHA
to N-Cbz-glycinal catalysed by D-fructose-6-phosphate aldolase
mutant A165G (see above) was dissolved in anhydrous CH2Cl2
(12 mL) and cooled down to 0 °C. A solution of BF3·Et2O
(0.22 mL, 1.77 mmol, 1 equiv.) and subsequently Et3SiH
(0.57 mL, 3.54 mmol, 2 equiv.) were added under N2 and the
reaction mixture was left to reach room temperature under stir-
ring. After 2 h the reaction was quenched to pH = 7 with satu-
rated NaHCO3 (5 mL). The aqueous layer was diluted with
brine (5 mL), and the mixture extracted with EtOAc, dried over
anhydrous Na2SO4 and concentrated under reduced pressure.
The residue was purified by flash column chromatography
(30 : 1 EtOAc–CH3OH) to give the corresponding Cbz protected
derivative 21 as an oil (320 mg, 68% yield). [α]22D = +20.0 (c 1.0
in MeOH). Purity 98% by HPLC. 1H NMR (400 MHz, CD3OD)
δ = 7.33 (m, 5H, arom), 5.14 (m, 2H, OCH2Ph), 4.14 (m, 2H,
H-3-H-4), 3.89 (m, 3H, H-2-H-6-H-6′), 3.65 (m, 1H, H-5), 3.40
(m, 1H, H-5′). 13C NMR (101 MHz, CD3OD) δ = 157.76 (CvO),
157.35 (CvO rotamer), 138.04 (C-Ar), 137.94 (C-Ar rotamer),
129.51 (C-Ar), 129.06 (2C-Ar), 128.86 (2C-Ar), 77.96 (C-3), 77.53
(C-3 rotamer), 75.21 (C-4), 74.86 (C-4 rotamer), 68.28 (CH2Ph),
68.15 (CH2Ph rotamer), 62.81 (C-2), 61.66 (C-2 rotamer), 60.85
(C-6), 60.27 (C-6 rotamer), 53.26 (C-5), 53.10 (C-5 rotamer). The
presence of rotamers makes it difficult to obtain the relative
stereochemistry. Moreover, some important signals were over-
lapped making it difficult to analyse the nOe experiments.
Therefore it was decided to remove the Cbz group by treatment
of a sample of the N-Cbz-1,4-dideoxy-1,4-imino-L-xylitol
(40 mg, 0.14 mmol) with H2 (22 psi) in the presence of Pd/C
(20 mg). After removal of the Pd/C by filtration and lyophilisa-
tion, the title compound 22 (20 mg, 0.14 mmol) was obtained
in quantitative yield. NMR and physical data matched those
reported using other procedures.49,50 [α]22D = −3.0 (c 1.0 in H2O)
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(lit.,49 [α]22D = −4.0 (c 0.10 in H2O); lit.,
50 [α]22D = −4.4 (c 0.04 in

CH3OH)). 1H NMR (400 MHz, D2O) δ = 4.25 (dt, J = 4.9, 1.9 Hz,
1H, H-4), 4.20 (dd, J = 4.0, 1.7 Hz, 1H, H-3), 3.88 (dd, J = 11.5,
6.0 Hz, 1H, H-6), 3.76 (dd, J = 11.5, 7.3 Hz, 1H, H-6′), 3.51
(ddd, J = 7.2, 6.1, 4.1 Hz, 1H, H-2), 3.41 (dd, J = 12.7, 5.0 Hz,
1H, H-5), 2.93 (dd, J = 12.8, 2.0 Hz, 1H, H-5′). 13C NMR
(101 MHz, D2O) δ = 76.14 (C-4), 75.87 (C-3), 61.46 (C-2), 59.05
(C-6), 50.59 (C-5). HRMS (ESI-TOF): m/z [M + H]+ for
C5H12NO3

+ calculated 134.0817; observed 134.0819.
Oxidation reaction. Typical example: Compound 16 (0.22 g,

0.82 mmol) was dissolved in AcOEt (50 mL) at 40 °C. To this
solution, 2-iodoxybenzoic acid (IBX) (0.92 g, 3.3 mmol) was
added and the reaction mixture was stirred under reflux. After
3.5 h the reaction mixture was cooled down to room temp-
erature, the solid removed by filtration and the solvent evapor-
ated under reduced pressure. This product was used in the
next step without further purification and it was not charac-
terized. Reductive amination reactions. Typical example: The
crude from the oxidation reaction was dissolved in dry MeOH
(50 mL) to have an aldehyde concentration of 0.016 M
(0.8 mmol). To this solution, benzylamine (0.45 mL,
4.1 mmol) in glacial acetic acid (0.23 mL, 4.1 mmol) was
added and stirred for 2 h at room temperature. Then,
NaBH3CN (0.08 g, 1.23 mmol) was added and the reaction
mixture was stirred overnight. The solvent was removed under
reduced pressure, and the crude product was purified either by
flash chromatography on silica or preparative HPLC. Purifi-
cation by HPLC was performed as follows (general procedure).
The crude was dissolved in MeOH and loaded onto a semi-pre-
parative X-Terra Prep MS C-18, 10 μm, 19 × 250 mm column.
The solvent system used was: solvent (A): aqueous trifluoroace-
tic acid (TFA) (0.1% (v/v)) and solvent (B): TFA (0.095% (v/v)) in
4 : 1 ACN–H2O or plain MeOH. Salts and solvents were washed
out with 100% A during 10 min. The product was eluted with a
gradient of B (see below in each case). The flow rate was 10 mL
min−1 and the products were detected at 215 nm. The fractions
were analysed by HPLC. Fractions containing the product were
pooled and lyophilized.

The Cbz-protected derivative (165 mg, 0.46 mmol) was dis-
solved in ethanol (100 mL) and treated with H2 (22 psi) in the
presence of Pd/C (10% Pd, 80 mg) for 24 h at room temp-
erature. The catalyst was removed by filtration and the solvent
evaporated under vacuum.

Purification. For amines, the crude was purified by prepara-
tive HPLC, see conditions in each case. For aminoalcohols,
when necessary, the product was further purified by cation
exchange chromatography on the CM-Sepharose CL-6B (Amer-
sham Pharmacia) stationary phase in NH4

+ form. The station-
ary phase was packed into a glass column (450–25 mm) to
provide a final bed volume of 220 mL. The flow rate was 4 mL
min−1. The CM-Sepharose-NH4

+ was washed initially with
H2O. An aqueous solution of the crude material at pH 5 was
then loaded onto the column. Minor coloured impurities were
washed away with H2O (440 mL, 2 bed volumes). Products
were eluted with aqueous NH4OH (0.01 M) (400 mL). Pure frac-
tions were pooled and lyophilized.

Formation of iminocyclitol fused 2-oxopiperazine derivatives

After the Cbz-group removal the product was left at room
temperature without solvent or dissolved in water and heated
at 40 or 100 °C depending on the derivative until the intra-
molecular aminolysis was completed (see text). Then the
product was assayed without any further purification.

DAB and LAB aromatic 2-aminomethyl derivatives 23 (phys-
ical properties and characterization of compounds 24 can be
found in ESI†). (2R,3R,4R)-3,4-Dihydroxy-2-((phenylamino)
methyl)pyrrolidine (23a). The precursor (2R,3R,4R)-N-benzyl-
oxycarbonyl-3,4-dihydroxy-2-((phenylamino)methyl)pyrrolidine
(170 mg, 58% yield) was purified by flash chromatography on
silica (3 : 2 AcOEt–hexane). HPLC analysis: gradient elution
from 2% to 62% B in 30 min; tR = 25.0 min. The title com-
pound (100 mg, 66% yield) was prepared according to the
general procedure described above. HPLC purification: gradi-
ent elution from 0 to 60% B in 40 min. HPLC analysis: gradi-
ent elution from 2% to 62% B in 40 min; tR = 13.3 min. [α]22D =
+46.4 (c 1.4 in MeOH). 1H NMR (500 MHz, CD3OD) δ = 7.15
(dd, J = 8.5, 7.4 Hz, 2H), 6.92–6.52 (m, 3H), 4.27–4.18 (m, 1H),
4.11 (d, J = 0.8 Hz, 1H), 3.72 (ddd, J = 9.4, 5.4, 1.5 Hz, 1H), 3.58
(dd, J = 14.0, 5.5 Hz, 1H), 3.53 (dd, J = 14.0, 9.6 Hz, 1H), 3.48
(dd, J = 12.0, 3.7 Hz, 1H), 3.34 (d, J = 11.9 Hz, 1H). 13C NMR
(101 MHz, CD3OD) δ = 148.8, 130.2, 119.0, 114.1, 78.5, 76.2,
67.2, 52.2, 45.0. HRMS (ESI-TOF): m/z [M + H]+ for
C11H17N2O2

+ calculated 209.1285; observed 209.1276.
(2R,3R,4R)-2-((Benzylamino)methyl)-3,4-dihydroxypyrrolidine

(23b). The precursor (2R,3R,4R)-N-benzyloxycarbonyl-2-((benzyl-
amino)methyl)-3,4-dihydroxypyrrolidine (165 mg, 56% yield)
was purified by flash chromatography on silica (9 : 1 AcOEt–
MeOH). HPLC analysis: gradient elution from 2% to 62% B in
40 min; tR = 10.6 min. The title compound (81 mg, 78% yield)
was prepared according to the general procedure described
above. HPLC purification: gradient elution from 0 to 60% B in
40 min. HPLC analysis: gradient elution from 2% to 62% B in
30 min; tR = 25.0 min. [α]22D = +14.3 (c 1.0 in MeOH). 1H NMR
(500 MHz, CD3OD) δ = 7.55–7.44 (m, 5H), 4.28 (s, 2H),
4.26–4.23 (m, 1H), 4.21 (s, 1H), 3.82 (t, J = 6.1 Hz, 1H), 3.58
(dd, J = 12.2, 5.0 Hz, 3H), 3.41 (d, J = 12.0 Hz, 1H). 13C NMR
(101 MHz, CD3OD) δ = 132.8, 131.0, 130.6, 130.2, 79.3, 75.9,
64.9, 53.1, 53.1, 48.5. HRMS (ESI-TOF): m/z [M + H]+ for
C12H19N2O2

+ calculated 223.1441; observed 223.1431.
(2R,3R,4R)-3,4-Dihydroxy-2-((quinolin-3-ylamino)methyl)-

pyrrolidine (23c). The precursor (2R,3R,4R)-N-benzyloxycarbonyl-
3,4-dihydroxy-2-((quinolin-3-ylamino)methyl )pyrrolidine
(167 mg, 55% yield) was purified by flash chromatography on
silica (19 : 1 AcOEt–MeOH). HPLC analysis: gradient elution
from 2% to 62% B in 30 min; tR = 22.6 min. The title com-
pound (110 mg, 70% yield) was prepared according to the
general procedure described above. HPLC purification: gradi-
ent elution from 0 to 50% B in 40 min. HPLC analysis: gradi-
ent elution from 2% to 62% B in 40 min; tR = 11.2 min. [α]22D =
+22.6 (c 0.5 in MeOH). 1H NMR (400 MHz, CD3OD) δ = 8.70
(d, J = 2.8 Hz, 1H), 7.98 (ddd, J = 5.4, 4.9, 2.8 Hz, 3H),
7.74–7.68 (m, 2H), 4.31–4.27 (m, 1H), 4.20 (d, J = 1.1 Hz, 1H),

Organic & Biomolecular Chemistry Paper

This journal is © The Royal Society of Chemistry 2013 Org. Biomol. Chem., 2013, 11, 2005–2021 | 2013

D
ow

nl
oa

de
d 

by
 C

. d
e 

In
ve

st
 y

 D
es

ar
ro

llo
 o

n 
04

 M
ar

ch
 2

01
3

Pu
bl

is
he

d 
on

 2
4 

Ja
nu

ar
y 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

3O
B

27
34

3A

View Article Online



 202 

3.81 (dd, J = 13.4, 3.4 Hz, 3H), 3.56 (dd, J = 12.0, 3.6 Hz, 1H),
3.41 (d, J = 12.0 Hz, 1H). 13C NMR (101 MHz, CD3OD) δ =
143.77, 138.36, 135.37, 131.65, 130.61, 130.10, 128.14, 122.92,
119.63, 78.62, 76.30, 66.67, 52.78, 44.54. HRMS (ESI-TOF): m/z
[M + H]+ for C14H18N3O2

+ calculated 260.1393; observed
260.1381.

(2R,3R,4R)-3,4-Dihydroxy-2-(1-methyl-1H-benzo[d]imidazol-
2-yl)pyrrolidine (23d). The precursor (2R,3R,4R)-N-benzyloxy-
carbonyl-3,4-dihydroxy-2-(1-methyl-1H-benzo[d]imidazol-2-yl)-
pyrrolidine (184 mg, 67% yield) was prepared as follows. The
aldehyde 7 dissolved in MeOH (see above in the general pro-
cedure) was treated with the amine (5 equiv. mol−1 aldehyde)
in glacial acetic acid (5 equiv. mol−1 aldehyde) and stirred for
5 h at room temperature. The precursor was purified by flash
chromatography on silica (7 : 3 AcOEt–hexane). HPLC analysis:
gradient elution from 2% to 62% B in 30 min; tR = 22.2 min.
The title compound (136 mg, 78% yield) was prepared by
removing the Cbz group by catalytic hydrogenation according
to the general procedure described above. HPLC purification:
gradient elution from 0 to 60% B in 40 min. HPLC analysis:
gradient elution from 2% to 62% B in 40 min; tR = 12.0 min.
[α]22D = −2.4 (c 1 in MeOH). 1H NMR (500 MHz, CD3OD) δ =
7.70 (d, J = 8.3 Hz, 1H), 7.59 (d, J = 8.2 Hz, 1H), 7.42–7.36 (m,
1H), 7.36–7.30 (m, 1H), 5.03 (d, J = 3.1 Hz, 1H), 4.53 (t, J =
2.5 Hz, 1H), 4.37 (dt, J = 4.7, 2.4 Hz, 1H), 3.95 (s, 3H), 3.75 (dd,
J = 12.0, 4.6 Hz, 1H), 3.59 (dd, J = 11.9, 2.3 Hz, 1H). 13C NMR
(101 MHz, CD3OD) δ = 149.2, 137.2, 125.2, 124.6, 119.4, 111.6,
80.8, 76.6, 62.3, 52.8, 30.9. HRMS (ESI-TOF): m/z [M + H]+ for
C12H16N3O2

+ calculated 234.1237; observed 234.1235.
(2R,3R,4R)-2-(Aminomethyl)-1-(quinolin-3-yl)pyrrolidine-3,4-

diol (23e). The title compound (7 mg, 5% yield) was obtained
after treatment of the precursor (2R,3R,4R)-N-benzyloxycarb-
onyl-3,4-dihydroxy-2-((quinolin-3-ylamino)methyl)pyrrolidine with
H2 in the presence of Pd/C. HPLC purification: gradient
elution from 0 to 60% B in 40 min. HPLC analysis: gradient
elution from 2% to 62% B in 40 min; tR = 10.9 min. [α]22D =
−28.0 (c 0.5 in MeOH). 1H NMR (400 MHz, CD3OD) δ = 8.84 (d,
J = 2.9 Hz, 1H), 8.13 (d, J = 2.8 Hz, 1H), 8.08–8.02 (m, 2H),
7.80–7.70 (m, 2H), 4.37 (d, J = 3.8 Hz, 1H), 4.35 (s, 1H), 4.15
(dd, J = 7.1, 1.8 Hz, 1H), 3.88–3.74 (m, 2H), 3.67 (dd, J = 13.8,
7.2 Hz, 1H), 3.37 (dd, J = 13.9, 2.0 Hz, 1H). 13C NMR (101 MHz,
CD3OD) δ = 143.5, 135.6, 134.95, 131.5, 130.7, 130.7, 128.4,
122.7, 122.4, 80.7, 75.3, 66.6, 57.8, 39.5. HRMS (ESI-TOF): m/z
[M + H]+ for C14H17N3O2

+ calculated 260.1399; observed
260.1389.

DAB 2-aminomethyl alcohol derivatives 25. (2R,3R,4R)-
2-(((2-Hydroxyethyl)amino)methyl)pyrrolidine-3,4-diol (25e).
The precursor (2R,3R,4R)-N-benzyloxycarbonyl-3,4-dihydroxy-
2-(((2-hydroxyethyl)amino)methyl)pyrrolidine (95 mg, 40%
yield) was purified by HPLC: gradient elution 0% MeOH for
5 min, then from 0% to 70% MeOH in 35 min. HPLC analysis:
gradient elution from 2% to 62% B in 30 min; tR = 16.7 min.
The title compound (64 mg, 98% yield) was prepared accord-
ing to the general procedure described above. [α]22D = +4.7 (c 1.0
in MeOH). 1H NMR (400 MHz, D2O) δ = 4.21 (m, 1H), 3.97 (t,
3J(H,H) = 3.5 Hz, 1H), 3.76 (t, 3J(H,H) = 5.3 Hz, 2H), 3.45 (m,

1H), 3.37 (dd, 3J(H,H) = 12.3, 5.2 Hz, 1H), 3.24 (d, 3J(H,H) = 4.9
Hz, 1H), 3.15 (dd, 3J(H,H) = 13.2, 9.1 Hz, 1H), 3.06 (m, 3H). 13C
NMR (101 MHz, D2O) δ = 78.9, 75.6, 62.1, 57.7, 50.7, 49.8, 48.9.
HRMS (ESI-TOF): m/z calcd for C7H17N2O3

+ 177.1239 [M + H]+;
found 177.1226.

(2R,3R,4R)-2-(((3-Hydroxypropyl)amino)methyl)pyrrolidine-
3,4-diol (25f ). The precursor (2R,3R,4R)-N-benzyloxycarbonyl-
3,4-dihydroxy-2-(((3-hydroxypropyl)amino)methyl)pyrrolidine
(172 mg, 70% yield) was purified by HPLC: gradient elution
from 0% to 60% MeOH in 40 min. HPLC analysis: gradient
elution from 2% to 62% B in 30 min; tR = 17.0 min. The title
compound (103 mg, 91% yield) was prepared according to the
general procedure described above. [α]22D = +6.7 (c 0.9 in
MeOH). 1H NMR (500 MHz, D2O) δ = 4.21 (dt, 3J(H,H) = 5.5,
3.4 Hz, 1H), 3.96 (t, 3J(H,H) = 3.8 Hz, 1H), 3.68 (t, 3J(H,H) = 6.1
Hz, 2H), 3.42 (dt, 3J(H,H) = 8.9, 4.2 Hz, 1H), 3.38–3.30 (m, 2H),
3.22 (dd, 3J(H,H) = 13.1, 8.7 Hz, 1H), 3.14 (m, 2H), 3.02 (dd,
3J(H,H) = 12.3, 3.3 Hz, 1H), 1.89 (m, 2H). 13C NMR (101 MHz,
D2O) δ = 78.78, 75.31, 61.03, 58.85, 50.64, 48.68, 46.05, 27.92.
HRMS (ESI-TOF): m/z calcd for C8H19N2O3

+ 191.1395 [M + H+];
found 191.1375.

(2R,3R,4R)-2-((((S)-1-Hydroxypropan-2-yl)amino)methyl)pyrro-
lidine-3,4-diol (25g). The precursor (2R,3R,4R)-N-benzyloxy-
carbonyl-3,4-dihydroxy-2-((((S)-1-hydroxypropan-2-yl)amino)methyl)-
pyrrolidine (175 mg, 72% yield) was purified by HPLC: gradi-
ent elution from 0% to 60% MeOH in 40 min. HPLC analysis:
gradient elution from 2% to 62% B in 30 min; tR = 18.0 min.
The title compound (100 mg, 92% yield) was prepared accord-
ing to the general procedure described above. [α]22D = +14.0
(c 1.5 in MeOH). 1H NMR (500 MHz, D2O) δ = 4.39 (dt, 3J(H,H)
= 4.1, 1.9 Hz, 1H), 4.30 (t, 3J(H,H) = 2.4 Hz, 1H), 3.94 (td, 3J(H,
H) = 6.4, 2.9 Hz, 1H), 3.87 (dd, 3J(H,H) = 12.7, 3.6 Hz, 1H), 3.66
(m, 4H), 3.53 (ddd, 3J(H,H) = 10.2, 6.6, 3.4 Hz, 1H), 3.48 (d,
3J(H,H) = 12.7 Hz, 1H), 1.33 (d, 3J(H,H) = 6.8 Hz, 3H). 13C NMR
(101 MHz, D2O) δ = 77.55, 73.70, 62.03, 60.93, 56.70, 51.24,
44.53, 12.63. HRMS (ESI-TOF): m/z calcd for C8H19N2O3

+

191.1395 [M + H+]; found 191.1375.
(2R,3R,4R)-2-((((S)-1-Hydroxybutan-2-yl)amino)methyl)pyrro-

lidine-3,4-diol (25h). The precursor (2R,3R,4R)-N-benzyloxycar-
bonyl-3,4-dihydroxy-2-((((S)-1-hydroxybutan-2-yl)amino)methyl)-
pyrrolidine (122 mg, 64% yield) was purified by HPLC: gradi-
ent elution from 10% to 70% MeOH in 40 min. HPLC analysis:
gradient elution from 2% to 62% B in 30 min; tR = 19.9 min.
The title compound (64 mg, 91% yield) was prepared accord-
ing to the general procedure described above. [α]22D = +16.1
(c 1.0 in MeOH). 1H NMR (500 MHz, D2O) δ = 4.23 (m, 1H),
3.98 (t, 3J(H,H) = 3.5 Hz, 1H), 3.79 (dd, 3J(H,H) = 12.5, 3.7 Hz,
1H), 3.64 (m, 1H), 3.44 (dt, 3J(H,H) = 8.9, 4.6 Hz, 1H), 3.38 (dd,
3J(H,H) = 12.3, 5.3 Hz, 1H), 3.26 (dd, 3J(H,H) = 13.2, 5.0 Hz,
1H), 3.17 (dd, 3J(H,H) = 13.2, 8.4 Hz, 1H), 3.02 (m, 2H), 1.62
(m, 2H), 0.93 (t, 3J(H,H) = 7.5 Hz, 3H). 13C NMR (101 MHz,
D2O) δ = 78.8, 75.5, 61.8, 60.6, 59.2, 50.4, 46.0, 21.0, 9.1. HRMS
(ESI-TOF): m/z calcd for C9H21N2O3

+ 205.1552 [M + H]+; found
205.1547.

(2R,3R,4R)-2-((((R)-1-Hydroxypentan-2-yl)amino)methyl)-
pyrrolidine-3,4-diol (25i). The precursor (2R,3R,4R)-N-
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benzyloxycarbonyl-3,4-dihydroxy-2-((((R)-1-hydroxypentan-2-yl)-
amino)methyl)pyrrolidine (112 mg, 57 yield) was purified by
HPLC: gradient elution from 10% to 70% MeOH in 40 min.
HPLC analysis: gradient elution from 2% to 62% B in 30 min;
tR = 22.0 min. The title compound (59 mg, 89% yield) was pre-
pared according to the general procedure described above.
[α]22D = +1.05 (c 0.9 in MeOH). 1H NMR (500 MHz, D2O) δ = 4.31
(m, 1H), 4.16 (s, 1H), 3.85 (m, 1H), 3.70 (m, 2H), 3.53 (m, 2H),
3.43 (dd, 3J(H,H) = 13.5, 8.3 Hz, 1H), 3.29 (m, 2H), 1.62 (dd,
3J(H,H) = 15.2, 7.5 Hz, 2H), 1.37 (m, 2H), 0.90 (t, 3J(H,H) =
7.3 Hz, 3H). 13C NMR (101 MHz, D2O) δ = 78.0, 74.4, 62.0, 59.9,
58.6, 50.9, 45.1, 29.2, 18.1, 12.9. HRMS (ESI-TOF): m/z calcd for
C10H23N2O3

+ 219.1709 [M + H+]; found 219.1691.
(2R,3R,4R)-2-((((R)-1-Hydroxy-3-methylbutan-2-yl)amino)methyl)-

pyrrolidine-3,4-diol (25j). The precursor (2R,3R,4R)-N-benzyl-
oxycarbonyl-3,4-dihydroxy-2-((((R)-1-hydroxy-3-methylbutan-2-yl)-
amino)methyl)pyrrolidine (94 mg, 47% yield) was purified by
HPLC: gradient elution from 10% to 70% MeOH in 40 min.
HPLC analysis: gradient elution from 2% to 62% B in 30 min;
tR = 21.6 min. The title compound (50 mg, 94% yield) was pre-
pared according to the general procedure described above.
[α]22D = +18.3 (c 0.9 in MeOH). 1H NMR (500 MHz, D2O) δ = 4.27
(dt, 3J(H,H) = 5.1, 2.7 Hz, 1H), 4.08 (t, 3J(H,H) = 2.8 Hz, 1H),
3.83 (dd, 3J(H,H) = 12.5, 3.9 Hz, 1H), 3.69 (dd, 3J(H,H) = 12.5,
6.8 Hz, 1H), 3.62 (dt, 3J(H,H) = 8.2, 4.2 Hz, 1H), 3.48 (dd, 3J(H,
H) = 12.5, 5.0 Hz, 1H), 3.40 (dd, 3J(H,H) = 13.5, 4.8 Hz, 1H),
3.31 (dd, 3J(H,H) = 13.5, 8.5 Hz, 1H), 3.20 (dd, 3J(H,H) = 12.5,
2.4 Hz, 1H), 2.95 (m, 1H), 2.00 (dq, 3J(H,H) = 13.4, 6.8 Hz, 1H),
0.96 (dd, 3J(H,H) = 25.3, 6.9 Hz, 6H). 13C NMR (101 MHz, D2O)
δ = 78.2, 74.8, 64.8, 62.4, 58.1, 50.6, 46.2, 27.1, 18.1, 17.0.
HRMS (ESI-TOF): m/z calcd for C10H23N2O3

+ 219.1709 [M +
H+]; found 219.1691.

(2R,3R,4R)-2-(((1,3-Dihydroxypropan-2-yl)amino)methyl)-
pyrrolidine-3,4-diol (25k). The precursor (2R,3R,4R)-N-benzyloxy-
carbonyl-2-(((1,3-dihydroxypropan-2-yl)amino)methyl)-3,4-di-
hydroxypyrrolidine (126 mg, 66 yield) was purified by HPLC:
gradient elution from 10% to 70% MeOH in 40 min. HPLC
analysis: gradient elution from 2% to 62% B in 30 min; tR =
17.1 min. The title compound (78 mg, 99% yield) was prepared
according to the general procedure described above. [α]22D =
+15.2 (c 1.2 in MeOH). 1H NMR (500 MHz, D2O) δ = 4.29 (dt,
3J(H,H) = 5.0, 2.6 Hz, 1H), 4.08 (t, 3J(H,H) = 2.7 Hz, 1H), 3.70
(dd, 3J(H,H) = 11.8, 4.4 Hz, 2H), 3.59 (m, 3H), 3.52 (dd, 3J(H,H)
= 12.6, 4.8 Hz, 1H), 3.30 (d, 3J(H,H) = 2.4 Hz, 1H), 3.25 (dd,
3J(H,H) = 13.4, 5.0 Hz, 1H), 3.12 (dd, 3J(H,H) = 13.4, 8.9 Hz,
1H), 2.93 (m, 1H). 13C NMR (101 MHz, D2O) δ = 77.5, 74.5,
64.3, 59.9, 59.8, 50.2, 45.9. HRMS (ESI-TOF): m/z calcd for
C8H19N2O4

+ 207.1316 [M + H+]; found 207.1333.
(2R,3R,4R)-1-(((2R,3R,4R)-3,4-Dihydroxypyrrolidin-2-yl)methyl)-

2-(hydroxymethyl)piperidine-3,4-diol (25l). The precursor
(2R,3R,4R)-N-benzyloxycarbonyl-2-(((2R,3R,4R)-3,4-dihydroxy-2-
(hydroxymethyl)piperidin-1-yl)methyl)-3,4-dihydroxypyrrolidine
(102 mg, 52% yield) was purified by HPLC: gradient elution
from 0% to 70% MeOH in 40 min. HPLC analysis: gradient
elution from 2% to 62% B in 30 min; tR = 17.3 min. The title
compound (60 mg, 79% yield) was prepared according to the

general procedure described above. [α]22D = +35.4 (c 0.9 in
MeOH). 1H NMR (400 MHz, D2O) δ = 4.30 (s, 1H), 4.09 (s, 1H),
3.94 (dd, J(H,H) = 12.3, 3.5 Hz, 1H), 3.70 (m, 2H), 3.51 (m, 2H),
3.32 (d, 3J(H,H) = 12.9 Hz, 1H), 3.20 (t, 3J(H,H) = 9.4 Hz, 1H),
3.11 (dd, 3J(H,H) = 14.7, 5.4 Hz, 1H), 2.98 (m, 2H), 2.57 (m,
2H), 1.85 (dd, 3J(H,H) = 13.2, 4.6 Hz, 1H), 1.62 (ddd, 3J(H,H) =
25.0, 12.7, 4.0 Hz, 1H). 13C NMR (101 MHz, D2O) δ = 77.0, 74.8,
73.0, 71.4, 65.2, 64.2, 58.3, 50.3, 48.9, 48.2, 29.1. HRMS
(ESI-TOF): m/z calcd for C11H23N2O5

+ 263.1607 [M + H+]; found
263.1592.

DAB and LAB fused 2-oxopiperazine derivatives and amino
acid conjugates 28, 29, and 30. (7R,8R,8aR)-7,8-Dihydroxyhexa-
hydropyrrolo[1,2-a]pyrazin-4(1H)-one (28m). The precursor
(2R,3R,4R)-N-benzyloxycarbonyl-2-((glycineamidyl)methyl)-3,4-
dihydroxypyrrolidine (26m) (140 mg, 58% yield) was purified
by HPLC: gradient elution 0% MeOH for 5 min, then from 0%
to 70% MeOH in 35 min. HPLC analysis: gradient elution from
2% to 62% B in 30 min; tR = 16.9 min. 1H NMR (400 MHz,
D2O) δ 7.47 (m, 5H, arom), 5.22 (m, 2H, OCH2Ph), 4.26 (broad
s, 1H, H-4), 4.13 (m, 2H, H-2-3), 3.88 (m, 3H, H-5-7-7′), 3.48
(m, 3H H-5′-6-6′). 13C NMR (101 MHz, D2O) δ 168.2 (CONH2),
157.9 (COBn), 156.7 (COBn-rotamer), 135.8 (C-Ar), 135.4 (C-Ar-
rotamer), 128.8 (C-Ar), 128.8 (C-Ar), 128.5 (C-Ar), 128.5 (C-Ar),
127.9 (C-Ar), 78.3 (C-3 rotamer), 77.6 (C-3), 73.6 (C-4), 73.1 (C-4
rotamer), 68.4 (CH2Ph), 68.0 (CH2Ph rotamer), 62.1 (C-2), 61.9
(C-2 rotamer), 53.0 (C-5 rotamer), 52.4 (C-5), 49.6 (C-6), 48.7
(C-6 rotamer), 48.0 (C-7). The title compound (78 mg, 92%
yield) was prepared according to the general procedure
described above. [α]22D = +2.3 (c 1.4 in MeOH). 1H NMR
(400 MHz, D2O) δ 4.33 (dd, 3J(H,H) = 13.8, 7.0 Hz, 1H), 3.96
(t, 3J(H,H) = 6.7 Hz, 1H), 3.83 (m, 5H), 3.49 (m, 1H), 3.15 (t, 3J
(H,H) = 11.3 Hz, 1H). 13C NMR (101 MHz, D2O) δ 164.3, 77.6,
72.7, 57.9, 48.8, 44.4, 43.5. HRMS-ESI: m/z calcd for C7H13N2O3

173.0926 [M + H+]; found: 173.0923.
(3S,7R,8R,8aR)-7,8-Dihydroxy-3-methylhexahydropyrrolo[1,2-

a]pyrazin-4(1H)-one (28n). The precursor (2R,3R,4R)-N-benzyl-
oxycarbonyl-2-(((S)-alanineamidyl)methyl)-3,4-dihydroxypyrro-
lidine (26n) (110 mg, 58% yield) was purified by HPLC:
gradient elution 0% to 70% MeOH in 40 min. HPLC analysis:
gradient elution from 10% to 70% B in 30 min; tR = 13.5 min.
1H NMR (400 MHz, D2O) δ 7.47 (m, 5H, Ar), 5.21 (m, 2H,
OCH2Ph), 4.25 (br s, 1H, H-4), 4.18 (s, 1H, H-3 rotamer), 4.12
(br s, 2H, H-3-H-2), 4.05 (m, 2H, H-2-rotamer-H-7), 3.91 (m,
1H, H-7-rotamer), 3.84 (td, J = 12.2, 5.0 Hz, 2H, H-5;H-5-
rotamer), 3.52 (d, J = 12.5 Hz, 1H, H-5′), 3.48 (d, J = 12.6 Hz,
1H, H-5′ rotamer), 3.44 (br s, 2H, H-6-H-6 rotamer), 3.36 (br s,
2H, H-6′-H-6′ rotamer), 1.53 (d, J = 7.0 Hz, 3H, H-8), 1.43 (d, J =
7.0 Hz, 3H, H-8-rotamer). 13C NMR (101 MHz, D2O) δ 172.2
(CONH2), 157.8 (COBn), 156.6 (COBn-rotamer), 135.9 (C-Ar),
135.5 (C-Ar-rotamer), 128.9 (C-Ar), 128.8 (C-Ar), 128.5 (C-Ar),
128.5 (C-Ar), 127.9 (C-Ar), 78.1 (C-3-rotamer), 77.4 (C-3), 73.6
(C-4), 73.1 (C-4-rotamer), 68.3 (CH2Ph-rotamer), 68.1 (CH2Ph),
62.2 (C-2), 62.0 (C-2-rotamer), 56.2 (C-7-rotamer), 56.2 (C-7),
52.9 (C-5), 52.3 (C-5-rotamer), 47.6 (C-6), 46.9 (C-6-rotamer),
15.2 (C-8). The title compound (63 mg, 95% yield) was pre-
pared according to the general procedure described above.
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[α]22D = +22.2 (c 1.2 in MeOH). 1H NMR (400 MHz, D2O) δ 4.34
(dd, 3J(H,H) = 13.7, 6.4 Hz, 1H), 4.22 (q, 3J(H,H) = 7.3 Hz, 1H),
4.04 (m, 1H), 3.85 (m, 3H), 3.51 (dd, 3J(H,H) = 12.6, 6.3 Hz,
1H), 3.40 (m, 1H), 1.61 (d, 3J(H,H) = 7.3 Hz, 3H). 13C NMR
(101 MHz, D2O) δ 166.1, 77.5, 72.8, 57.3, 51.2, 49.2, 40.5, 14.2.
HRMS-ESI: m/z calcd for C8H15N2O3 187.1083 [M + H+]; found:
187.1089.

(3S,7R,8R,8aR)-7,8-Dihydroxy-3-isobutylhexahydropyrrolo-
[1,2-a]pyrazin-4(1H)-one (28p). The precursor (2R,3R,4R)-N-benzyl-
oxycarbonyl-2-(((S)-leucineamidyl)methyl)-3,4-dihydroxypyrroli-
dine (26p) (132 mg, 62% yield) was purified by HPLC: gradient
elution 0% to 70% MeOH in 40 min. HPLC analysis: gradient
elution from 10% to 70% B in 30 min; tR = 18.3 min. 1H NMR
(400 MHz, D2O) δ 7.46 (m, 5H, Ar), 5.20 (m, 2H, OCH2Ph), 4.24
(m, 1H, H-4), 4.18 (s, 1H, H-3-rotamer), 4.10 (br s, 2H, H-2-
H-3), 4.03 (br s, 1H, H-2-rotamer), 3.94 (t, J = 7.0 Hz, 1H, H-7),
3.82 (m, 2H, H-5-H-7-rotamer), 3.50 (m, 2H, H-5′-H-6), 3.36 (m,
2H, H-6′-H-6-rotamer), 3.20 (dd, J = 13.1, 6.6 Hz, 1H, H-6′-
rotamer), 1.62 (m, 3H, H-8-H8′-H-9), 0.94 (m, 6H, CH3).

13C
NMR (101 MHz, D2O) δ 171.3 (CONH2), 158.0 (COBn), 156.6
(COBn-rotamer), 135.8 (C-Ar), 135.3 (C-Ar-rotamer), 128.9
(C-Ar), 128.8 (C-Ar), 128.6 (C-Ar), 128.5 (C-Ar), 127.9 (C-Ar),
78.3 (C-3 rotamer), 77.5 (C-3), 73.4 (C-4), 73.0 (C-4 rotamer),
68.4 (CH2Ph rotamer), 68.1 (CH2Ph), 62.2 (C-2), 62.1 (C-2
rotamer), 59.8 (C-7 rotamer), 59.6 (C-7), 53.0 (C-5 rotamer),
52.3 (C-5), 48.5 (C-6), 47.4 (C-6 rotamer), 38.9 (C-8), 38.7 (C-8
rotamer), 24.0 (C-9 rotamer), 24.0 (C-9), 21.8 (C-10 rotamer),
21.5 (C-10), 21.3 (C-11), 21.0 (C-11 rotamer). The title com-
pound (94 mg, 96% yield) was prepared according to the
general procedure described above. [α]22D = −9.0 (c 1.0 in
MeOH). 1H NMR (400 MHz, D2O) δ 4.32 (dd, 3J(H,H) = 13.3,
6.1 Hz, 1H), 4.00 (m, 2H), 3.81 (m, 1H), 3.50 (dd, 3J(H,H) =
12.7, 5.9 Hz, 1H), 3.30 (m, 1H), 1.81 (m, 1H), 0.98 (t, 3J(H,H) =
5.5 Hz, 1H). 13C NMR (101 MHz, D2O) δ 166.6, 77.7, 72.9, 57.7,
53.6, 49.3, 41.1, 37.9, 24.3, 21.7, 20.6. HRMS-ESI: m/z calcd for
C11H21N2O3 229.1552 [M + H+]; found: 229.1538.

(3S,7R,8R,8aR)-3-Benzyl-7,8-dihydroxyhexahydropyrrolo[1,2-a]-
pyrazin-4(1H)-one (28q). The precursor (2R,3R,4R)-N-benzyloxy-
carbonyl-2-(((S)-phenylalanineamidyl)methyl)-3,4-dihydroxy-
pyrrolidine (26q) (165 mg, 70% yield) was purified by HPLC:
0% to 70% MeOH in 40 min. HPLC analysis: gradient elution
from 10% to 70% B in 30 min; tR = 20.0 min. 1H NMR
(400 MHz, CD3OD) δ = 7.33 (m, 10H, Ar), 5.06 (q, J = 12.3 Hz,
2H, OCH2Ph), 4.15 (t, J = 7.0 Hz, 1H, H-7), 4.05 (br s, 1H, H-4),
3.93 (br s, 2H, H-2-H-3), 3.70 (dd, J = 11.6, 4.3 Hz, 1H, H-5),
3.43 (m, 3H, H-5′-H-6-H-6′), 3.19 (ddd, J = 38.2, 14.1, 7.0 Hz,
2H, CH2Ph).

13C NMR (101 MHz, CD3OD) δ = 170.6 (CONH2),
159.0 (COBn), 137.5 (C-Ar), 135.0 (C-Ar), 130.6 (2C-Ar), 130.11
(2C-Ar), 129.6 (C-Ar), 129.3 (C-Ar), 129.1 (C-Ar), 128.9 (C-Ar),
79.4 (C-3), 75.11 (C-4), 68.9 (OCH2Ph), 64.3 (C-2), 63.4 (C-7),
54.2 (C-5), 51.2 (C-6), 37.9 (CH2Ph). The precursor (2R,3R,4R)-
N-benzyloxycarbonyl-3,4-dihydroxy-2-((((S)-1-methoxy-1-oxo-3-
phenylpropan-2-yl)amino)methyl)pyrrolidine (26r) (230 mg,
70% yield) was purified by HPLC: gradient elution 10% to 80%
B during 40 min. HPLC analysis: gradient elution from 10% to
70% B in 30 min; tR = 23.5 min. 1H NMR (400 MHz, CD3OD) δ

= 7.30 (m, 10H, Ar), 5.12 (m, 2H, CH2Ph), 4.29 (t, J = 6.6 Hz,
1H, H-7), 4.04 (br s, 1H, H-4), 3.93 (m, 2H, H-2-H-3), 3.77 (s,
3H, OCH3), 3.73 (dd, J = 11.6, 4.5 Hz, 1H, H-5), 3.48 (dd, J =
13.0, 2.8 Hz, 1H, H-6), 3.43 (d, J = 12.0 Hz, 1H, H-5′), 3.36 (m,
1H, H-6′), 3.22 (d, J = 6.6 Hz, 2H, H-8-H-8′). 13C NMR
(101 MHz, CD3OD) δ = 173.87 (CONH2), 158.95 (COBn), 137.62
(C-Ar), 135.15 (C-Ar), 130.44 (2C-Ar), 130.14 (2C-Ar), 129.60
(2C-Ar), 129.32 (2C-Ar), 129.06 (2C-Ar), 79.54 (C-3), 75.32 (C-4),
68.89 (CH2Ph), 64.86 (C-2), 62.83 (C-7), 54.50 (C-5), 53.53
(OCH3), 50.85 (C-6), 37.20 (C-8). The title compound (100 mg,
95% yield) was prepared according to the general procedure
described above. [α]22D = −11.4 (c 1.2 in MeOH). 1H NMR
(400 MHz, D2O) δ 7.37 (m, 5H), 4.41 (dd, 3J(H,H) = 7.5, 5.5 Hz,
1H), 4.28 (dd, 3J(H,H) = 12.3, 6.1 Hz, 1H), 3.80 (m, 3H), 3.65
(m, 1H), 3.52 (dd, 3J(H,H) = 12.8, 5.8 Hz, 1H), 3.43 (dd, 3J(H,H)
= 15.1, 5.3 Hz, 1H), 3.31 (dd, 3J(H,H) = 15.1, 7.7 Hz, 1H), 2.91
(m, 1H). 13C NMR (101 MHz, D2O) δ 164.6, 134.0, 129.3, 129.2,
128.1, 77.7, 72.8, 57.2, 55.8, 49.3, 41.5, 34.5. HRMS-ESI: m/z
calcd for C14H19N2O3 263.1396 [M + H+]; found: 263.1377.

1-(3-((3S,7R,8R,8aR)-7,8-Dihydroxy-4-oxooctahydropyrrolo-
[1,2-a]pyrazin-3-yl)propyl)guanidine (28u). The precursor
(2R,3R,4R)-N-benzyloxycarbonyl-2-(((S)-arginineamidyl)methyl)-
3,4-dihydroxypyrrolidine (26u) (129 mg, 55% yield) was puri-
fied by HPLC: gradient elution 0% MeOH for 5 min, then from
0% to 70% MeOH in 40 min. HPLC analysis: gradient elution
from 10% to 70% B in 30 min; tR = 12.4 min. 1H NMR
(400 MHz, D2O) δ 7.45 (m, 5H, Ar), 5.20 (m, 2H, OCH2Ph), 4.25
(m, 1H, H-4), 4.18 (s, 1H, H-3 rotamer), 4.10 (br s, 2H, H-2-
H-3), 4.06 (br s, 1H, H-2 rotamer), 3.97 (t, J = 6.3 Hz, 1H, H-7),
3.85 (m, 2H, H-5-H-7 rotamer), 3.44 (m, 3H, H-5′-H-6-H-6′),
3.19 (m, 2H, H-10-H-10′), 1.93 (m, 1H, H-8), 1.64 (m, 3H, H-8′-
H-9-H-9′). 13C NMR (101 MHz, D2O) δ 170.4 (CONH2), 158.1
(COBn), 156.7 (CvNH), 135.9 (C-Ar), 135.4 (C-Ar rotamer),
128.9 (C-Ar), 128.8 (C-Ar), 128.6 (C-Ar), 128.5 (C-Ar), 127.8
(C-Ar), 78.2 (C-3 rotamer), 77.4 (C-3), 73.4 (C-4), 73.0 (C-4
rotamer), 68.3 (CH2Ph rotamer), 68.1 (CH2Ph), 62.2 (C-2), 62.0
(C-2 rotamer), 60.4 (C-7 rotamer), 60.2 (C-7), 53.0 (C-5
rotamer), 52.3 (C-5), 48.6 (C-6), 47.6 (C-6 rotamer), 40.2 (C-10),
26.8 (C-8), 26.7 (C-8 rotamer), 23.3 (C-9 rotamer), 23.3 (C-9).
The title compound (100 mg, 92% yield) was prepared accord-
ing to the general procedure described above. [α]22D = −2.0
(c 1.0 in MeOH). 1H NMR (400 MHz, D2O) δ 4.32 (dd, 3J(H,H) =
12.6, 6.5 Hz, 1H), 4.03 (dd, 3J(H,H) = 11.9, 5.7 Hz, 2H), 3.82 (m,
3H), 3.53 (dd, 3J(H,H) = 12.7, 5.7 Hz, 1H), 3.26 (m, 3H), 2.14
(m, 1H), 1.91 (m, 1H), 1.78 (m, 2H). 13C NMR (101 MHz, D2O)
δ 165.8, 156.7, 77.7, 72.9, 57.8, 54.7, 49.3, 41.6, 40.4, 26.4, 24.8.
HRMS-ESI: m/z calcd for C11H22N5O3 272.1723 [M + H+];
found: 272.1726.

(1R,2R,5aS,10aR)-1,2-Dihydroxyoctahydrodipyrrolo[1,2-a:1′,2′-
d]pyrazin-5(1H)-one (28v). The precursor (2R,3R,4R)-N-benzyl-
oxycarbonyl-2-(((S)-prolineamidyl)methyl)-3,4-dihydroxypyrrolidine
(26v) (128 mg, 63% yield) was purified by HPLC: gradient
elution 0% to 70% MeOH in 40 min. HPLC analysis: gradient
elution from 2% to 62% B in 30 min; tR = 18.0 min. Assigned
the major rotamer: 1H NMR (500 MHz, CD3OD) δ 7.44 (m, 5H,
Ar), 5.23 (m, 2H, OCH2Ph), 4.28 (s, 1H, H-7), 4.16 (m, 2H, H-3-
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H-4), 4.00 (t, J = 5.6 Hz, 1H, H-2), 3.87 (br s, 1H, H-10), 3.75
(m, 2H, H-5-H-6), 3.53 (m, 2H, H-5′-H-6′), 3.38 (m, 1H, H-10′),
2.59 (m, 1H, H-8), 2.23 (m, 1H, H-9), 2.12 (m, 2H, H-8′-H-9′).
13C NMR (101 MHz, CD3OD) δ 171.0 (CONH2), 159.8 (COBn),
137.8 (C-Ar), 130.1 (C-Ar), 129.9 (C-Ar), 129.6 (C-Ar), 129.3
(C-Ar), 129.1 (C-Ar), 78.8 (C-3), 76.0 (C-4), 70.5 (C-7) 68.7
(OCH2Ph), 63.7 (C-2), 59.5 (C-6), 55.4 (C-10), 54.1 (C-5), 30.3
(C-8), 24.2 (C-9). The title compound (90 mg, 97% yield) was
prepared according to the general procedure described above.
[α]22D = −19.0 (c 1 in MeOH) of the mixture. (major) 1H NMR
(400 MHz, D2O) δ 4.38 (m, 1H), 4.33 (dd, 3J(H,H) = 13.7, 6.9
Hz, 1H), 3.99 (m, 1H), 3.93 (dd, 3J(H,H) = 12.1, 2.7 Hz, 1H),
3.86 (m, 1H), 3.85 (m, 1H), 3.83 (m, 1H), 3.47 (dd, 3J(H,H) =
12.6, 6.8 Hz, 1H), 3.39 (m, 1H), 3.23 (t, 3J(H,H) = 11.4 Hz, 1H),
2.55 (m, 1H), 2.24 (m, 1H), 2.20 (m, 1H), 2.09 (m, 1H). 13C
NMR (101 MHz, D2O) δ 165.7, 77.0, 72.6, 62.1, 58.2, 56.9, 50.6,
48.7, 27.4, 21.8. (minor) 1H NMR (400 MHz, D2O) δ 4.40 (m,
1H), 4.22 (m, 1H), 4.07 (m, 1H), 4.04 (m, 1H), 3.83 (m, 1H),
3.58 (m, 1H), 3.52 (d, 3J(H,H) = 14.0 Hz, 1H), 3.47 (m, 1H), 3.33
(m, 1H), 3.32 (m, 1H), 2.53 (m, 1H), 2.10 (m, 1H), 2.11 (m, 1H),
1.98 (m, 1H). 13C NMR (101 MHz, D2O) δ 168.2, 74.1, 68.1,
61.0, 52.7, 51.8, 51.6, 48.5, 29.5, 23.6. HRMS-ESI: m/z calcd for
C10H17N2O3 213.1239 [M + H+]; found: 213.1226.

(2R,3R,4R)-2-(((S)-Valineamidyl)methyl)-3,4-dihydroxypyrro-
lidine (30o). The precursor (2R,3R,4R)-N-benzyloxycarbonyl-2-
(((S)-valineamidyl)methyl)-3,4-dihydroxypyrrolidine (26o)
(104 mg, 51% yield) was purified by HPLC: gradient elution:
0% MeOH for 5 min, then from 10% to 80% MeOH in 40 min.
HPLC analysis: gradient elution from 10% to 70% B in 30 min;
tR = 16.5 min. 1H NMR (400 MHz, CD3OD) δ 7.35 (m, 5H, Ar),
5.19 (s, 2H, OCH2Ph), 4.09 (br s, 1H, H-4), 3.99 (m, 2H, H-2-
H-3), 3.75 (dd, J = 11.5, 4.3 Hz, 1H, H-5), 3.68 (d, J = 5.8 Hz,
1H, H-7), 3.49 (m, 2H, H-5′-H-6), 3.32 (m, 1H, H-6′), 2.20 (td,
J = 13.5, 6.8 Hz, 1H, H-8), 1.07 (m, 6H, 2CH3).

13C NMR
(101 MHz, CD3OD) δ 170.1 (CONH2), 159.3 (COBn), 137.5
(C-Ar), 129.6 (2C-Ar), 129.3 (C-Ar), 129.1 (2C-Ar), 79.5 (C-3),
75.0 (C-4), 69.1 (OCH2Ph), 68.0 (C-7), 64.4 (C-2), 54.3 (C-5), 51.8
(C-6), 31.1 (C-8), 18.6 (CH3), 18.5 (CH3). The title compound
(65 mg, 87% yield) was prepared according to the general pro-
cedure described above. [α]22D = +8.0 (c 1.0 in MeOH). 1H NMR
(400 MHz, D2O) δ 4.35 (dt, 3J(H,H) = 4.4, 2.2 Hz, 1H), 4.14 (t,
3J(H,H) = 2.3 Hz, 1H), 3.60 (m, 2H), 3.41 (dd, 3J(H,H) = 12.6,
1.7 Hz, 1H), 3.05 (m, 2H), 2.97 (dd, 3J(H,H) = 13.3, 8.5 Hz, 1H),
1.93 (tt, 3J(H,H) = 13.6, 6.8 Hz, 1H), 0.98 (dd, 3J(H,H) = 8.7, 6.9
Hz, 6H). 13C NMR (101 MHz, D2O) δ 179.0, 77.1, 74.5, 67.9,
65.6, 50.3, 47.3, 31.0, 18.4, 18.1. HRMS-ESI: m/z calcd for
C10H22N3O3 232.1661 [M + H+]; found: 232.1642.

(2R,3R,4R)-2-(((S)-Aspartic(βtert-butyl)amidyl)methyl)-3,4-
dihydroxypyrrolidine (30t). The precursor (2R,3R,4R)-N-benzyl-
oxycarbonyl-2-(((S)-aspartic(βtBu)amidyl)methyl)-3,4-dihydroxy-
pyrrolidine (26t) (138 mg, 56% yield) was purified by HPLC:
gradient elution 10% to 80% MeOH in 40 min. HPLC analysis:
gradient elution from 10% to 70% B in 30 min; tR = 20.8 min.
1H NMR (400 MHz, CD3OD) δ 7.36 (m, 5H, Ar), 5.18 (m, 2H,
OCH2Ph), 4.07 (m, 2H, H-4-H-7), 3.99 (br s, 2H, H-2-H-3), 3.76
(dd, J = 11.6, 4.5 Hz, 1H, H-5), 3.42 (m, 3H, H-5′-H-6-H-6′), 2.87

(m, 2H, H-8-H-8′), 1.48 (s, 9H, 3CH3).
13C NMR (101 MHz,

CD3OD) δ 170.2 (CONH2), 170.1 (COOtBu), 158.9 (COBn), 137.5
(C-Ar), 129.6 (C-Ar), 129.6 (C-Ar), 129.4 (C-Ar), 129.3 (C-Ar),
129.0 (C-Ar), 84.1 (C-CH3), 79.4 (C-3), 75.3 (C-4), 68.8
(OCH2Ph), 64.4 (C-2), 58.4 (C-7), 54.3 (C-5), 51.0 (C-6), 36.3
(C-8), 28.2 (3CH3). The title compound (95 mg, 93% yield) was
prepared according to the general procedure described above.
[α]22D = +16.6 (c 0.9 in MeOH). 1H NMR (400 MHz, D2O) δ 4.36
(dt, 3J(H,H) = 4.4, 2.3 Hz, 1H), 4.14 (t, 3J(H,H) = 2.3 Hz, 1H),
3.62 (m, 3H), 3.42 (dd, 3J(H,H) = 12.6, 1.8 Hz, 1H), 3.13 (dd, 3J
(H,H) = 13.3, 5.4 Hz, 1H), 3.05 (dd, 3J(H,H) = 13.3, 9.0 Hz, 1H),
2.74 (d, 3J(H,H) = 6.3 Hz, 2H), 1.47 (s, 9H). 13C NMR (101 MHz,
D2O) δ 177.7, 172.3, 83.5, 77.0, 74.5, 65.4, 57.7, 50.3, 46.4, 37.8,
27.3. HRMS-ESI: m/z calcd for C13H26N3O5 304.1872 [M + H+];
found: 304.1869.

(7S,8S,8aS)-7,8-Dihydroxyhexahydropyrrolo[1,2-a]pyrazin-4-
(1H)-one (29m). The precursor (2S,3S,4S)-N-benzyloxycarbonyl-
2-((glycineamidyl)methyl)-3,4-dihydroxypyrrolidine (27m)
(147 mg, 60% yield) was purified by HPLC: gradient elution
0% MeOH for 5 min, then from 0% to 70% MeOH in 35 min.
HPLC analysis: identical to that 26m. 1H and 13C NMR
matched those listed above for compound 26m. The title com-
pound (100 mg, 99% yield) was prepared according to the
general procedure described above. [α]22D = −2.5 (c 2.0 in
MeOH). 1H NMR (400 MHz, D2O) δ 4.31 (dd, 3J(H,H) = 14.3, 7.1
Hz, 1H), 3.94 (t, 3J(H,H) = 6.2 Hz, 1H), 3.83 (m, 4H), 3.47 (dd,
3J(H,H) = 12.5, 6.9 Hz, 1H), 3.18 (m, 1H). 13C NMR (101 MHz,
D2O) δ 163.3, 77.5, 72.6, 57.4, 48.8, 43.9, 43.3. HRMS-ESI: m/z
calcd for C7H13N2O3 173.0926 [M + H+]; found: 173.0930.

(3S,7S,8S,8aS)-7,8-Dihydroxy-3-methylhexahydropyrrolo[1,2-a]-
pyrazin-4(1H)-one (29n). The precursor (2S,3S,4S)-N-benzyloxy-
carbonyl-2-(((S)-alanineamidyl)methyl)-3,4-dihydroxypyrrolidine
(27n) (50 mg, 44% yield) was purified by HPLC: gradient
elution 0% to 70% B during 40 min. HPLC analysis: gradient
elution from 10% to 70% B in 30 min; tR = 13.4 min. 1H NMR
(400 MHz, D2O) δ 7.30 (m, 5H, Ar), 5.05 (d, J = 5.7 Hz, 2H,
OCH2Ph), 4.11 (m, 1H, H-4), 4.08 (m, 1H, H-4-rotamer), 4.02
(s, 1H, H-3-rotamer), 3.93 (m, 3H, H-2-H-3-H-7), 3.77 (q, J = 7.0
Hz, 1H, H-7-rotamer), 3.68 (dt, J = 11.0, 5.3 Hz, 1H, H-5), 3.36
(m, 2H, H-5′-H-6), 3.15 (ddd, J = 25.4, 13.1, 7.1 Hz, 1H, H-6′),
1.41 (d, J = 7.1 Hz, 3H, CH3), 1.24 (d, J = 7.1 Hz, 3H, CH3

rotamer). 13C NMR (101 MHz, D2O) δ 172.0 (CONH2),
171.8 (CONH2 rotamer), 158.0 (COBn), 156.5 (COBn-rotamer),
135.8 (C-Ar), 135.3 (C-Ar-rotamer), 128.9 (C-Ar), 128.7 (C-Ar),
128.6 (C-Ar), 128.5 (C-Ar), 127.9 (C-Ar), 78.2 (C-3-rotamer),
77.6 (C-3), 73.5 (C-4-rotamer), 73.0 (C-4), 68.4 (OCH2Ph-
rotamer), 68.1 (CH2Ph), 62.1 (C-2), 62.1 (C-2-rotamer),
56.4 (C-7-rotamer), 56.2 (C-7), 53.1 (C-5-rotamer), 52.3 (C-5),
48.3 (C-6), 47.4 (C-6-rotamer), 15.4 (C-8), 15.2 (C-8-rotamer).
The title compound (45 mg, 99% yield) was prepared accord-
ing to the general procedure described above. [α]22D = +26.0
(c 1.0 in MeOH). 1H NMR (400 MHz, D2O) δ 4.34 (dd, 3J(H,H) =
14.2, 7.3 Hz, 1H), 4.09 (q, 3J(H,H) = 7.2 Hz, 1H), 3.91 (m, 3H),
3.82 (dd, 3J(H,H) = 12.7, 8.0 Hz, 1H), 3.50 (dd, 3J(H,H) = 12.7,
6.9 Hz, 1H), 3.31 (m, 1H), 1.59 (d, 3J(H,H) = 7.2 Hz, 3H). 13C
NMR (101 MHz, D2O) δ 165.9, 77.5, 72.8, 57.4, 52.6, 49.1, 43.3,
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14.4. HRMS-ESI: m/z calcd for C8H15N2O3 187.1083 [M + H+];
found: 187.1085.

(3S,7S,8S,8aS)-7,8-Dihydroxy-3-isobutylhexahydropyrrolo[1,2-a]-
pyrazin-4(1H)-one (29p). The precursor (2S,3S,4S)-N-benzyloxy-
carbonyl-2-(((S)-leucineamidyl)methyl)-3,4-dihydroxypyrrolidine
(27p) (45 mg, 50% yield) was purified by HPLC: gradient
elution 0% to 70% B during 40 min. HPLC analysis: gradient
elution from 10% to 70% B in 30 min; tR = 18.5 min. 1H NMR
(400 MHz, D2O) δ 7.47 (d, J = 13.8 Hz, 5H, Ar), 5.21 (m, 2H,
OCH2Ph), 4.26 (m, 1H, H-4), 4.15 (m, 2H, H-2-H-3), 4.10 (br s,
1H, H-3-rotamer), 4.02 (m, 1H, H-7), 3.84 (m, 2H, H-5-H-7-
rotamer), 3.47 (m, 2H, H-5′-H-6), 3.32 (m, 1H, H-6′), 1.75 (m,
3H, H-8-H-8′-H-9), 1.55 (m, 2H, H-8-rotamer-H-9-rotamer), 0.94
(m, 6H, CH3).

13C NMR (101 MHz, D2O) δ 171.08 (CONH2),
158.19 (COBn), 156.45 (COBn-rotamer), 135.74 (C-Ar), 131.96
(C-Ar-rotamer), 129.03 (C-Ar), 128.95 (C-Ar), 128.74 (C-Ar),
128.54 (C-Ar), 127.97 (C-Ar), 78.27 (C-3), 77.51 (C-3 rotamer),
73.42 (C-4), 72.93 (C-4 rotamer), 68.53 (CH2Ph), 68.18 (CH2Ph
rotamer), 62.01 (C-2), 59.80 (C-7), 59.42 (C-7 rotamer), 53.07
(C-5), 52.35 (C-5 rotamer), 48.92 (C-6), 48.26 (C-6 rotamer),
38.91 (C-8), 38.62 (C-8 rotamer), 23.96 (C-9), 21.92 (C-10), 21.86
(C-10 rotamer), 21.12 (C-11), 20.92 (C-11 rotamer). The title
compound (20 mg, 99% yield) was prepared according to the
general procedure described above. [α]22D = −3.8 (c 0.9 in
MeOH). 1H NMR (400 MHz, D2O) δ 4.33 (dd, 3J(H,H) = 14.3, 7.2
Hz, 1H), 4.06 (dd, 3J(H,H) = 10.0, 3.5 Hz, 1H), 3.96 (t, 3J(H,H) =
7.5 Hz, 1H), 3.88 (m, 2H), 3.80 (dd, 3J(H,H) = 12.5, 7.8 Hz, 1H),
3.52 (dd, 3J(H,H) = 12.6, 6.8 Hz, 1H), 3.29 (t, 3J(H,H) = 11.6 Hz,
1H), 1.96 (m, 1H), 1.79 (m, 2H), 0.98 (t, 3J(H,H) = 5.7 Hz, 6H).
13C NMR (101 MHz, D2O) δ 165.7, 77.4, 72.6, 57.1, 54.8, 49.2,
43.3, 38.6, 23.7, 22.1, 19.9. HRMS-ESI: m/z calcd for
C11H21N2O3 229.1552 [M + H+]; found: 229.1545.

(3S,7S,8S,8aS)-3-Benzyl-7,8-dihydroxyhexahydropyrrolo[1,2-a]-
pyrazin-4(1H)-one (29q). The precursor (2S,3S,4S)-N-benzyloxy-
carbonyl-2-(((S)-phenylalanineamidyl)methyl)-3,4-dihydroxy-
pyrrolidine (27q) (54 mg, 55% yield) was purified by HPLC:
gradient elution: 0% to 70% B during 40 min. HPLC analysis:
gradient elution from 10% to 70% B in 30 min; tR = 19.4 min.
1H NMR (400 MHz, CD3OD) δ 7.32 (m, 10H, Ar), 5.20 (m, 2H,
OCH2Ph), 4.23 (dd, J = 7.4, 6.1 Hz, 1H, H-7), 4.06 (br s, 1H,
H-4), 4.00 (m, 1H, H-2), 3.95 (s, 1H, H-3), 3.73 (dd, J = 11.7, 4.3
Hz, 1H, H-5), 3.40 (m, 3H, H-5′-H-6-H-6′), 3.21 (ddd, J = 21.5,
13.9, 6.8 Hz, 2H, CH2Ph).

13C NMR (101 MHz, CD3OD) δ 170.3
(CONH2), 159.1 (COBn), 137.6 (C-Ar), 135.0 (C-Ar), 130.6
(2C-Ar), 130.0 (2C-Ar), 129.6 (C-Ar), 129.3 (C-Ar), 129.2 (C-Ar),
128.9 (C-Ar), 79.4 (C-3), 75.3 (C-4), 68.9 (OCH2Ph), 64.3 (C-2),
62.8 (C-7), 54.5 (C-5), 50.7 (C-6), 37.8 (C-8). The title compound
(34 mg, 99% yield) was prepared according to the general pro-
cedure described above. [α]22D = −5.7 (c 1.1 in MeOH). 1H NMR
(400 MHz, D2O) δ 7.42 (m, 5H), 4.34 (m, 2H), 3.95 (m, 1H),
3.84 (m, 3H), 3.61 (dd, 3J(H,H) = 14.8, 4.2 Hz, 1H), 3.56 (dd,
3J(H,H) = 12.7, 6.9 Hz, 1H), 3.26 (t, 3J(H,H) = 12.1 Hz, 1H), 3.14
(dd, 3J(H,H) = 14.9, 10.1 Hz, 1H). 13C NMR (101 MHz, D2O)
δ 164.2, 133.9, 129.3, 129.2, 128.1, 77.4, 72.7, 58.0, 57.1, 49.2,
43.5, 35.0. HRMS-ESI: m/z calcd for C14H19N2O3 263.1396
[M + H+]; found: 263.1399.

2-((3S,7S,8S,8aS)-7,8-Dihydroxy-4-oxooctahydropyrrolo[1,2-a]-
pyrazin-3-yl)acetic acid (29s). The precursor (2S,3S,4S)-N-benzyl-
oxycarbonyl-2-(((S)-aspartic(βtBu)amidyl)methyl)-3,4-dihydroxy-
pyrrolidine (27t) (64 mg, 47% yield) was purified by HPLC:
gradient elution 0% to 70% B during 40 min. HPLC analysis:
gradient elution from 10% to 70% B in 30 min; tR = 20.6 min.
1H NMR (400 MHz, CD3OD) δ 7.36 (m, 5H, Ar), 5.19 (s, 2H,
OCH2Ph), 4.19 (m, 1H, H-7), 4.09 (br s, 1H, H-4), 4.02 (br s, 2H
H-2-H-3), 3.75 (dd, J = 11.6, 4.1 Hz, 1H, H-5), 3.47 (m, 3H, H-5′-
H-6-H-6′), 3.00 (t, J = 4.8 Hz, 2H, H-8-H-8′), 1.48 (s, 9H, CH3).
13C NMR (101 MHz, CD3OD) δ 170.0 (2C-CONH2-COO

tBu),
159.0 (COBn), 137.6 (C-Ar), 129.7 (C-Ar), 129.6 (C-Ar), 129.4
(C-Ar), 129.2 (C-Ar), 129.1 (C-Ar), 84.1 (C-CH3), 79.5 (C-3), 75.2
(C-4), 68.9 (OCH2Ph), 64.4 (C-2), 58.4 (C-7), 54.4 (C-5), 51.8
(C-6), 36.7 (C-8), 28.2 (3CH3). The precursor (2S,3S,4S)-N-benzyl-
oxycarbonyl-2-(((S)-asparticamidyl)methyl)-3,4-dihydroxypyrro-
lidine (27s) (55 mg, 47% yield) was prepared by removing the
tBu ester of the β-carboxylate group. Deprotection of the tBu
group: 27t (60 mg, 0.13 mmol) was dissolved in trifluoroacetic
acid (TFA) (7 mL) and left to stand at room temperature for
6 h. After that time, no starting material was detected by
HPLC. The derivative was purified by HPLC using a gradient
elution: 0% to 70% B during 40 min. HPLC analysis: gradient
elution from 10% to 70% B in 30 min; tR = 13.3 min. 1H NMR
(400 MHz, CD3OD) δ 7.35 (m, 5H, Ar), 5.20 (m, 2H, OCH2Ph),
4.21 (m, 1H, H-7), 4.09 (br s, 1H, H-4), 4.03 (br s, 2H, H-2-H-3),
3.75 (dd, J = 11.7, 4.3 Hz, 1H, H-5), 3.56 (dd, J = 13.0, 2.6 Hz,
1H, H-6), 3.45 (m, 2H, H-5′-H-6′), 3.05 (dd, J = 9.2, 5.8 Hz, 2H,
H-8-H-8′). 13C NMR (101 MHz, CD3OD) δ 172.5 (CONH2), 170.2
(COOH), 158.9 (COBn), 137.6 (C-Ar), 129.6 (2C-Ar), 129.3
(C-Ar), 129.1 (2C-Ar), 79.6 (C-3), 75.3 (C-4), 68.9 (OCH2Ph), 64.5
(C-2), 58.5 (C-7), 54.5 (C-5), 51.6 (C-6), 35.5 (CONH2). The title
compound (32 mg, 99% yield) was then prepared according to
the general procedure described above. [α]22D = +46.6 (c 0.8 in
MeOH). 1H NMR (400 MHz, D2O) δ 4.35 (dd, 3J(H,H) = 14.3, 7.1
Hz, 1H), 4.29 (m, 1H), 3.95 (m, 3H), 3.84 (dd, 3J(H,H) = 12.6,
7.9 Hz, 1H), 3.48 (dd, 3J(H,H) = 12.6, 6.8 Hz, 1H), 3.39 (t, 3J(H,
H) = 11.8 Hz, 1H), 3.23 (dd, 3J(H,H) = 18.4, 5.5 Hz, 1H), 3.07
(dd, 3J(H,H) = 18.4, 3.7 Hz, 1H). 13C NMR (101 MHz, D2O) δ
173.8, 164.3, 77.4, 72.7, 57.2, 53.1, 49.1, 43.8, 33.6. HRMS-ESI:
m/z calcd for C9H15N2O5 231.0981 [M + H+]; found: 231.0995.

1-(3-((3S,7S,8S,8aS)-7,8-Dihydroxy-4-oxooctahydropyrrolo-
[1,2-a]pyrazin-3-yl)propyl)guanidine (29u). The precursor
(2S,3S,4S)-N-benzyloxycarbonyl-2-(((S)-arginineamidyl)methyl)-
3,4-dihydroxypyrrolidine (27u) (49 mg, 48% yield) was purified
by HPLC: gradient elution 0% to 60% B during 40 min. HPLC
analysis: gradient elution from 10% to 70% B in 30 min; tR =
12.2 min. 1H NMR (400 MHz, CD3OD) δ 7.36 (m, 5H, Ar), 5.15
(m, 2H, OCH2Ph), 4.10 (d, J = 3.6 Hz, 1H, H-4), 4.03 (br s, 3H,
H-2-H-3-H-7), 3.75 (dd, J = 11.7, 4.3 Hz, 1H, H-5), 3.49 (m, 2H,
H-5′-H-6), 3.35 (m, 1H, H-6′), 3.23 (t, J = 5.8 Hz, 2H, H-10-
H-10′), 1.98 (m, 2H, H-8-H-8′), 1.66 (m, 2H, H-9-H-9′). 13C NMR
(101 MHz, CD3OD) δ 170.7 (CONH2), 159.2 (COBn), 158.7
(CvNH), 137.6 (C-Ar), 129.7 (C-Ar), 129.6 (C-Ar), 129.4 (C-Ar),
129.2 (C-Ar), 129.0 (C-Ar), 79.4 (C-3), 75.3 (C-4), 68.9 (OCH2Ph),
64.4 (C-2), 61.1 (C-7), 54.5 (C-5), 50.9 (C-6), 41.7 (C-10), 28.8
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(C-8), 25.0 (C-9). The title compound (60 mg, 99% yield) was
prepared according to the general procedure described above.
[α]22D = +16.9 (c 1.2 in MeOH). 1H NMR (400 MHz, D2O) δ 4.33
(dd, 3J(H,H) = 14.4, 7.1 Hz, 1H), 4.00 (dd, 3J(H,H) = 8.3, 4.4 Hz,
1H), 3.96 (m, 1H), 3.88 (m, 2H), 3.81 (dd, 3J(H,H) = 12.6, 7.8
Hz, 1H), 3.52 (dd, 3J(H,H) = 12.6, 6.9 Hz, 1H), 3.26 (m, 3H),
2.18 (ddd, 3J(H,H) = 15.6, 10.2, 4.8 Hz, 1H), 1.91 (m, 1H), 1.77
(m, 2H). 13C NMR (101 MHz, D2O) δ 166.8, 156.7, 77.5, 72.7,
58.4, 56.3, 49.1, 43.7, 40.3, 27.2, 24.2. HRMS-ESI: m/z calcd for
C11H22N5O3 272.1723 [M + H+]; found: 272.1716.

(2S,3S,4S)-N-Benzyloxycarbonyl-2-(((S)-valineamidyl)methyl)-
3,4-dihydroxypyrrolidine (27o). The title compound (60 mg,
50% yield) was prepared according to the general procedure
described above and purified by HPLC: gradient elution 0% to
70% B during 40 min. HPLC analysis: gradient elution from
10% to 70% B in 30 min; tR = 16.4 min. 1H NMR (400 MHz,
CD3OD) δ 7.37 (m, 5H, Ar), 5.18 (m, 2H, OCH2Ph), 4.08 (br s,
1H, H-4), 4.05 (d, J = 7.0 Hz, 1H, H-2), 4.00 (br s, 1H, H-3), 3.83
(d, J = 4.5 Hz, 1H, H-7), 3.75 (dd, J = 11.7, 4.3 Hz, 1H, H-5),
3.48 (d, J = 11.8 Hz, 1H, H-5′), 3.43 (d, J = 2.2 Hz, 1H, H-6), 3.35
(m, 1H, H-6′), 2.26 (m, 1H, H-8), 1.10 (m, 6H, 2CH3).

13C NMR
(101 MHz, CD3OD) δ 169.7 (CONH2), 159.3 (COBn), 137.6
(C-Ar), 129.6 (2C-Ar), 129.3 (C-Ar), 129.1 (2C-Ar), 79.5 (C-3),
75.3 (C-4), 69.0 (OCH2Ph), 66.8 (C-7), 64.4 (C-2), 54.5 (C-5), 51.4
(C-6), 31.1 (C-8), 18.8 (CH3), 17.8 (CH3). This compound could
not be converted to the corresponding bicyclic (3S,7S,8S,8aS)-
7,8-dihydroxy-3-isopropylhexahydropyrrolo[1,2-a]pyrazin-4(1H)-
one. No further characterization was conducted.

Inhibitory activity assays

Enzymatic inhibition assays on commercial glycosidases, the
kinetics of the inhibition, preparation of gut mucosal suspen-
sions, inhibition assays on rat intestinal disaccharidases and
MIC determination against the H37Rv Pasteur Mycobacterium
tuberculosis strain using the REMA plate method were per-
formed as described in previous work.7,24 The experimental
details are given in the ESI.†
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The synthesis, conformational study and inhibitory properties of diverse indolizidine and quinolizidine
iminocyclitols are described. The compounds were chemo-enzymatically synthesized by two-step aldol
addition and reductive amination reactions. The aldol addition of dihydroxyacetone phosphate (DHAP) to
N-Cbz-piperidine carbaldehyde derivatives catalyzed by L-rhamnulose 1-phosphate aldolase from
Escherichia coli provides the key intermediates. The stereochemical outcome of both aldol addition and
reductive amination depended upon the structure of the starting material and intermediates. The
combination of both reactions furnished five indolizidine and six quinolizidine type iminocyclitols.
A structural analysis by NMR and in silico density functional theory (DFT) calculations allowed us to
determine the population of stereoisomers with the trans or cis ring fusion, as a consequence of the
inversion of configuration of the bridgehead nitrogen. The trans fusion was by far the most stable, but for
certain stereochemical configurations of the 3-hydroxymethyl and hydroxyl substituents both trans and
cis fusion stereoisomers coexisted in different proportions. Some of the polyhydroxylated indolizidines
and quinolizidines were shown to be moderate to good inhibitors against α-L-rhamnosidase from
Penicillium decumbens. Indolizidines were found to be moderate inhibitors of the rat intestinal sucrase
and of the exoglucosidase amyloglucosidase from Aspergillus niger. In spite of their activity
against α-L-rhamnosidase, all the compounds were ineffective to inhibit the growth of the
Mycobacterium tuberculosis, the causative agent of tuberculosis.

Introduction

Polyhydroxylated indolizidines, e.g. D-swainsonine, castanosper-
mine, lentiginosine, and steviamine (Fig. 1), and quinolizidines
are conformationally restricted iminocyclitols. Several of them
are effective glycosidase inhibitors and possess potential thera-
peutic applications as antidiabetic, antiviral, anticancer, antimeta-
static and immunoregulating agents.1–4

Many efforts have been devoted to the chemical synthesis of
polyhydroxylated indolizidine and quinolizidine iminocycli-
tols5,6 as well as to evaluate their inhibitory properties against

glycoprocessing enzymes.3,4,7–10,11 However, few studies on the
use of aldolases to construct stereoselectively the polyhydroxy-
lated scaffold have been reported.8

We have recently reported that iminocyclitols of the pyrrolizi-
dine type can be expediently prepared by an aldol addition reac-
tion of DHAP to N-Cbz-pyrrolidine carbaldehyde derivatives
from proline and 3- and 4-hydroxyproline derivatives catalyzed
by L-rhamnulose-1-phosphate aldolase (RhuA) and the L-fucu-
lose-1-phosphate aldolase F131A mutant (FucA F131A) in good
yields.12,13 This chemo-enzymatic approach has been demon-
strated to be attractive for the diversity-oriented synthesis.14

The versatility of this methodology has led us to explore the
chemo-enzymatic synthesis of polyhydroxylated indolizidines
and quinolizidines in the frame of our ongoing project on the
chemo-enzymatic synthesis of iminocyclitols. Our previous
results prompted us to explore the use of N-Cbz-piperidine car-
baldehyde derivatives as aldehyde acceptors to prepare novel
polyhydroxylated indolizidine and quinolizidine iminocyclitols
and test their preliminary biological activity as inhibitors of
selected commercial glycosidases and rat intestinal disaccharide
glycosidases. Inhibitors of digestive glycosidases decrease the
post-prandial glycaemia by diminishing the rate of the digestion

†Electronic supplementary information (ESI) available. See DOI:
10.1039/c2ob25943e

aDept Biological Chemistry and Molecular Modeling, Instituto de
Química Avanzada de Cataluña, IQAC-CSIC, Jordi Girona 18-26,
08034 Barcelona, Spain. E-mail: pere.clapes@iqac.csic.es
bServei de Ressonància Magnètica Nuclear, Departament de Química,
Universitat Autònoma de Barcelona, Bellaterra, Spain
cUnitat de Tuberculosi Experimental, Fundació Institut d’Investigació en
Ciències de la Salut Germans Trias i Pujol, Edifici Laboratoris de
Recerca, Crtra. de Can Ruti, Camí de les Escoles, s/n, 08916 Badalona,
Spain
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of dietary carbohydrates and, therefore, retarding the glucose
absorption.15,16 This is one of the therapeutic approaches to
reduce the severity of diabetes mellitus type 2 and a way to
prevent the metabolic syndrome associated with hypercaloric
diets, provided that the inhibitor does not stimulate the insulin
secretion.17,18

Results and discussion

We focused our attention on the commercial (R) or (S)-N-Cbz-
piperidin-2-carbaldehyde ((S)-1a and (R)-1a) and rac-N-Cbz-2-
(piperidin-4-yl)acetaldehyde ((rac)-1c) which are the starting
aldehydes of choice for the key enzymatic aldol addition with
DHAP (Scheme 1). DHAP dependent aldolases, investigated in
previous work,13 L-rhamnulose-1-phosphate aldolase (RhuA),
L-fuculose-1-phosphate aldolase (FucA) wild type and the
mutants FucA F131A, FucA F206A and FucA F206A/F131A,
were selected as potential biocatalysts. FucA F131Awas particu-
larly effective as a catalyst for the aldol addition of DHAP to (R)
and (S)-N-Cbz-prolinal derivatives, and therefore it may be also
effective for the piperidine derivatives.13 Both FucA F206A and
F206A/F131A were also designed to accommodate sterically
demanding aldehyde acceptors. Although they were not as effec-
tive as the single F131A mutant, we considered that they could
be worth trying towards piperidine derivatives. The screening
(Table 1) revealed that the FucA catalysts rendered scarce yields
which were not satisfactory from a preparative point of view.
RhuA gave the best results and was the selected aldolase to scale
up the reactions (Table 2).

The aldol adducts (5S)-2a, (5R)-2a, 2b (i.e. product mix from
(rac)-1b) obtained were converted into the corresponding indoli-
zidines and quinolizidines by one pot two-step N-Cbz-deprotec-
tion/reductive amination with H2 (Scheme 1) in the presence of
Pd/C, using the procedures previously published.13 The imino-
cyclitols were purified by ion exchange chromatography, which
rendered the pure compounds or mixtures of diastereomers
(Table 2 and Fig. 2). From the structural analysis of the imino-
cyclitols thus obtained, it was inferred that the aldol addition of

DHAP to (S)-1a catalyzed by RhuA furnished the syn configur-
ation of the aldol adduct, (5S)-2a, which was consistent with the
results obtained with (S)-N-Cbz-prolinal derivatives.13 On the
other hand, its enantiomer, (R)-1a, furnished the (5R)-2a
adduct as a syn : anti 2 : 3 mixture. This was not observed in the
case of the pyrrolidine derivative, (R)-N-Cbz-prolinal, which
exclusively provided the syn adduct.13 Both enantiomers of
(rac)-1b yielded aldol adducts, (6S)-2b and (6R)-2b, as syn : anti
mixtures, the syn configuration being the major diastereomers
(Table 2). According to our previous observations, the reductive
amination of polyhydroxylated pyrrolizidines gave preferentially
the 3-hydroxymethyl and 1-hydroxy groups in a syn orien-
tation.13,14 In the present case, the reductive amination followed
this trend for (5R)-2a and (6R)-2b adducts furnishing the corre-
sponding indolizidines with a 6 : 1 syn(1R,3R or 1S,3S) : anti
(1R,3S) ratio and the quinolizidines with an ∼8 : 1 syn
(2S,4S) : anti(2S,4R or 2R,4S) ratio, respectively with the major
configuration consistent with the stereochemistry reported in
previous studies. On the other hand, for (5S)-2a and (6S)-2b
adducts the reductive amination was not (dia)stereoselective
furnishing syn : anti mixtures with 1 : 1 and ∼1 : 2 ratios,
respectively.

Structural studies

Complete 1H and 13C chemical shift assignments for all deriva-
tives 3a–e and 4a–f were performed by the aid of two-dimen-
sional COSY and HSQC spectra. Furthermore, J(HH) coupling
constants and NOESY data were required for the determination
of the relative configuration of all stereogenic centers (see ESI†
for detailed nOe contacts in each molecule). Another important
question is whether a unique or several stereoisomers co-exist
for each compound in solution. For the compounds considered
in this work, cis and trans ring fusion can be achieved through
inversion of the configuration at the bridgehead nitrogen with
concomitant change of the conformation of the ring systems.
In general, as it is known for decalin, most of them present a
trans fusion that is energetically more stable. However, the

Fig. 1 Structures of biologically active indolizidine iminocyclitols.

Scheme 1 Chemoenzymatic synthesis of indolizidines and quinolizidine analogues: (a) dihydroxyacetone phosphate (DHAP) and DHAP-dependent
aldolase; (b) acid phosphatase, (c) H2, Pd/C.
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pattern substitution and the relative configuration of the hydroxyl
and hydroxymethylene groups play an important role to under-
stand the conformational aspects of the five- or six-membered
rings and to know the existence of different cis–trans fused
stereoisomers.

1H NMR spectra of the different indolizidine derivatives 3a–e
showed clear signals at room temperature. Two sets of stereo-
isomeric-related compounds (3a/3d/3e vs. 3b/3c) were distin-
guished that could be correlated from the relative cis/trans
configuration between the C3 and C8a stereocenters. Thus, dis-
tinctive upfield effects on H8a and H3 chemical shifts owing to
their well-defined axial positions, high diastereotopicity for the
two H5 methylene protons (Δδ = 1.1 ppm vs. 0.2/0.3 ppm)

owing to well-defined axial–equatorial positions, and character-
istic downfield effects on the methylene C5 chemical shift were
clearly observed for the 3a/3d/3e compounds, which practically
exist as a single trans stereoisomer (see ESI Table S1†). Other-
wise, the relative configuration of the C1–C2–C3 centers could
be determined from their corresponding chemical shift values as
well as from the characteristic nOe data (see ESI†). On the other
hand, compounds 3b and 3c present relevant chemical shift
differences for H8a, H3, H5 protons and for the C5 carbon (see
ESI Table S1†). In addition, characteristic nOe data evidenced
the presence of different cis/trans states in fast equilibrium on
the NMR timescale, in quite good agreement with theoretical
calculations (see below).

Table 1 Aldol addition reaction of dihydroxyacetone phosphate (DHAP) to N-Cbz-piperidinaldehyde derivatives (S)-1a, (R)-1a and (rac)-1b,
catalysed by FucA and RhuA DHAP-dependent aldolases

Aldehyde
FucA

FucA
F131A

FucA
F206A

FucA
F131A/F206A RhuA

% aldol adduct;a (syn(3R,4S) : anti(3R,4R))

(S)-1a 7b 19b 3b 18b 71; (>97 : 3)
(R)-1a 4b 21b 9b 18b 81; (40 : 60)
(rac)-1b 7b 15b 10b 12b 66; (c)

a Percentage of aldol adduct formed with respect to the limiting substrate DHAP. The amount of aldol adduct was determined by HPLC using an
external standard method. b syn(3R,4S) : anti(3R,4R) ratio not determined. c See Table 2.

Table 2 RhuA catalyzed synthesis of polyhydroxylated indolizidines and quinolizidines

Aldehyde %a Isolated yield %; aldol adduct syn(3R,4S) : anti(3R,4R)b Isolated indolizidine or quinolizidine Isolated amount (mg)

(S)-1a 71 34; (5S)-2a >97 : 3 3a 20
3b 20

(R)-1a 81 32; (5R)-2a 40 : 60 3c 13
3d 11
3e 4

(rac)-1b 66 54c 64 : 36d 4a 17
4b/4c/4f 70 : 21 : 9 17
4c/4b 62 : 38 25

(6S)-2b and (6R)-2b 87 : 13e 4d 47
4e 3
4f 3

Conversions, isolated yields and stereochemical outcome of the aldol additions of DHAP to N-Cbz-piperidinaldehyde derivatives and the
corresponding isolated bicyclic products. a Percentage of aldol adduct formed in the reaction mixture determined by HPLC with respect to the limiting
(DHAP) reagent. b syn : anti ratio for the RhuA-catalyzed aldol addition reaction. Inferred from the stereochemical analysis of the polyhydroxylated
quinolizidine and indolizidine derivatives obtained. c The adducts corresponding to (6S)-2b and (6R)-2b from the aldol addition of DHAP to (rac)-1b
were not separated by HPLC. d syn : anti ratio for the (6S)-2b adduct. e syn : anti ratio for the (6R)-2b adduct.

Fig. 2 Polyhydroxylated indolizidines and quinolizidines generated by enzymatic aldol addition, dephosphorylation and reductive amination steps.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 6309–6321 | 6311
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1H NMR spectra of the different quinolizidine derivatives
4a–f also show clear signals at room temperature except for 4e
that shows some broad signals due to some slow dynamic equili-
bria on the NMR timescale. In all these compounds, the well-
defined chair conformation related to a six-membered ring
allows a more simple analysis of chemical shifts and J(HH)
values. The relative configuration of the C2/C3/C4 is easily
determined from J(HH) and nOe data (see ESI†). Large axial–
axial J(HH) values (8–9 Hz) and characteristic 1,3-diaxial nOe
contacts among others confirm the axial position whereas
smaller J(HH) values and the absence of 1,3-diaxial nOe con-
tacts confirm the equatorial position of H2/H3/H4 protons.
In addition, the relative configuration of the C4 center is deter-
mined in all compounds from the hydroxymethyl C10 chemical
shift as well as from key nOe contacts (see ESI Table S2 and
Fig. S1–S12†). Exclusive trans stereoisomers are clearly deter-
mined for compounds 4a, 4b, 4d and 4f whereas important con-
tributions of the cis stereoisomer must be effective for 4c and 4e.
As discussed above, there is a strong correlation between the
relative configurations of C4 and C9a centers in trans fused pro-
ducts as observed from the following experimental NMR data
(see ESI Table S2†): (i) a notorious upfield effect on H9a and
H4 chemical shifts, (ii) a high diastereotopicity for the two
H6 methylene protons owing to a clear axial–equatorial position,
and (iii) characteristic C6 and C9 chemical shifts. All these
experimental aspects are also in strong agreement with theoreti-
cal calculations (see below).

To corroborate the NMR results, an in silico conformational
analysis of compounds 3a–e and 4a–f was carried out by using
density functional theory (DFT) calculations (see ESI†). Two
additional model compounds, 1-deoxy-castanospermine (DOC)
and 1-deoxy-8a-epi-castanospermine (DOEC), which have been
reported to exist as 8C5 and

5C8 stereoisomers in solution,19 were
also analyzed to assess the suitability of the method used. The
results for these model compounds were in good agreement with
the experimental observations, showing that all DOC minima
detected showed trans-fused 8C5 geometry, while for DOEC an
8 : 2 trans-5C8 : cis-8C5 ratio was estimated (Table 3). Further-
more, among the indolizidines synthesized in this work, signifi-
cant populations of cis-fused stereoisomers were only

determined for compounds 3b and 3c, while 3a, 3d and 3e
yielded exclusively trans-fused ones (Table 3, Fig. 3 and ESI
Table S3, Chart S1 and Fig. S15†). On the other hand, among
the quinolizidines, only 4c and 4e showed a significant contri-
bution of cis-fused stereoisomers. Thus, the theoretical results
obtained support the analysis of the NMR data of the compounds
synthesized.

Inhibitory activity against glycosidases, rat intestinal disac-
charidases and endo/exoglucosidases. The polyhydroxylated
indolizidines 3a–e and quinolizidines 4a–f synthesized were
tested as inhibitors against commercial glycosidases (Table 4)
and rat intestinal disaccharidases (Table 5) as preliminary targets
for inhibition. Their activity was compared with the known gly-
cosidase inhibitors 1,4-dideoxy-1,4-imino-D-arabinitol (DAB1,
8), 1,4-dideoxy-1,4-imino-L-arabinitol (LAB1, 9), D-fagomine
(10) and L-fagomine (11) (Fig. 4). D-Fagomine (10) effectively
lowers blood glucose in a dose-dependent manner when ingested
together with sucrose or starch, without stimulating insulin
secretion.15

Indolizidines. Compounds 3a–e can be considered ring
extended analogues of the pyrrolidines 8 and 9 (Fig. 4) but also
analogues of lentiginosine and swainsonine (Fig. 1).9,20 Lentigi-
nosine was a selective inhibitor of amyloglucosidases from
Aspergillus niger and Rhizopus mold but does not inhibit
rat intestinal sucrase and maltase as well as α-D-glucosidase
from Baker’s yeast, β-D-glucosidase from almonds and A. niger
and α-D-mannosidase from jack beans.21 Swainsonine is a
strong inhibitor of α-D-mannosidase from different origins
(IC50 = 0.1 μM, against α-D-mannosidase from jack beans).2,20

Interestingly, we found that compounds 3a and 3e are selec-
tive inhibitors of α-L-rhamnosidase from Penicillium decumbens,
while 3c was found to inhibit also α-D-mannosidase and moder-
ately, α-L-fucosidase (Table 4). Product 3b was also found to be
a weak inhibitor of α-D-glucosidase from Baker’s yeast. Among
the indolizidines synthesized in this work, 3a was the most
potent inhibitor (Table 4) of α-L-rhamnosidase. Because 3a has
no activity with the other commercial glycosidases tested
(Table 4) nor against rat intestinal glycosidases (see below,
Table 5), this may indicate a highly selective inhibitor of
α-L-rhamnosidase. Changing the configuration of any stereo-
genic centre resulted in a loss of inhibitory properties.

Regarding the inhibitory properties against rat intestinal glyco-
sidases, 3b, 3c, and 3e are selective inhibitors of rat intestinal
sucrase (Table 5). Interestingly, 3b has an IC50 against sucrase
comparable to DAB1 (8) and lower than that of D- and
L-fagomine. D-Fagomine effectively lowers the postprandial
glycaemia and therefore compound 3b is a promising analogue
with a potential application in controlling blood glucose levels.

Quinolizidines. The polyhydroxylated quinolizidines 4a–f can
also be considered ring extended analogues of 10 and 11. They
can also be seen as deoxy analogues of quinolizidine (12)
(Fig. 3), which was reported by Liu et al.7 and it was found to
be a potent inhibitor of α-D-glucosidase I from pig kidney
(IC50 = 0.15 μM).

Interestingly, among the quinolizidines, only 4e and 4f were
found to be selective inhibitors of α-L-rhamnosidase (Table 4).
Moreover, 4a and 4d were selective but weak inhibitors of rat

Table 3 Relative population of trans and cis stereoisomers in water
solution for compounds 3a–e, 4a–f, 1-deoxycastanospermine (DOC)
and 1-deoxy-8a-epi-castanospermine (DOEC) determined from DFT
calculations and calculated as the sum of Boltzmann contributions of the
stereoisomers of each type

Compound trans (%) cis (%)

3a 100
3b 73.2 26.8
3c 56.9 43.1
3d 100
3e 100
4a 100
4b 100
4c 48.6 51.4
4d 100
4e 96.4 3.6
4f 100
DOC 100
DOEC 81.0 19.0

6312 | Org. Biomol. Chem., 2012, 10, 6309–6321 This journal is © The Royal Society of Chemistry 2012
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intestinal sucrase (Table 5). The rest of the compounds showed
no inhibitory activity against both the selected commercial
glycosidases and the rat intestinal disaccharidases tested. Most of
the quinolizidines described in the literature are either weak
inhibitors or inactive against the most common commercial
glycosidases.4,11

Inhibitory properties against endo and exoglucosidases. The
indolizidines and quinolizidines were also assayed as inhibitors
of the endoglucosidase α-amylase from human saliva and
porcine pancreas.6,23 Two substrates were used: starch and the
chromophore-tagged starch-azure.24 The compounds syn-
thesized, including the parent DAB1 (8), LAB1 (9), D-fagomine
(10) and L-fagomine (11), were inactive against the α-amylases.
The amyloglucosidase from A. niger was selected as exoglucosi-
dase using p-nitrophenyl glucopyranoside as the substrate.
Among the parent compounds, DAB1 (8) was the most potent
inhibitor while 9, 10 and 11 were moderate to weak inhibitors of

amyloglucosidase, the D-series of these iminocyclitols being
more potent than the corresponding L-ones (Table 6). Among the
indolizidines, 3d had moderate activity, comparable to LAB1 (9)
and D-fagomine (10), while compounds 3a and 3b were
>10-fold less active (Table 6). Interestingly, 3a and 3b are
3-hydroxymethyl analogues of (+)-lentiginosine, which is a
potent and selective inhibitor of A. niger amyloglucosidase (Ki =
2 μM9). Thus, the introduction of a hydroxymethyl substituent
with R/S-configuration at C-3 of (+)-lentiginosine leads to a
strong decrease of its activity. However, this effect is partially
reverted if the (3S)-hydroxymethyl substitution is combined with
the epimeric configuration at C-8a (i.e. 3d). On the other hand,
no activity was observed with the quinolizidines synthesized.

Inhibition of the glucose release from starch hydrolysis. We
explore the ability of the compounds synthesized to inhibit the
release of glucose from the hydrolysis of starch by the gut
mucosal suspension from rat intestine. In this case starch can be

Fig. 3 Minimum energy cis/trans-stereoisomers determined for compounds 3b, 3c, 4c and 4e, and relative Gibbs free energies in water solution
(ΔGwat, kcal mol−1) estimated through density functional theory calculations at B3LYP/cc-pVTZ(-f ) level.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 6309–6321 | 6313
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hydrolysed by the amylases and amyloglucosidases releasing
glucose and other reducing oligosaccharides, which can be
further hydrolysed by the presence of disaccharidases.18 The
Dahlqvist methodology25 was employed to measure the glucose
formed and therefore the activity was determined as the rate of
glucose formation (Table 6). Among the parent compounds,

LAB1 (9) was found to be a strong inhibitor of the glucose
release from starch followed by DAB1 (8), which had good
inhibitory properties. D-Fagomine (10) was a moderate inhibitor
whereas its enantiomer, 11, was only a weak inhibitor. Among
the compounds synthesized, only the indolizidine 3b was found
to be a weak inhibitor, with an activity comparable to that of
L-fagomine (11). The inhibition of glucose released from the
starch hydrolysis is consistent with the observed disaccharidase
inhibition (Table 5): DAB1 (8) and LAB1 (9) inhibited all the
intestinal disaccharidases assayed whereas L-fagomine (11) was a
weak inhibitor of sucrase and maltase, D-fagomine (10) being a
weak inhibitor of sucrase. Compound 3b was comparable to
L-fagomine and did not correlate well with the observed activities
against intestinal disaccharidases and amyloglucosidase from
A. niger.

Inhibitory activity against Mycobacterium tuberculosis H37Rv
laboratory strain. The L-rhamnopyranosyl moiety is present in a
disaccharide linker between the arabinogalactan polysaccharide
and peptidoglycan regions of the cell wall of Mycobacterium
tuberculosis, the causative agent of tuberculosis.26,27 Therefore
inhibitors either of thymidine diphosphate-(dTDP)-rhamnose
biosynthesis from dTDP-glucose or of incorporation of L-rham-
nose into the mycobacterial cell wall may have potential as novel
chemotherapeutic agents for the treatment of mycobacterial
infection.27,28 It has been suggested that iminocyclitol derivative
inhibitors of α-L-rhamnosidase from P. decumbens could have

Table 4 Activities, IC50 (μM) and Ki (μM) (in parenthesis), of the compounds synthesized against commercial glycosidasesa

Compound α-D-Glucosidaseb α-D-Glucosidasec β-D-Glucosidased β-D-Galactosidasee α-L-Rhamnosidasef α-D-Mannosidaseg α-L-Fucosidaseh

8i 0.33 ± 0.02 61 ± 7 276 ± 25 n.i. n.i. 286 ± 27 20 ± 1
(0.17 ± 0.01) (104 ± 75) (100 ± 64) (111 ± 60) (5 ± 1)
C C C NC, α > 1 C

9i 1.8 ± 0.1 0.05 ± 0.01 685 ± 112 n.i. 56 ± 5 n.i. n.i.
(0.8 ± 0.1) (0.04 ± 0.01) (1014 ± 81) (98 ± 5)
NC, α = 1 NC, α > 1 NC, α > 1 NC, α = 1

10i n.i. 126 ± 7 n.i. 154 ± 22 n.i. n.i. n.i.
(236 ± 61) (76 ± 21)
C Ci

11i n.i. 61 ± 7 n.i. n.i. n.i. n.i. n.i.
(18 ± 8)
C

3a n.i. n.i. n.i. n.i. 3.3 ± 0.2 n.i. n.i.
(3.0 ± 0.8)
NC, α = 1

3b n.i. 237 ± 68 n.i. n.i. 113 ± 30 n.i. n.i.
(229 ± 44) (84 ± 9)
C NC, α = 1

3c n.i. n.i. n.i. n.i. 35 ± 2 82 ± 9 593 ± 86
(21 ± 2) (89 ± 1) (135 ± 28)
C C C

3e n.i. n.i. n.i. n.i. 55 ± 4 n.i. n.i.
(52 ± 3)
C

4e n.i. n.i. n.i. n.i. 26 ± 5 n.i. n.i.
(17 ± 2)
C

4f n.i. n.i. n.i. n.i. 85 ± 24 n.i. n.i.
(76 ± 7)
C

a Data are means of triplicate experiments ± standard error of the mean (SE). b From Baker’s yeast. c From rice. d From sweet almonds. e From bovine
liver. f From Penicillium decumbens. g From jack beans, Genus canavalia. h From bovine kidney. i Data from ref. 13. C: competitive inhibition. NC:
non-competitive inhibition.22 n.i. no inhibition, that is IC50 ≥ 1 mM.

Table 5 IC50 (μM) values of the compounds synthesized against rat
intestinal disaccharide glycosidasesa

Compound Sucrase Lactase Trehalase Maltase

8b 22 ± 12 140 ± 84 67 ± 19 50 ± 36
9b 0.29 ± 0.02 50 ± 36 74 ± 34 0.2 ± 0.1
10b 144 ± 26 n.i. n.i. n.i.
11b 484 ± 4 n.i. n.i. 209 ± 92
3b 62 ± 3 n.i. n.i. 293± 19
3c 207 ± 44 n.i. n.i. n.i.
3e 117 ± 6 n.i. n.i. n.i.
4a 339 ± 266 n.i. n.i. n.i.
4d 824 ± 288 n.i. n.i. n.i.
Activity (UI)c 4.01 ± 0.48 0.75 ± 0.07 2.44 ± 0.41 27.50 ± 3.55

a The experiments were performed in triplicate for each set of
disaccharide glycosidases obtained from one rat. Two different rats (n =
2) were used. Activities are expressed as μM ± standard error of the
mean (SE). b Data from ref. 13. c Definition of activity: 1 U corresponds
to 1 μmol of glucose formation per hour at 37 °C in phosphate buffer,
pH 6.8. n.i. no inhibition, IC50 ≥ 1 mM.

6314 | Org. Biomol. Chem., 2012, 10, 6309–6321 This journal is © The Royal Society of Chemistry 2012
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the ability to inhibit dTDP-L-rhamnose biosynthesis and there-
fore the bacterial growth.27 Compounds 3a, 3e, 4e and 4f were
good inhibitors of rhamnosidase, and thus they were assayed in
mycobacterial systems. However, no differences were found
between the positive growth control experiment and the one in
the presence of 3a, 3b, 3c, and 3e at 3 mg mL−1, or 4e and 4f at
0.75 mg mL−1. The minimal inhibitory concentration (MIC)
(i.e. the lowest drug concentration that prevented the develop-
ment of color akin to the bacterial growth) of LAB1 (9) was
2.5 mg mL−1. As a reference, the MIC value found for isoniazid
in this assay was 0.25 μg mL−1, which is in good agreement
with the reported values.29

Conclusions

We have developed a new strategy based on RhuA catalysis for
the diversity-oriented synthesis of polyhydroxylated indolizidine
and quinolizine iminocyclitols in two steps. The key reaction
was the aldol addition of DHAP to N-Cbz-piperidin-2-carbalde-
hyde ((S)-1a and (R)-1a) or rac-N-Cbz-2-(piperidin-4-yl)acetal-
dehyde ((rac)-1b). Structural analysis of indolizidines 3a–e and
quinolizidines 4a–f by means of NMR and in silico density
functional theory (DFT) calculations showed populations of
stereoisomers with trans or cis ring fusion, because of the inver-
sion of configuration of the bridgehead nitrogen, that depends
upon the stereochemistry of the hydroxymethyl and hydroxyl
substituents. For instance, the indolizidine series 3a, 3d and 3e
showed exclusively a trans fused stereoisomer, whereas for 3b

and 3c both trans and cis coexisted. Interestingly 3b and 3c
possess a syn configuration (i.e. 3S,8aS or 3R,8aR, respectively)
between H8a and the 3-hydroxymethyl group. Similarly, in the
quinolizidine series, 4c and 4e showed a coexistence of trans/cis
fused stereoisomers while the trans was the most predominant
for the rest. Indolizidines 3a–c and 3e and quinolizidines 4e and
4f are good inhibitors of α-L-rhamnosidase from P. decumbens.
Among them, 3a was the most potent and selective inhibitor of
α-L-rhamnosidase synthesized in this work. Concerning the
inhibitory properties of rat intestinal disaccharidases, 3b has an
activity comparable to LAB and higher than D-fagomine (10),
a compound that effectively lowers postprandial glycaemia.15

Regarding the activity against the exoglucosidase amyloglucosi-
dase from A. niger, the indolizidine 3d has inhibitory properties
comparable to DAB1 and D-fagomine, being the most active
among the compounds synthesized. However, 3d was a weak
inhibitor of the glucose release from the hydrolysis of the starch
by intestinal mucosa, which did not correlate well with its inhibi-
tory properties against rat intestinal disaccharidases and amylo-
glucosidase. Although 3a–c and 3e and quinolizidines 4e and 4f
are good inhibitors of α-L-rhamnosidase, they did not show any
activity against the M. tuberculosis H37Rv laboratory strain.
Therefore, in this case no correlation was found between both
activities.

Experimental section

Materials synthesis

Dihydroxyacetone phosphate (DHAP) was obtained from the
cyclic dimer precursor 2,5-diethoxy-p-dioxane-2,5-dimethanol-
O-21-O-51-bisphosphate, which was synthesized in our lab using
a procedure described by Jung et al.30 with slight modifications.
DHAP is released from the precursor by acidic hydrolysis at
65 °C. N-Cbz-amino aldehydes used in these studies were syn-
thesized in our lab using procedures published in previous
work.13 L-Rhamnulose-1-phosphate aldolase [CoII] (RhuA)
(3.8 U mg−1) (1 U catalyzes the cleavage of 1 μmol of L-rham-
nulose-1-phosphate per minute at 25 °C and pH 7.5 (100 mM
Tris·HCl + 150 mM KCl)),31 L-fuculose-1-phosphate aldolase
(FucA) (9.8 U mg−1) protein and mutants FucA F131A
(0.1 U mg−1), FucA F206A (0.22 U mg−1) and FucA F131A/
F206A (<0.005 U mg−1) were obtained as previously described
(1 U cleaves 1 μmol of L-fuculose-1-phosphate per minute
at 25 °C and pH 7.5 (100 mM Tris·HCl + 150 mM KCl)).13,32

1,4-Dideoxy-1,4-imino-D-arabinitol (DAB1, 8), 1,4-dideoxy-1,
4-imino-L-arabinitol (LAB1, 9), D-fagomine (10) and L-fagomine

Fig. 4 Structures of polyhydroxylated pyrrolidine and piperidine iminocyclitols with known glycosidase inhibitory properties, analogues of the indo-
lizidines 3a–e and quinolizidines 4a–f.

Table 6 Activities of the parent and synthesized compounds as
inhibitors of amyloglucosidase from Aspergillus niger and as inhibitors
of the glucose release from the hydrolysis of starch by the rat intestinal
mucosa

Compound
Amyloglucosidase A. niger
IC50 (μM)

Intestinal mucosaa

IC50 (μM)
b

8 6.7 ± 1.8 15.4 ± 2.1
9 43 ± 14 0.34 ± 0.03
10 27 ± 3 78 ± 13
11 98 ± 11 160 ± 30
3a 366 ± 29 n.i.
3b 347 ± 145 237 ± 51
3d 26 ± 9 n.i.

a Activity (U) = 20.8 ± 2.4. Definition of activity: 1 U corresponds to
1 μmol of glucose formation per hour at 37 °C in phosphate buffer pH
6.8. b IC50: concentration of the compound that is required for 50%
reduction of the rate of glucose released per hour.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 6309–6321 | 6315
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(11) were synthesized following the procedures developed by us
and described in previous work.33 Aqueous borate solutions
were prepared by adjusting the desired pH of a solution of
boric acid with 2 M aq. NaOH. Acid phosphatase (PA, EC
3.1.3.2, 5.3 U mg−1) was from Sigma-Aldrich. All other solvents
used were of analytical grade.

Biological activity

Ketamine chlorhydrate, Imalgene 1000, was from Merial
Laboratorios S.A. (Barcelona, Spain), xylacine, Rompun 2%,
was from Química Farmacéutica S.A. (Barcelona, Spain). Starch
from potatoes, starch azure, 4-hydroxybenzoic acid, 4-aminoanti-
pyrine, glucose oxidase type II-S from Aspergillus niger, peroxi-
dase type II from horseradish, α-D-glucosidase from Baker’s
yeast; α-D-glucosidase from rice; β-D-glucosidase from
sweet almonds; β-D-galactosidase from bovine liver; α-D-manno-
sidase from jack beans, Genus Canavalia; α-L-rhamnosidase
from Penicillium decumbens, α-L-fucosidase from bovine
kidney, α-amylase from porcine pancreas type I-A, α-amylase
from human saliva type XIIIA and amyloglucosidase from
Aspergillus niger and the synthetic substrates p-nitrophenyl-α-D-
glucopyranoside, p-nitrophenyl-β-D-glucopyranoside, p-nitrophe-
nyl-β-D-galactopyranoside, p-nitrophenyl-α-D-mannopyranoside,
p-nitrophenyl-α-D-rhamnopyranoside, p-nitrophenyl-α-D-fuco-
pyranoside were purchased from Sigma-Aldrich. Water for
analytical and preparative HPLC and for the preparation of
buffers and other assay solutions was obtained from an Arium®
Pro Ultrapure Water Purification System (SartoriusStedim
Biotech). All other solvents used were of analytical grade.

NMR spectroscopy. All NMR experiments were collected at
298 K in D2O solutions on a Bruker Avance DRX-500 NMR
instrument operating at 500.13 MHz for 1H and at 125.77 MHz
for 13C, equipped with a TXI cryoprobe with only Z-gradients.
Conventional 1D 1H and 1D 13C, selective 1D TOCSY and
selective 1D NOESYand 2D COSY, 2D HSQC, 2D multiplicity-
edited HSQC and 2D NOESY experiments were collected using
standard Bruker software and acquired under routine conditions.

HPLC analyses. HPLC analyses were performed on an
RP-HPLC cartridge, 250 × 4 mm filled with Lichrosphere® 100,
RP-18, 5 μm (Merck) or on an RP-HPLC XBridge® C18, 5 μm,
4.6 × 250 mm column (Waters). Samples (25 μL) were with-
drawn from the aldol reactions, dissolved in MeOH (1 mL) to
stop the reaction and analysed by HPLC. The solvent system
used was solvent (A) 0.1% (v/v) trifluoroacetic acid (TFA) in
H2O and solvent (B) 0.095% (v/v) TFA in ACN–H2O 4 : 1,
gradient elution from 30% to 90% B over 30 min, flow rate
1 mL min−1, detection 215 nm, column temperature 30 °C. The
amount of aldol adduct produced was quantified from the peak
areas using an external standard methodology.

Preparation of N-Cbz-aminoaldehydes

(R)-N-(Benzyloxycarbonyl)-2-formylpiperidine ((R)-1a).
(R)-N-(Benzyloxycarbonyl)pipecolic acid (5.0 g, 19.0 mmol)
was dissolved in MeOH (20 mL) and the mixture was cooled
down to 0 °C with an ice bath. To this solution, SO2Cl2

(76.3 mmol, 5.56 mL) was added dropwise at such a rate as to
maintain the reaction mixture below 4 °C. Stirring of the reaction
mixture was continued at room temperature overnight. Then, the
solvent was removed under reduced pressure and the solid
obtained washed with ethyl ether (5.1 g, 18.4 mmol, 97%). The
methyl ester derivative (2.0 g, 7.2 mmol) was reduced by treat-
ment with NaBH4 (147.5 mmol, 5.6 g) using the procedure
described by Luly et al. (method B) with slight modifications.34

After the addition of NaBH4 the reaction was allowed to warm
up slowly until room temperature. The N-Cbz-aminoalcohol
(1.5 g, 6.1 mmol) was oxidized by treatment with iodoxobenzoic
acid (IBX)35 using the procedures already described by us.12,14

NMR spectra matched those previously published.36 [α]22D =
+23.8 (c 1.0 in CHCl3).

1H NMR (300 MHz, CDCl3) δ 9.60 (s,
1H), 7.35 (m, 5H), 5.16 (s, 2H), 4.71 (d, J = 19.3 Hz, 1H), 4.10
(m, 1H), 3.73 (m, 1H), 3.53 (m, 1H), 2.95 (m, 1H), 2.22 (m,
1H), 1.65 (m, 1H), 1.40 (m, 1H), 1.26 (m, 1H). 13C NMR
(75 MHz, CDCl3) δ 200.8, 136.3, 128.4, 128.0, 127.8, 67.4,
61.0, 42.6, 42.4, 24.5, 23.3, 20.7. HRMS-ESI: m/z calcd for
C14H18NO3 248.1281 [M + H+]; found 248.1275. This material
was used directly in the next step without any further purification.

(S)-N-(Benzyloxycarbonyl)-2-formylpiperidine ((S)-1a). The
title compound was prepared according to the procedure
described above. Similar yield and identical NMR spectra and
HRMS-ESI to that of the R enantiomer were obtained.37 [α]22D =
−26.5 (c 1.0 in CHCl3). This material was used directly in the
next step without any further purification.

N-Benzyloxycarbonyl-2-(2-oxoethyl)-piperidine (rac-1b). To a
solution of 2-(2-hydroxyethyl)piperidine (51.1 mmol, 6.60 g) in
dioxane–water 4 : 1 (100 mL), Cbz-OSu (51.0 mmol, 12.7 g) in
dioxane–water 4 : 1 (50 mL) was added dropwise at 25 °C. After
stirring for 24 h, the mixture was evaporated to dryness under
reduced pressure. The residue was dissolved with ethyl acetate
(150 mL) and washed successively with 5% w/v aq. citric
acid (3 × 50 mL), 10% w/v aq. NaHCO3 (3 × 50 mL) and brine
(2 × 50 mL). After drying over Na2SO4, the organic layer was
evaporated under reduced pressure affording a white solid of
N-Cbz-2-(2-hydroxyethyl)piperidine (47.5 mmol, 12.5 g, 93%).
Oxidation of N-Cbz-2-(2-hydroxyethyl)piperidine (15.2 mmol,
4.0 g) was efficiently carried out by treatment with iodoxoben-
zoic acid (IBX),35 affording the title compound (14.6 mmol,
3.8 g, 96%) as a colorless oil. NMR spectra matched those pre-
viously published.38 1H NMR (300 MHz, CDCl3) δ 9.70 (s,
1H), 7.33 (m, 5H), 5.11 (s, 2H), 4.92 (m, 1H), 4.09 (dd, J =
13.5, 9.7 Hz, 1H), 2.83 (td, J = 12.5, 8.8 Hz, 1H), 2.72 (dd, J =
8.0, 2.9 Hz, 1H), 2.59 (ddd, J = 15.7, 6.7, 2.1 Hz, 1H), 1.58 (m,
6H). 13C NMR (75 MHz, CDCl3) δ 200.5, 155.1, 136.5, 128.4,
127.9, 127.8, 67.2, 46.1, 44.4, 39.5, 28.6, 25.1, 18.7.
HRMS-ESI: m/z calcd for C15H20NO3 [M + H+] 262.1438;
found 262.1434. This material was used directly in the next step
without any further purification.

Enzymatic aldol reactions. Analytical scale reactions (360 μL
total volume) were conducted in capped 2 mL test tubes stirred
with a vortex mixer (VIBRAX VXR basic, Ika) at 1000 rpm and
4 °C. Aldehydes (S)-1a, (R)-1a and (rac)-1b (24.5 μmol) were
dissolved in dimethylformamide (72 μL) and mixed with a
sodium borate solution (47.2 μL of 1.52 M, pH 7.0), a freshly
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neutralized (pH 6.9–7.0) DHAP solution (141 μL, 14.4 μmol),
and the aldolase (for RhuA catalyzed reactions: 100 μL, 0.19 mg
of protein, 0.72 U corresponding to 2 U mL−1 reaction; for reac-
tions with FucAwild-type or FucA mutants: 100 μL, 0.29 mg of
protein, corresponding to 2.9 U FucA wild-type (8 U mL−1),
0.029 U FucA F131A (0.08 U mL−1), 0.62 U FucA F206A
(1.74 U mL−1), and 0.014 U FucA F131A/F206A (0.04 U mL−1))
was added to start the aldol reaction. Conversions were measured
at 24 h of reaction time. Reaction monitoring was done as
follows: samples (25 μL) were withdrawn at several reaction
times, diluted with methanol (1000 μL) and analyzed by HPLC
under the conditions described above. In parallel, samples
(25 μL) were mixed with a solution (25 μL) of acid phosphatase
(5.3 U mL−1 in sodium citrate buffer 400 mM, pH 4.5) and incu-
bated for 24 h. After dilution with methanol (975 μL), samples
were analyzed by HPLC.

Preparative enzymatic aldol additions. Reactions at prepara-
tive scale (20–40 mL total volume) were performed in 100 mL
Erlenmeyer flasks with screw caps. Aldehydes (S)-1a
(1.7 mmol), (R)-1a (2.12 mmol) and (rac)-1c (3.4 mmol)
(85 mM final concentration) were dissolved in DMF (the amount
corresponding to 20% v/v of the total), and sodium borate buffer
(1.0 M, pH = 7.0, 20% v/v of the total) was added. Then, the
DHAP solution (volume corresponding to 60% v/v of the total,
50 mM final concentration, 1.7 equiv. per mol of aldehyde) at
pH 6.9, freshly prepared as described above, was added dropwise
while stirring at 4 °C, with a vortex mixer. Finally, RhuA
(2 U mL−1 reaction mixture) was added and mixed again.
The Erlenmeyer flask was placed on a horizontal shaking bath
(200 rpm) at 4 °C. The reactions were monitored by HPLC.
When the concentration of the aldol adduct was constant with
time (1–3 days, 66–81%) the reaction was stopped by addition
of MeOH (1.5 times the reaction volume). Then, methanol was
evaporated and the aqueous solution washed with ethyl
acetate to remove the unreacted N-protected amino aldehyde.
The aqueous layer was collected, and the remaining ethyl
acetate removed under reduced pressure and lyophilized. The
solid obtained was dissolved in plain water (ca. 20 mL)
and the pH was adjusted to 5.5 with TFA. To this solution,
acid phosphatase (5.3 U mmol−1 phosphorylated adduct)
was added. The reaction was followed by HPLC until no starting
material was detected. Then, the reaction mixture was filtered
through a 0.45 μm cellulose membrane filter. The filtrate was
loaded onto an RP-XTerra® MS C18 10 μm (19 × 250 mm)
column, and eluted with a gradient of CH3CN (8 to 56% over
30 min) in plain water. Pure fractions were pooled and
lyophilized.

Removal of the Cbz group and reductive amination

The aldol adducts obtained (0.34–1.08 mmol) were dissolved in
ethanol (5–10 mL), followed by the addition of plain water
(20–50 mL). Pd/C (200 mg) was added. The reaction mixture
was shaken under hydrogen (50 psi) overnight at room tempera-
ture. After removal of the catalyst by filtration through deacti-
vated aluminum oxide, the pH of the filtrate was adjusted to pH
5.5 with formic acid (1 M), the solvent was removed under
reduced pressure, and the product was lyophilized.

Purification by ion exchange chromatography

The polyhydroxylated indolizidine and quinolizidine derivatives
3a, 3b, 3c–e, and 4a–f were purified by ion exchange chromato-
graphy with an FPLC system by a procedure previously
described by us.13,14 CM-Sepharose CL-6B (Amersham Pharma-
cia) stationary phase in NH4

+ form was packed into a glass
column (450–25 mm) to provide a final bed volume of 220 mL.
The flow rate was 4 mL min−1. The CM-Sepharose-NH4

+ was
washed initially with H2O. An aqueous solution of the crude
material at pH 7 was then loaded onto the column. Minor
colored impurities were washed away with H2O (150 mL, 3 bed
volumes). The retained compounds were eluted with aqueous
NH4OH (0.01 M): compounds 3a and 3b (load 100 mg): 3a:
elution volume, 256 mL (17.0 mg); 3b: elution volume, 309 mL
(21.3 mg); compounds 3c–3e (load 40 mg): 3e: elution volume,
120 mL (4.4 mg); 3d: elution volume, 264 mL (14.0 mg); 3c:
elution volume, 408 mL (12.6 mg); compounds 4a–f (load
242 mg), first elution with aqueous NH4OH (0.005 M): 4d:
elution volume, 448 mL (57.6 mg); 4e: elution volume, 840 mL
(3.9 mg); further fractions from this run were pooled, lyophi-
lized, and reloaded (134.5 mg), elution with aqueous NH4OH
(0.01 M): 4f: elution volume, 560 mL (3.2 mg); 4b/4c/4f
mixture: elution volume, 608 mL (21.5 mg); 4b/4c mixture:
elution volume, 728 mL (14.1 mg); 4a: elution volume,
1000 mL (23.1 mg). In each case, when necessary the operation
was repeated until the whole crude sample was consumed. Pure
fractions were pooled and lyophilized. Physical and NMR data
are listed below. 1H and 13C NMR spectra scans and assignments
are given in the ESI.†

(1S,2S,3R,8aS)-3-(Hydroxymethyl)octahydroindolizine-1,2-diol
(3a). [α]22D = −76.8 (c 1.9 in H2O).

1H NMR (600 MHz, D2O)
δ 4.04 (1H, dd, 3J(H,H) = 7.4, 4.4 Hz), 3.75 (dd, 3J(H,H) =
11.3, 7.3 Hz, 1H), 3.63 (dd, 3J(H,H) = 11.4, 4.7 Hz, 1H), 3.51
(dd, 3J(H,H) = 8.8, 4.4 Hz, 1H), 3.07 (d, 3J(H,H) = 11.2 Hz,
1H), 2.54 (td, 3J(H,H) = 7.2, 4.7 Hz, 1H), 1.97 (m, 1H), 1.87
(m, 2H), 1.74 (m, 1H), 1.59 (m, 1H), 1.37 (m, 1H), 1.19 (m,
2H). 13C NMR (151 MHz, D2O) 81.7, 75.3, 67.8, 67.7, 58.3,
52.1, 27.2, 23.8, 23.0. HRMS-ESI: m/z calcd for C9H17NO3

188.1287 [M + H+]; found 188.1287.

(1S,2S,3S,8aS)-3-(Hydroxymethyl)octahydroindolizine-1,2-diol
(3b). [α]22D = −3.5 (c 2.0 in H2O).

1H NMR (600 MHz, D2O)
δ 3.86 (t, 3J(H,H) = 4.8 Hz, 1H), 3.78 (dd, 3J(H,H) = 12.1,
5.1 Hz, 1H), 3.71 (dd, 3J(H,H) = 12.1, 5.1 Hz, 1H), 3.67 (dd,
3J(H,H) = 7.4, 5.1 Hz, 1H), 2.98 (m, 1H), 2.92 (m, 1H), 2.68
(m, 1H), 2.60 (t, 3J(H,H) = 10.5 Hz, 1H), 1.79 (m, 1H), 1.70 (m,
1H), 1.55 (m, 1H), 1.43 (m, 1H), 1.24 (m, 2H). 13C NMR
(151 MHz, D2O): 80.6, 78.5, 67.5, 64.4, 59.5, 46.9, 26.6, 22.8,
22.1. HRMS-ESI: m/z calcd for C9H17NO3: 188.1287 [M + H+];
found 188.1285.

(1R,2S,3R,8aR)-3-(Hydroxymethyl)octahydroindolizine-1,2-diol
(3c). [α]22D = −8.7 (c 1.2 in H2O).

1H NMR (600 MHz, D2O)
δ 4.39 (t, 3J(H,H) = 6.4 Hz, 1H), 3.87 (t, 3J(H,H) = 5.7 Hz, 1H),
3.83 (dd, 3J(H,H) = 12.2, 5.0 Hz, 1H), 3.77 (dd, 3J(H,H) = 12.2,
5.5 Hz, 1H), 3.41 (m, 1H), 3.02 (m, 1H), 2.97 (s, 1H), 2.83 (t,
3J(H,H) = 10.0 Hz, 1H), 1.80 (m, 1H), 1.70 (m, 1H), 1.57 (m,
1H), 1.50 (m, 2H), 1.30 (m, 3H). 13C NMR (151 MHz, D2O)
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δ 73.6, 69.7, 64.2, 63.7, 57.8, 47.1, 25.3, 21.5, 21.3.
HRMS-ESI: m/z calcd for C9H17NO3 188.1287 [M + H+]; found
188.1288.

(1S,2S,3S,8aR)-3-(Hydroxymethyl)octahydroindolizine-1,2-diol
(3d). [α]22D = +10.3 (c 1.3 in H2O).

1H NMR (600 MHz, D2O)
δ 3.84 (d, 3J(H,H) = 4.2 Hz, 1H), 3.74 (d, 3J(H,H) = 5.4 Hz,
1H), 3.72 (dd, 3J(H,H) = 11.9, 5.4 Hz, 1H), 3.66 (dd, 3J(H,H) =
11.9, 5.6 Hz, 1H), 3.18 (m, 1H), 2.32 (m, 1H), 2.25 (m, 1H),
2.06 (t, J = 11.2 Hz, 1H), 1.76 (m, 1H), 1.61 (t, 3J(H,H) =
14.4 Hz, 2H), 1.38 (m, 2H), 1.28 (m, 1H). 13C NMR (151 MHz,
D2O) δ 79.5, 77.8, 73.4, 67.5, 60.9, 52.5, 23.8, 23.8, 23.1.
HRMS-ESI: m/z calcd for C9H17NO3 188.1287 [M + H+]; found
188.1285.

(1R,2S,3S,8aR)-3-(Hydroxymethyl)octahydroindolizine-1,2-diol
(3e). [α]22D = +37.9 (c 0.48 in H2O).

1H NMR (600 MHz, D2O)
δ 3.81 (dd, J = 7.0, 4.7 Hz, 1H), 3.67 (dd, 3J(H,H) = 11.6,
5.1 Hz, 1H), 3.59 (dd, 3J(H,H) = 11.6, 6.0 Hz, 1H), 3.49 (dd,
3J(H,H) = 9.2, 7.1 Hz, 1H), 3.11 (d, 3J(H,H) = 10.7 Hz, 1H),
2.30 (dd, 3J(H,H) = 10.5, 5.1 Hz, 1H), 2.08 (m, 1H), 2.03 (m,
1H), 1.87 (m, 1H), 1.73 (m, 2H), 1.60 (m, 2H), 1.37 (m, 2H),
1.18 (m, 3H). 13C NMR (151 MHz, D2O) δ 73.3, 73.1, 70.7,
67.6, 60.9, 52.0, 27.5, 24.1, 23.0. HRMS-ESI: m/z calcd for
C9H17NO3 188.1287 [M + H+]; found 188.1284.

(2S,3S,4R,9aS)-4-(Hydroxymethyl)octahydro-1H-quinolizine-2,
3-diol (4a). [α]22D = −36.1 (c 1.6 in H2O) of the mixture.
1H NMR (600 MHz, D2O) δ 3.80 (m, 1H), 3.79 (m, 1H), 3.77
(m, 1H), 3.09 (d, 3J(H,H) = 11.6 Hz, 1H), 2.45 (s, 1H), 2.30 (t,
3J(H,H) = 10.8 Hz, 1H), 1.96 (t, 3J(H,H) = 11.4 Hz, 1H),
1.77 (m, 1H), 1.63 (d, 3J(H,H) = 12.3 Hz, 1H), 1.51 (m, 1H),
1.44 (m, 1H), 1.24 (m, 1H). 13C NMR (151 MHz, D2O) δ 70.3,
67.2, 62.0, 61.3, 56.2, 51.2, 33.7, 32.0, 24.7, 23.4. HRMS-ESI:
m/z calcd for C10H19NO3 202.1443 [M + H+]; found 202.1446.

Mixture 4b : 4f : 4c 70 : 9 : 21 [α]22D = −25.3 (c 1.7 in H2O) of
the mixture. NMR data for product (2R,3S,4R,9aS)-4-(hydroxy-
methyl)octahydro-1H-quinolizine-2,3-diol (4b). 1H NMR
(600 MHz, D2O) δ 3.96 (s, 1H), 3.84 (m, 1H), 3.78 (dd, 3J(H,H)
= 11.7, 5.7 Hz, 1H), 3.68 (m, 1H), 3.17 (m, 1H), 2.35 (m, 1H),
2.23 (m, 1H), 2.05 (t, 3J(H,H) = 11.2 Hz, 1H), 1.65 (m, 1H),
1.64 (m, 6H), 1.63 (m, 6H), 1.47 (m, 1H), 1.30 (m, 3H), 1.28
(m, 3H). 13C NMR (151 MHz, D2O) δ 69.9, 68.7, 66.2, 61.0,
60.9, 51.3, 34.0, 31.7, 24.6, 22.9. HRMS-ESI: m/z calcd for
C10H19NO3 202.1443 [M + H+]; found 202.1447.

Mixture 4c : 4b 62 : 38. NMR data for product (2S,3S,4S,9aS)-
4-(hydroxymethyl)octahydro-1H-quinolizine-2,3-diol (4c). 1H NMR
(600 MHz, D2O) δ 3.85 (m, 1H), 3.72 (m, 1H), 3.35 (t,
3J(H,H) = 8.5 Hz, 1H), 3.18 (s, 1H), 3.04 (m, 1H), 2.93 (m,
1H), 2.68 (td, 3J(H,H) = 13.7, 2.8 Hz, 1H), 1.81 (m, 1H),
1.79 (m, 1H), 1.71 (m, 1H), 1.59 (m, 1H), 1.53 (m, 1H), 1.45
(m, 1H), 1.35 (m, 1H), 1.32 (m, 1H). 13C NMR (151 MHz,
D2O) δ 71.8, 68.6, 58.6, 57.1, 56.1, 49.1, 34.9, 24.5, 24.1, 18.4.
HRMS-ESI: m/z calcd for C10H19NO3 202.1443 [M + H+];
found 202.1449.

(2S,3S,4S,9aR)-4-(Hydroxymethyl)octahydro-1H-quinolizine-2,
3-diol (4d). [α]22D = +18.8 (c 2.2 in H2O).

1H NMR (600 MHz,
D2O) δ 3.88 (dd, 3J(H,H) = 12.8, 2.1 Hz, 1H), 3.70 (dd,

3J(H,H) = 12.7, 2.9 Hz, 1H), 3.42 (ddd, 3J(H,H) = 11.9, 9.3,
5.1 Hz, 1H), 3.17 (dd, 3J(H,H) = 19.2, 9.9 Hz, 2H), 2.03 (t,
3J(H,H) = 9.9 Hz, 1H), 1.86 (s, 2H), 1.80 (ddd, 3J(H,H) = 12.8,
4.8, 2.0 Hz, 1H), 1.57 (m, 3H), 1.34 (m, 1H), 1.17 (m, 3H).
13C NMR (151 MHz, D2O) δ 72.6, 72.4, 68.8, 59.8, 58.2, 51.2,
38.5, 32.1, 24.7, 23.6. HRMS-ESI: m/z calcd for C10H19NO3

202.1443 [M + H+]; found 202.1441.

(2S,3S,4R,9aR)-4-(Hydroxymethyl)octahydro-1H-quinolizine-2,
3-diol (4e). [α]22D = −14.3 (c 0.28 in H2O).

1H NMR (600 MHz,
D2O) δ 3.92 (m, 2H), 3.86 (m, 1H), 3.85 (m, 1 H), 2.92 (brs,
1H), 2.74 (brs, 1H), 2.67 (brs, 2H), 1.76–1.30 (brs, 6H).
13C NMR (151 MHz, D2O) δ 69.7, 66.9, 55.9, 51.4, 37.4, 31.7.
HRMS-ESI: m/z calcd for C10H19NO3 202.1443 [M + H+];
found 202.1450.

(2R,3S,4S,9aR)-4-(Hydroxymethyl)octahydro-1H-quinolizine-2,
3-diol (4f). [α]22D = −30.2 (c 0.32 in H2O).

1H NMR (600 MHz,
D2O) δ 3.99 (t, 3J(H,H) = 13.1 Hz, 1H), 3.92 (m, 3H), 3.74 (dd,
3J(H,H) = 12.8, 2.8 Hz, 1H), 3.26 (m, 1H), 2.36 (t, 3J(H,H) =
10.7 Hz, 1H), 2.30 (d, 3J(H,H) = 10.0 Hz, 1H), 2.02 (t, 3J(H,H)
= 11.9 Hz, 1H), 1.72 (m, 2H), 1.65 (m, 3H), 1.51 (m, 4H),
1.41 (m, 3H), 1.26 (m, 2H), 1.17 (m, 1H). 13C NMR (151 MHz,
D2O) δ 68.2, 67.2, 64.0, 57.8, 55.6, 51.0, 36.8, 31.7, 24.4, 23.3.
HRMS-ESI: m/z calcd for C10H19NO3 202.1443 [M + H+];
found 202.1442.

Inhibitory activity assays

Enzymatic inhibition assays on commercial glycosidases, the
kinetics of the inhibition, preparation of gut mucosal suspension
and the inhibition assays on rat intestinal disaccharidases were
performed as described in previous work.13 The experimental
details are summarized in the ESI.†

α-Amylase activity. This activity was assayed on α-amylase
from porcine pancreas type I-A (A6255 Sigma-Aldrich) and
α-amylase from human saliva type XIIIA (A1031 Sigma-
Aldrich) using the Dahlqvist method and the starch azure assay.
For the Dahlqvist method the activity was assayed in the same
way as described for the mucosa (see ESI†). In this case, 30 U mL−1

of α-amylase from porcine pancreas (95 μL) or 2 U mL−1 of
α-amylase from human saliva (95 μL) was used. Each product
was tested at concentrations ranging from 0.2 nM to 1 mM in the
presence of 4 g L−1 starch. For the starch-azure assay the reac-
tion was carried out at 37 °C during 15 min in a total volume of
5 mL. The reaction mixture contained sodium phosphate buffer
(18 mM Na3PO4, 45 mM NaCl, pH 7), starch azure (4.5 mL,
1.8% w/v), α-amylase from porcine pancreas (0.125 mg,
0.5 mL) and the inhibitor (1 mM, 50 μL). After 15 min the sus-
pension was filtered through cellulose filter Whatman 54 and the
absorbance of the filtrate was measured spectrophotometrically
at 595 nm. The absorbance was proportional to the activity of
the enzyme.

Amyloglucosidase activity. The activity of amyloglucosidase
was assayed on amyloglucosidase from Aspergillus niger in a
total volume of 100 μL, containing acetic buffer (10 mM, pH 5)
using p-nitrophenyl-α-D-glucopyranoside (5 mM) as the substrate
and amyloglucosidase (28.8 U mL−1). Each potential inhibitor

6318 | Org. Biomol. Chem., 2012, 10, 6309–6321 This journal is © The Royal Society of Chemistry 2012
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was tested at concentrations ranging from 0.2 nM to 2 mM. The
enzyme (20 μL) was pre-incubated in the presence of each
product (1 μL) at 45 °C during 5 min. The reaction starts after
the addition of the substrate (20 μL) at 45 °C. After 20 min the
reaction was stopped by the addition of Tris–HCl 1 M (200 μL).
The absorbance of the p-nitrophenol released at 405 nm is pro-
portional to the enzyme activity.

Starch digestion activity. Starch digestion activity was deter-
mined by colorimetric measurement of the glucose release by
the action of brush border enzymes on starch, according to the
Dahlqvist method. Diluted homogenized mucosa (95 μL) in
phosphate buffer pH 6.8 (300 μL) was preincubated during
30 min at 37 °C with the inhibitor (5 μL, to final concentrations
ranging from 0.2 nM to 1 mM). Then starch was added (100 μL,
4 g L−1 substrate), and the mixture was incubated at 37 °C
during 30 min with gentle shaking (250 rpm). The total volume
was 500 μL. The reaction was terminated after 30 min by the
addition of Glucostat solution (2 mL, Tris 0.5 M, 4-hydroxyben-
zoic acid 10 mM, 4-aminoantipyrine 0.4 mM, glucose oxidase
1480 U L−1, peroxidase 250 U L−1, pH 7.3). After further incu-
bation (2 h at 37 °C) the amount of glucose was measured at
505 nm using an ELISA reader and 96-well plates. Activity
(μmol of substrate hydrolyzed per hour) was normalized to
protein content evaluated by the Bradford method. Starch diges-
tion activity in the absence of inhibitor was 20.79 ± 2.39 μmol
glucose L−1 h−1 mg−1 protein. Each product was tested on the
mucosa of five rats and each mucosa was assayed in triplicate.

Minimum inhibitory concentration (MIC) determination.
REMA plate method. Mycobacteria strain (M. tuberculosis
H37Rv laboratory strain). The resazurin microtiter assay
(REMA) plate method29 was performed in Middlebrook 7H9
Broth medium supplemented with 0.2% glycerol, 0.5% albumin-
dextrose catalase (Becton Dickinson) and 0.05% Tween 80
(7H9-S). Resazurin sodium salt powder (Sigma-Aldrich 199303-
1G) was prepared at 0.01% w/v concentration in distilled water
and sterilized by filtration through a 0.2 μm membrane. The
inoculum was prepared as follows: M. tuberculosis H37Rv
Pasteur was grown in 250 mL PYREX bottles in a shaking incu-
bator at 37 °C and 120 rpm in 7H9-S, it was left to grow to mid-
log phase, and stored at −70 °C. The inoculum was prepared by
diluting an aliquot (3 mL) of the previous solution down to 106

CFU mL−1 in 7H9-S.
Serial two-fold dilutions of each inhibitor in 7H9-S medium

(100 μL) were prepared directly in 96-well plates at concen-
trations ranging from 3 mg mL−1 to 0.094 mg mL−1 for 3a, 3b,
3c, and 3e inhibitors and from 0.75 mg mL−1 to 0.012 mg mL−1

for 4e, 4f and LAB (9). Growth controls containing no antibiotic,
sterility controls without inoculation and inhibition controls con-
taining isoniazide (1 μg mL−1) were also included in the assay.

The assay was conducted as follows. The inoculum (100 μL)
was added to the wells containing the inhibitors and to the corre-
sponding control assays, the plates were covered, sealed, and
incubated at 37 °C in a standard atmosphere. After 6 days of
incubation, resazurin solution (100 μL) was added to each well,
incubated during 2 days at 37 °C, and assessed for color devel-
opment. A change from blue to pink indicates reduction of resa-
zurin and therefore bacterial growth. The MIC was defined as

the lowest drug concentration that prevented this color change.
Experiments were performed in triplicate.

Computational methods

All calculations were carried out with the package Schrödinger
Suite 201139 through its graphical interphase Maestro.40 Com-
pounds 3a–4f, DOC and DOEC were modeled in their neutral
state. Conformational searches were carried out using the mixed
MCMM/LMCS method41 implemented in the program Macro-
Model,42 with the default force field OPLS 2005, an enhanced
version of the OPLSAA all atom force field43 developed by
Schrödinger to provide a larger coverage of organic functionality.
All the minimum energy conformers detected within
5.0 kcal mol−1 from the lowest energy minimum for each com-
pound were subjected to further minimization through density
functional theory calculations at the B3LYP/6-31G** level,44

under water solvation conditions, with the program Jaguar.45

Water solvation was implemented by using the standard
Poisson–Boltzmann solver46 included in Jaguar. Further single
point calculations were carried out at the B3LYP/cc-pVTZ(-f )
level47 to recalculate the energies in solution and to calculate the
vibrational frequencies, the zero-point energies (ZPE) and the
thermal and entropic corrections at 298.15 °K. Boltzmann contri-
butions for each conformation were determined from the relative
free energies in solution (ΔGwat). Most of these calculation
steps were carried out through a Knime workflow48,49 that uses
Schrödinger Knime extensions to perform (1) the conformational
search, (2) the DFT minimization, and (3) the single point DFT
calculation automatically over a collection of structures.
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Abstract

D-Fagomine is an iminosugar originally isolated from seeds of buckwheat (Fagopyrum sculentum Moench), present in the human diet and

now available as a pure crystalline product. We tested D-fagomine for activities connected to a reduction in the risk of developing insulin

resistance, becoming overweight and suffering from an excess of potentially pathogenic bacteria. The activities were: intestinal sucrase

inhibition in vitro (rat mucosa and everted intestine sleeves), modulation of postprandial blood glucose in rats, bacterial agglutination

and bacterial adhesion to pig intestinal mucosa. When ingested together with sucrose or starch, D-fagomine lowered blood glucose in

a dose-dependent manner without stimulating insulin secretion. D-Fagomine reduced the area under the curve (0–120min) by 20%

(P,0·01) and shifted the time to maximum blood glucose concentration (Tmax) by 15min at doses of 1–2mg/kg body weight when admi-

nistered together with 1 g sucrose/kg body weight. Moreover, D-fagomine (0·14mM) agglutinated 60% of Enterobacteriaceae (Escherichia

coli, Salmonella enterica serovar Typhimurium) populations (P,0·01), while it did not show this effect on Bifidobacterium spp. or

Lactobacillus spp. At the same concentration, D-fagomine significantly (P,0·001) inhibited the adhesion of Enterobacteriaceae

(95–99% cells in the supernatant) and promoted the adhesion of Lactobacillus acidophilus (56% cells in the supernatant) to intestinal

mucosa. D-Fagomine did not show any effect on bacterial cell viability. Based on all this evidence, D-fagomine may be used as a dietary

ingredient or functional food component to reduce the health risks associated with an excessive intake of fast-digestible carbohydrates, or

an excess of potentially pathogenic bacteria.

Key words: Fagomine: Iminosugars: Insulin resistance: Weight management: Microbiota

D-Fagomine (1,2-dideoxynojirimycin) is a six-membered ring

iminocyclitol that was first isolated from seeds of buckwheat

(Fagopyrum sculentum Moench, Polygonaceae)(1) and is

also present in other plant sources such as mulberry (Morus

Alba, Moraceae) leaves(2) and gogi (Lycium chinense)

roots(3). Iminocyclitols, also referred to as iminosugars, are

carbohydrate analogues in which the endocyclic oxygen has

been replaced by nitrogen (Fig. 1) and the spatial configur-

ations of the hydroxyl groups are coincident with those

of sugars (e.g. glucose, galactose, fucose and mannose).

D-Fagomine was the first iminosugar found in plants and it

is present in the human diet, since buckwheat flour is used in

the elaboration of many traditional foods including Japanese

soba noodles, French galletes de Bretagne and Italian polenta.

Another common iminocyclitol is 1-deoxynojirimycin (DNJ),

which is the most abundant iminosugar found in mulberry(4).

D-Fagomine presents the molecular configuration of D-glucose

and D-mannose on carbons 3, 4 and 5, while DNJ is a sugar

mimetic of D-glucose. D-Fagomine and DNJ are particularly

stable compounds, both chemically and metabolically(5).

DNJ and other iminosugars are inhibitors of intestinal disac-

charidases such as sucrase, lactase and maltase as well as other

† L. G. and E. M.-T. contributed equally to this work.

*Corresponding author: J. L. Torres, fax þ34 93 204 5904, email joseplluis.torres@iqac.csic.es

Abbreviations: DNJ, 1-deoxynojirimycin; GI, glycaemic index; GL, glycaemic load; IR, insulin resistance.
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glycosidases (i.e. exo- and endosaccharidases) that break

down oligomeric and polymeric saccharides(2,6). This

inhibitory effect has the potential to quench and delay the

hyperglycaemic response to oral sucrose and starch. This is

nutritionally relevant because persistent hyperglycaemia

from carbohydrate abuse may lead to insulin resistance (IR),

elevated fasting blood glucose and excess weight. IR, elevated

fasting blood glucose, increased waist circumference, dyslipi-

daemia and high blood pressure are factors in the so-called

metabolic syndrome(7). IR may develop into type 2 diabetes

which carries with it a major risk of CVD which are by far

the leading cause of morbidity and mortality in many

countries, including the USA(8). Obesity and type 2 diabetes

are considered modern epidemics, and their incidence is par-

ticularly alarming among children and adolescents(9). The pro-

blem is far from being satisfactorily addressed, considering the

high availability and low cost of energy-dense foods com-

pared to low-energy-density healthier alternatives(10,11).

As iminocyclitols are sugar mimetics, they may also have the

capacity to inhibit the protein–carbohydrate-mediated

adhesion of bacteria to epithelial surfaces. This may be an

important activity because the virulence of potentially deleter-

ious strains such as Escherichia coli and Salmonella enterica

serovar Typhimurium is associated with their tight adhesion

to mucosal surfaces, typically through lectins expressed in

the tip of their fimbriae(12) while putatively beneficial

bacteria, such as probiotic strains of Lactobacillus spp. and

Bifidobacterium spp., are more loosely attached(13). This

would again be a particularly important activity of iminosugars,

as the composition of the intestinal microbiota is influenced by

dietary habits and gut micro-organisms play a role in the

regulation of the host’s energy homeostasis and fat storage(14).

The activity of iminosugars as antiadhesive binding agents

and their potential role as modulators of bacterial adhesion

have not been extensively researched. A recent paper linked

the iminosugar DNJ to the inhibition of Streptococcus mutans

biofilm formation(15). Other authors(16) reported that the

antiadhesive effect of hydrophobic N-alkylated-DNJ was due

to the hydrophobic moiety, since DNJ itself was inactive.

In the search for new nutritional tools to reduce the risk of

developing IR and becoming overweight, we considered

D-fagomine (Fig. 1), a mild glycosidase inhibitor(17), as a suit-

able candidate for a dietary ingredient and functional food

component. Nothing has yet been reported concerning the

effects of orally administered D-fagomine, possibly because,

as a weak inhibitor in vitro, it has always been assumed that

its in vivo efficacy would be limited. The only in vivo effect

claimed for D-fagomine was the stimulation of insulin release

after intraperitoneal administration to streptozotocin-diabetic

mice(18). We also considered that, due to its structural

similarity with D-mannose, D-fagomine could have some

effects on bacterial adhesion. There are no previous reports

of any antiadhesive activity of D-fagomine. The lack of infor-

mation on the activities of oral D-fagomine may also be due

to low availability from both natural and synthetic sources.

However, an elegant and expedient chemo-enzymatic

method has now been developed which is opening up the

possibility of obtaining pure crystalline D-fagomine in g to

kg quantities for thorough testing(19,20). Using this preparation,

we examine in the present study the modulation of both post-

prandial blood glucose concentration and bacterial adhesion

by D-fagomine.

Materials and methods

Reagents

D-Fagomine, provided by Bioglane (Barcelona, Spain) was

manufactured following the patented proprietary enzymatic

catalysis procedure described in WO2008025826A1. We used

the resulting crystalline pure (assay 98%) preparation of

D-fagomine (Fagopurew) to evaluate the activity of D-fagomine

along the intestinal tract as a modulator of both glycosidase

activity and bacterial adhesion. Other reagents and chemicals

were: DNJ (Carbosynth Limited, Compton, Berkshire, UK),

miglitol (Zhejiang Medicine Company Limited, Xinchang

Pharma, Chengguan Town, China), acarbose (Serva Electro-

phoresis GmbH, Heidelberg, Germany), sucrose (Sigma-

Aldrich, St Louis, MO, USA), starch (maize starch C-TEX

06 201; Cargill-Cerestar, Martorell, Spain), phloridzin dihydrate

(Sigma-Aldrich, St Louis, MO, USA), ketamine chlorhydrate

(Imalgene 1000; Merial Laboratorios S.A., Barcelona, Spain),

xylacine (Rompun 2%; Quı́mica Farmacéutica S.A., Barcelona,

Spain), 4-hydroxybenzoic acid (Sigma-Aldrich, Steinheim,

Germany), 4-aminoantipyrine (Sigma-Aldrich, St Louis, MO,

USA), Glucose oxidase type II-S from Aspergillus niger

(Sigma-Aldrich, Steinheim, Germany), Peroxidase Type II

from horseradish (Sigma-Aldrich, St Louis, MO, USA), Tris

(hydroxymethyl)aminomethane (Tris; Roche Diagnostics,

Meinheim, Germany). Water for the preparation of buffers and

other assay solutions was obtained using a water purification

Milli-Q system (Millipore Corporation, Billerica, MA, USA).

Rats and diets

A total of seventy-seven adult male Sprague–Dawley rats of

175–250 g body weight (Janvier, Le Genest-St-Isle, France)

were housed in cages (n 3–4/cage) under controlled con-

ditions of stable humidity (40–77%), and temperature (238C)

with a 12 h light–12 h dark cycle. The rats were fed ad libitum
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Fig. 1. Chemical structures of iminocyclitols (a) 1-deoxynojirimycin and (b) D-fagomine) compared to configurationally similar monosaccharides ((c) D-glucose and

(d) D-mannose).
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a standard diet (Panlab A04; Panlab, Barcelona, Spain) and

given water. To minimise circadian rhythm effects, rat manip-

ulations were carried out in the morning. Handling and killing

of the animals were in full accordance with the European

Union guidelines for the care and management of laboratory

animals and the pertinent permission was obtained from the

CSIC Subcommittee of Bioethical Issues (ref. AGL2009-

12 374-C03-03). The authors further attest that all efforts

were made to minimise the number of animals used and

their suffering.

Sucrose/starch-loading test

The sucrose/starch-loading test was performed after a 12 h

food deprivation period. A solution of sucrose or starch (1

or 2 g/kg body weight) together with the appropriate

amount of the compound being tested was administered to

the rats. Negative and positive control experiments were

performed by administration of only water and carbohydrate

solutions, respectively. The appropriate doses of D-fagomine

(1, 2, 4mg/kg body weight), DNJ, miglitol (N-hydroxyethyl-

DNJ) and acarbose (2mg/kg body weight) were administered

as water solutions (5ml/kg body weight) using a gastric

probe. We used four or five animals for each condition

tested. Blood samples were collected from the saphenous

vein(21) at 0, 15, 30, 45, 60, 90 and 120min after administration.

Blood glucose concentration was measured by the enzyme

electrode method using a blood glucose meter Ascensia

ELITE XL (Bayer Consumer Care AG, Basel, Switzerland).

Insulin concentration was measured using the rat/mouse insu-

lin ELISA kit from Millipore Corporation, in plasma obtained

from blood samples (0·1ml) collected into tubes containing

EDTA at 0, 8, 15, 30, 60 and 120min after administration.

The plasma was kept at 2808C until analysis.

Sucrase activity measurements on tissue homogenates and
everted intestine sleeves

The activity of brush-border sucrase (glycosidase EC 3.2.1.48)

was assayed on jejunal mucosa and everted intestine sleeves

following Dahlqvist(22) and Lee et al.(23). For the preparation

of gut mucosal homogenates, the rats were fasted overnight

and then anaesthetised with ketamine chlorhydrate (90mg/kg

body weight intraperitoneally) and xylacine (10mg/kg body

weight intraperitoneally). The anaesthetised rats were killed

by cervical dislocation. The small intestine was removed, and

carefully divided into duodenum, jejunum and ileum. The

jejunum was washed with ice-cold isotonic saline (5ml),

opened lengthwise and the mucosa scraped off with a micro-

scope slide. The samples were added to ice-cold isotonic

saline (50mg mucosa/ml) and homogenised using a T10 basic

Ultra-Turrax (IKA, Staufen, Germany). Sucrase activity was

determined by colorimetric measurement of the glucose release

by the action of sucrase on sucrose, according to the classic

procedure in Dahlqvist(22). Each product (D-fagomine, DNJ,

miglitol, acarbose) was tested on the mucosa of five rats at

concentrations ranging from 0·2 nM to 1mM in the presence of

0·1 M-sucrose (substrate). Inhibitors (5ml) and suitably diluted

homogenised mucosa (95ml) were pre-incubated (30min at

378C); then the reaction was carried out in phosphate

buffer pH 6·8 (300ml) by the addition of the substrate (0·1ml).

Substrate, inhibitor and homogenised mucosa were incubated

together (30min at 378C and 250 rpm) in triplicate. The reaction

was terminated by the addition of Glucostat solution (2ml)

(Tris 0·5 M; 4-hydroxybenzoic acid 10mM; 4-aminoantipyrine

0·4mM; glucose oxidase 1480 IU/l (24·672 mkatal/l), peroxidase

250 IU/l (4·167 mkatal/l), pH 7·3). After further incubation (2·5 h

at 378C), the amount of glucose was measured at 505 nm using

an ELISA reader and ninety-six-well plates. Enzyme activity

(mmol of substrate hydrolysed/h) was normalised to protein

content evaluated by the Bradford method(24).

To prepare the everted intestine sleeves, the jejunum was

obtained as described previously, flushed with ice-cold iso-

tonic saline (5ml) and cut into 3-cm-long segments that

were weighed. Each segment was everted using a plastic pip-

ette tip (yellow) and both ends were secured by tying knots.

The brush-border membrane facing the lumen in vivo now

faced outwards. Because the glucose released by the action

of sucrase would be taken up into the tissue by the GLUT,

this was inhibited by pre-incubating the sleeves (30min at

378C and 250 rpm) in Ringer’s solution containing the GLUT

inhibitor phloridzin (0·5mM)(23). The sleeves then were incu-

bated (16min at 378C, pH 7·3 and 250 rpm) in Ringer’s solution

(5ml) containing sucrose (50mM) as well as phloridzin

(0·5mM) and the appropriate concentration of the inhibitor

(0·2 nM to 1mM). After incubation, the sleeves were removed

and aliquots (500ml) of the incubation solution were added

to tubes containing Glucostat solution (2ml) in triplicate.

These were then incubated (2 h at 378C and 250 rpm) and

afterwards absorbance at 505 nm was read on a SpectraMax

M5 spectrophotometer (Molecular Devices, Sunnyvale, CA,

USA). Sucrase activity (mmol of substrate hydrolysed/h) was

normalised to mg of wet weight of the intestinal sleeve.

Bacterial agglutination

The strains used were obtained from the Bacterial Strain Col-

lection of the Faculty of Veterinary Science at the Universitat

Autònoma de Barcelona. Overnight cultures of each bacterial

strain were inoculated into 100-ml flasks containing Luria

medium to facilitate the production of fimbriae. The strains

were incubated at 378C for 24 h. Colonies were grown on

Luria medium Agar plates (Liofilchem, Roseto degli Abruzzi,

Italy) and after 24 h of incubation, several dilutions were pre-

pared in PBS for each strain, down to a concentration of 108

colony-forming units/ml. Bacterial suspensions in the pre-

sence of D-fagomine at final concentrations of 20 and

200mg/l (0·14 and 1·4mM) were incubated for 90min at

room temperature. The suspensions were spread onto slides,

observed under an optical microscope and compared with

negative control cultures and positive control suspensions

obtained with mannose 0·05 M. A minimum of twenty fields

were evaluated for aggregations. The results were expressed

as percentages of aggregation related to the number of aggre-

gations obtained with mannose 0·05 M (100%).
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Bacterial adhesion to intestinal mucosa

The mucosa was obtained from intestinal segments of pigs,

just after they were killed at a local slaughterhouse, and

kept frozen until use. The mucosa preparation (1ml) was

defrosted, centrifuged and mixed with PBS (99ml). Before

each test, the concentration of mucin in the suspension was

calculated by the Bradford method(24). Multiwell plates

(Nuncw; Nunc A/S, Roskilde, Denmark) were coated by incu-

bation with the mucosa suspension (2·5ml) overnight at 48C.

Then the unbound mucosa was carefully sucked off and the

wells gently loaded with bacterial suspensions (107 colony-

forming units/ml) followed immediately by the addition of

the appropriate amount of D-fagomine to reach the desired

final concentrations (10 and 20mg/l, 0·07 and 0·14mM) in a

total volume of 1·5ml. The mixtures were incubated at 378C

for 90min. Mannose 0·05 M was used as a positive control

and the experiment was performed in triplicate. Finally, the

colony-forming units from both the supernatant and mucosa

were counted under an optical microscope after cultivating

both fractions overnight.

Statistics

The results from the sucrase inhibition tests are expressed as

mean values with their standard errors. Student’s t test (two-

tailed distribution) was carried out to analyse the differences

between the two assays. We applied a non-linear sigmoid

dose–response inhibition approximation model to derive the

IC50 values for enzyme inhibition. The areas under the curve

from the sucrase/starch-loading tests were calculated using

the trapezoidal rule. Statistical differences were evaluated by

two-way ANOVA and Bonferroni’s post test. Results with

P,0·05 were taken as significant. All data manipulation and

statistical analysis were performed using Graph Pad Prism 4

(Graph Pad Software, Inc., San Diego, CA, USA).

Results

Effect of D-fagomine on postprandial blood glucose in vivo

D-Fagomine lowered postprandial glycaemia in Sprague–

Dawley rats following the intake of sucrose and starch (Fig. 2).

D-Fagomine effectively modulated postprandial glycaemia in a

dose-dependent manner (Fig. 3) that resulted in a reduction

in area under the curve at 120min between 17% (1mg D-fago-

mine/kg bodyweight) (P,0·01) and 43% (4mg D-fagomine/kg

body weight) (P,0·001) after the intake of 1 g sucrose/kg body

weight. No significant differences (P.0·05) between the doses

of 1 and 2mg D-fagomine/kg body weight were recorded under

our experimental conditions. D-Fagomine lowered the maxi-

mum blood glucose concentration from 5·8mM to 5·4, 4·8 and

4·4mM at doses of 1, 2 and 4mg/kg body weight, respectively,

and shifted the time to maximum blood glucose concentration

(Tmax) from 15 to 30min (doses of 1 and 2mg D-fagomine/kg

body weight) and to 45min (4mg D-fagomine/kg body

weight) (Fig. 3). The efficiencies of D-fagomine, DNJ, miglitol

(N-hydroxyethyl-DNJ) and acarbose on blood glucose concen-

tration in healthy Sprague–Dawley rats given a single dose of

sucrose were of the same order of magnitude. Acarbose,

which is not an iminosugar, was the most effective agent

tested. These comparative results are included as Supplemental

Fig. S1 (available online at http://www.journals.cambridge.org/

bjn). D-Fagomine did not show any effect on postprandial

glycaemia after the intake of glucose (dose–response curves

included as Supplemental Fig. S2 available online at http://

www.journals.cambridge.org/bjn), which suggests that it did

not affect glucose transport across the small intestine. In agree-

ment with this, D-fagomine has been observed to have no effect

on the transport of D-glucose (5mM) in cultures of intestinal

Caco-2 cells (R Martı́n-Venegas and R Ferrer, personal com-

munication). Postprandial blood insulin concentration

decreased in accordance with the decrease in blood glucose

concentration (Fig. 4), which indicates that D-fagomine did

not stimulate fast insulin secretion.

Intestinal disaccharidase inhibitory activity in vitro

The in vitro sucrase inhibitory activity of D-fagomine, DNJ,

miglitol and acarbose was measured on preparations of hom-

ogenised intestinal mucosa and on sections of everted small

intestine (Table 1). The outcomes of the two in vitro assays
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Fig. 2. Effect of D-fagomine (2mg/kg body weight) on the glycaemic

response of normal Sprague–Dawley rats after ingestion (1 g/kg body

weight) of: (a) sucrose and (b) starch. Normal rats were food-deprived for

12 h and then administered the carbohydrate and D-fagomine together.

, Sucrose (1 g/kg); , sucrose þ D-fagomine (2mg/kg); ,

vehicle (water). Values are means with their standard errors of mean. Mean

values were significantly different from the control: *P,0·05, ***P,0·001.
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were clearly different. Only the D-fagomine results were similar

(P.0·05) in both assays. On homogenisedmucosa, D-fagomine

was a weaker inhibitor than the other compounds between

two and three orders of magnitude. In contrast, when everted

intestinal membranes were used, the inhibitory potencies of

D-fagomine and acarbose were similar, and the differences

between D-fagomine and the other two compoundswere lower.

Agglutinating and antiadhesive activity of D-fagomine on
fimbriated bacteria

D-Fagomine modulated bacterial adhesion without affecting

cell viability. At a concentration as high as 2000mg/l, D-fago-

mine was virtually inactive as antimicrobial agent against an

array of different strains. The results of the inhibition tests

are included in Supplemental Table S2 (available online at

http://www.journals.cambridge.org/bjn). D-Fagomine aggluti-

nated cells of E. coli and S. enterica serovar Typhimurium

at concentrations of 20 and 200mg/l with agglutinations

of 60 and 70% of the control cultures, respectively

(P,0·001). Fig. 5 illustrates this agglutination effect. Moreover,

D-fagomine effectively prevented the adhesion of the same

fimbriated bacterial strains on pig intestinal mucosa at concen-

trations of 10 and 20mg/l (P,0·001) (Table 2). More than 95%

of the Enterobacteriaceae were recovered in the supernatant.

The effect was equivalent to that of a solution of mannose

0·05 M (i.e. 9000mg/l). At 20mg/l, D-fagomine did not affect

the adhesion of Bifidobacterium sp. to intestinal mucosa

and promoted the adhesion of Lactobacillus acidophilus

(P,0·001) (Table 2).

Discussion

Natural iminosugars mimic the structures of sugars and may

have the capacity to bind to the same loci within biological

systems. Particularly D-fagomine is structurally related to

D-glucose and D-mannose (Fig. 1). We first tested D-fagomine

for the modulation of postprandial blood glucose with regard

to potential applications in the reduction of the risk of devel-

oping IR and becoming overweight. D-Fagomine has been

described before as a weak inhibitor of a-glycosidases in

in vitro assays using purified enzymes(19) or homogenates of

intestinal mucosa(25). When we tested D-fagomine in vivo,

we found that it lowered postprandial blood glucose concen-

tration in healthy rats given a single dose of sucrose. D-Fagomine

was less efficient in doing so than acarbose, a non-absorbable

inhibitor of both a-glycosidases and a-amylase, and similar

in efficiency to DNJ, a more potent iminosugar in vitro (25),

and its derivative miglitol (N-hydroxyethyl-DNJ). Then we

corroborated that D-fagomine was a weaker sucrase inhibitor

in vitro than DNJ, miglitol and acarbose (Table 1, first

column). As the results were different in vitro and in vivo,
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sucrose (1g/kg); , sucrose þ D-fagomine (1mg/kg); , sucrose þ
D-fagomine (2mg/kg); , sucrose þ D-fagomine (4mg/kg); , vehicle

(water). (b) , vehicle (water); , sucrose (1g/kg); , sucrose þ D-fagomine
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were significantly different from the control: *P,0·05, **P,0·01, ***P,0·001.
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we tested the same compounds as sucrase inhibitors on

everted intestine sleeves, an experimental set-up that is

closer to the situation in vivo. This method is not commonly

used because it is more experimentally complex than the

method of homogenised mucosa and it has been shown that

both preparations give similar sucrase activity(23). While

D-fagomine was still a mild inhibitor in the everted sleeve

test, the differences in the absolute values of sucrase inhibition

by DNJ, miglitol and acarbose between the two in vitro assays

were of more than one order of magnitude (Table 1). The

sucrase inhibitory potencies of D-fagomine and acarbose in

the everted sleeve test were similar, while those of DNJ and

miglitol were approximately 10-fold and 70-fold higher.

These results indicate that experimental departure from the

in vivo situation may result in large differences in the outcome

of brush-border sucrase inhibition assays and that potent

inhibitors in vitro may not be as effective in vivo. The

in vitro assays may provide information about comparative

efficiencies and the everted sleeves, a set-up closer to the

in vivo situation, may be a better option than working with

purified enzymes or homogenates. Whatever the choice is,

special attention must be paid when extrapolating the results

to postprandial blood glucose modulation. To make sure

that putatively useful compounds are not overlooked, direct

testing in vivo appears to be the best option.

As intraperitoneally administered D-fagomine induced insu-

lin release and consequently lowered glycaemia in diabetic

mice(18), stimulation of insulin secretion may be thought to

account for the in vivo activity disclosed here. However, in

our in vivo experiments, orally administered D-fagomine did

not raise the blood insulin level (Fig. 3); on the contrary, as

it lowered blood glucose, it also lowered the insulin response

over the 2-h postprandial period. Moreover, D-fagomine did

not show any effect on postprandial glycaemia after intake

of glucose (Supplemental Fig. S2 available online at http://

www.journals.cambridge.org/bjn). These results imply that

D-fagomine neither stimulated fast insulin secretion nor signifi-

cantly affected glucose transport across the small intestine.

Over the postprandial period, the action of D-fagomine

appears to be that of slowing down the glucose release from

oligomeric and polymeric carbohydrates by inhibition of

brush-border glycosidases. So D-fagomine lowers the so-

called glycaemic load (GL) of a meal. The GL corresponding

to a given foodstuff is calculated as the amount of carbo-

hydrates in it multiplied by its glycaemic index (GI), the area

under the curve of blood glucose from 0 to 2 h after ingestion

of 50 g of carbohydrate(26,27). The GL is thereby a measure of

how much carbohydrates are incorporated systemically as glu-

cose and how fast this occurs(26,27). Low GI and GL diets have

been associated with a reduced risk of becoming overweight

by delaying the onset of hunger and limiting the storage of

nutrients as fat(28). While it is accepted that lowering the gly-

caemic response by glycosidase inhibitors and low GI foods

both delay the onset of IR(29,30), the question of whether

diets with low GI and GL are effective at controlling excess

weight is controversial(31). A recent meta-analysis of random-

ised controlled trials and a more recent trial published later

suggested that low-carbohydrate diets may only be associated

with modest short-term weight loss(32,33). It should be noted

though that these trials were conducted on large genotypically

and phenotypically heterogeneous populations. Clearer

effects may well be evident from studies with subpopulations

that are sensitive to carbohydrate-related weight gain. Sup-

porting this view is the observation that early (30min) post-

prandial insulinaemia predicted weight gain in humans and

that there exists a subpopulation characterised by early high-

insulin secretion that gains weight while consuming a low-fat

diet(34). Randomised controlled trials with D-fagomine and

appropriate subpopulations may help to clarify the role of

low-GL diets in weight gain and to confirm the reduction in

the risk of developing type 2 diabetes associated with lowering

postprandial glycaemia. Another controversial point involving

lowering GL is that low-GI foods include ingredients that are

poorly defined chemically (e.g. complex mixtures with uniden-

tified minor components) and their mode of action is unclear.

Moreover, most of these ingredients may alter the organoleptic

and rheologic properties of the original foodstuff. As pure

D-fagomine is effective at a concentration of 0·1% in the

matrix, the ingredient may allow the design of foodstuffs with

controlled GI resulting in only minimal modification of the

composition and the other properties.

Fig. 5. Aggregation of Salmonella enterica serovar Typhimurium in a solution

of D-fagomine in PBS (200mg/l).

Table 1. Inhibitory activity† of sugar mimetics on rat intestinal
sucrase in vitro

(IC50 values with their standard errors of mean)

Assay

Intestinal mucosa
homogenate

Everted intestine
sleeves‡

Compound IC50 (mM) SEM IC50 (mM) SEM

D-Fagomine 42·0 5·9 59·0 8·1
Acarbose 1·10* 0·13 53·0 8·9
Miglitol 0·150* 0·017 5·20* 0·80
DNJ 0·0270* 0·0030 0·77* 0·10

DNJ, 1-deoxynojirimycin.
* Mean values were significantly different from those of D-fagomine within

each assay (P,0·001).
† Activity is given as mmol of sucrose hydrolysed/h.
‡ Activity is normalised to mg of wet weight of the intestinal sleeve.
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We also disclose here an activity of D-fagomine that had never

been suggested before: the modulation of bacterial adhesion.

We observed that D-fagomine selectively agglutinated

potentially deleterious Enterobacteriaceae and prevented

their adhesion to pig intestinal mucosa. The adhesion of

Lactobacillus spp. was promoted by D-fagomine while that of

Bifidobacterium spp. was not affected (Table 2). Fimbriated

strains such as E. coli and S. enterica serovar Typhimurium

express mannose-specific lectins on the tip of their fimbriae

that bind to membrane carbohydrates as a first step in the colo-

nisation of other organisms(35). As D-fagomine is structurally

similar to lectin-binding sugars such as mannose (Fig. 1), the

observed agglutinating effect is most probably due to the affi-

nity of the iminocyclitol for lectins. Non-fimbriated probiotic

strains express other surface adhesins of glycoprotein nature

(glycoprotein adhesins) that keep bacteria loosely attached to

the intestinal wall(13). These interactions do not appear to be

affected by D-fagomine. Notably, D-fagomine did not show

any antibiotic effect on any of the strains tested. This is import-

ant because other putatively beneficial strainswill keep their full

viability in the presence of D-fagomine. Thus, the agglutination

of Enterobacteriaceae will most probably favour intestinal

colonisation by loosely bound non-pathogenic strains such as

Bifidobacterium spp. and Lactobacillus spp. and might help

to avoid the complications associated with intestinal conditions

such as inflammatory bowel disease. As the intestinal micro-

biota clearly influences the physiological status of the gut and

even the health of the whole organism(36), further studies will

determine whether this activity of D-fagomine results in long-

term effects related to the reduction of health risk factors.

In conclusion, here we report the short-term activity of

D-fagomine along the intestinal tract, consisting of effectively

lowering the postprandial blood glucose concentration and

selectively agglutinating enterobacteria. D-Fagomine effec-

tively modulates the blood glucose response in a dose-

dependent manner after the ingestion of sucrose or starch,

probably by delaying saccharide hydrolysis by brush-border

glycosidases. We also show that the results of sucrase

inhibition in vitro very much depend on the experimental

set-up and cannot account for the activity of inhibitors

in vivo. D-Fagomine also inhibits the adhesion of potentially

deleterious bacteria to the intestinal mucosa. Based on all

this evidence, D-fagomine may be used as a dietary ingredient

or functional food component to reduce the health risks

associated with an excessive intake of fast-digestible carbo-

hydrates, or an excess of potentially pathogenic bacteria.
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Introduction

Dihydroxyacetone phosphate (DHAP)-dependent aldolases
are increasingly interesting biocatalysts because they cata-
lyse stereoselective aldol additions, which are reactions of
paramount importance for the synthesis of chiral poly-
hydroxylated structures (carbohydrates and analogues).[1]

DHAP aldolases are strictly specific for the donor substrate
(DHAP) and a few isosteric analogues,[2] whereas the alde-
hyde acceptors that they tolerate are structurally diverse.[3–5]

In spite of their wide acceptor tolerance, some limitations
arising from sterically demanding structures are commonly
encountered. In this regard, during our ongoing research
project on the aldolase-catalysed synthesis of iminocyclitols

Abstract: A minimalist active site rede-
sign of the l-fuculose-1-phosphate al-
dolase from E. coli FucA was envis-
aged, to extend its tolerance towards
bulky and conformationally restricted
N-Cbz-amino aldehyde acceptor sub-
strates (Cbz=benzyloxycarbonyl). Var-
ious mutants at the active site of the
FucA wild type were obtained and
screened with seven sterically demand-
ing N-Cbz-amino aldehydes including
N-Cbz-prolinal derivatives. FucA
F131A showed an aldol activity of
62 mmolh�1mg�1 with (R)-N-Cbz-proli-
nal, whereas no detectable activity was
observed with the FucA wild type. For
the other substrates, the F131A mutant
gave aldol activities from 4 to about 25
times higher than those observed with
the FucA wild type. With regard to the

stereochemistry of the reactions, the
(R)-amino aldehydes gave exclusively
the anti configured aldol adducts
whereas their S counterparts gave vari-
able ratios of anti/syn diastereoisomers.
Interestingly, the F131A mutant was
highly stereoselective both with (R)-
and with (S)-N-Cbz-prolinal, exclusive-
ly producing the anti and syn aldol ad-
ducts, respectively. Molecular models
suggest that this improved activity to-
wards bulky and more rigid substrates,
such as N-Cbz-prolinal, could arise
from a better fit of the substrate into
the hydrophobic pocket created by the

F131A mutation, due to an additional
p–cation interaction with the residue
K205’ and to efficient contact between
the substrate and the mechanistically
important Y113’ and Y209’ residues.
An expedient synthesis of novel poly-
hydroxylated pyrrolizidines related to
the hyacinthacine and alexine types
was accomplished through aldol addi-
tions of dihydroxyacetone phosphate
(DHAP) to hydroxyprolinal derivatives
with the hyperactive FucA F131A as
catalyst. The iminocyclitols obtained
were fully characterised and found to
be moderate to weak inhibitors (rela-
tive to 1,4-dideoxy-1,4-imino-l-arabini-
tol (LAB) and 1,4-dideoxy-1,4-imino-
d-arabinitol (DAB)) against glycosidas-
es and rat intestinal saccharidases.
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from N-Cbz-amino aldehydes (Cbz=benzyloxycarbonyl),
we have observed that those with a-branched substituents
(i.e., isopropyl, isobutyl and sec-butyl), including conforma-
tionally restricted N-Cbz-prolinal derivatives, are poor ac-
ceptors for the FucA catalyst.[6,7] N-Cbz-prolinal derivatives
are of particular interest for the straightforward two-step
synthesis of polyhydroxylated pyrrolizidines.[7]

In spite of the significant advances in the alteration of the
stereospecificities of aldolases, studies focusing on modifica-
tion of their acceptor substrate tolerance in the literature of
chemical synthesis are rather meagre.[8] It was therefore re-
garded as both promising and significant to undertake a
minimalist redesign of the FucA active site to extend its tol-
erance towards bulky and conformationally restricted ac-
ceptor substrates, while keeping the anti configured stereo-
chemistry of the resulting aldol adduct.
According to the crystallographic structure of FucA re-

ported by Schulz and co-workers,[9] it appears that the F131
and its closest residues (F206 and Y113) make up a hydro-
phobic wall at the binding site for the natural acceptor sub-
strate, l-lactaldehyde. We envisaged that those residues
might sterically hinder the productive binding of branched
a-substituted N-Cbz-amino aldehydes. Moreover, the
motion of the mobile C-terminal tail might also block the
binding and/or prevent suitable positioning of sterically de-
manding aldehydes. Mutations at these positions produced
relatively active catalysts towards non-natural aldehydes, al-
though they also changed the stereochemical course of the
enzymatic aldol addition reaction.[9] Strikingly, the single
mutant F131A showed complete inversion of configuration
for non-polar aldehydes such as propionaldehyde or isobu-
tyraldehyde, suggesting that the side chain of F131 prevents
the rotation of the aldehyde, which gives rise to the rhamnu-
lose-like epimer. However, as has been demonstrated in pre-
vious work,[4,5] the binding modes of bulky substrates are
rather unpredictable and strongly depend on the aldehyde
structures, and thus their precise functional orientations in
the active site during the attack of the donor. In this work
we therefore pursued the investigation of two new FucA
mutants, Y113A and F206A, together with the known FucA
mutants F131A, Del ACHTUNGTRENNUNG(211–215) and DelACHTUNGTRENNUNG(207–215), as well as
the combination mutants F131A/F206A, Y113A/F131A and
F131A/Del ACHTUNGTRENNUNG(207–215), as catalysts for the aldol addition reac-
tions of DHAP to N-Cbz-amino aldehyde derivatives C-a
substituted with isopropyl, isobutyl and sec-butyl groups, as
well as both enantiomers of N-Cbz-prolinal. The F131A
single mutant was then used for the straightforward stereo-
selective synthesis of different pyrrolizidines, which were as-
sayed as glycosidase inhibitors.

Results and Discussion

Activity of the FucA mutants on ll-fuculose-1-phosphate
(Fuc1P): The FucA mutants Y113A, F206A, F131A, Del-ACHTUNGTRENNUNG(211–215) and Del ACHTUNGTRENNUNG(207–215) were obtained and tested for
their retroaldol activity on l-fuculose-1-phosphate (Fuc1P,

Table 1). Overall, their activities were lower than that of the
wild-type enzyme.[9]

Synthetic capabilities of FucA mutants : Aldol addition reac-
tions of DHAP to N-Cbz-amino aldehydes, catalysed by the
obtained FucA mutants, were conducted at 4 8C in DMF/
buffer (1:4) with vortex mixing agitation to ensure that the
aldehydes (partly soluble in water) were well dispersed in
the medium.[10] The stereochemical outcomes of the enzy-
matic aldol addition reactions were inferred from the imino-
cyclitols generated after reductive amination of the corre-
sponding aldol adducts. These iminocyclitols were structural-
ly characterised by high-field NMR spectroscopy and by
comparison of these data with those obtained for similar or
identical compounds in previous work (see the Supporting
Information).[4–6] In some instances the diastereomeric mix-
tures of non-phosphorylated aldol adducts could be directly
baseline-separated by analytical reversed-phase HPLC and
quantified (see the Supporting Information).
The synthetic capabilities of the FucA mutants towards

(R)- and (S)-N-Cbz-alaninal ((R)-1 and (S)-1, respectively)
were first evaluated as positive blank experiments
(Scheme 1). Both aldehydes were tolerated well by the
FucA wild type, so their interaction with the enzyme would
appear not to be subjected to any steric hindrance.[4] The
F131A and F206A mutants gave comparable percentages of
aldol adduct (Table 2). FucA Y113A and FucA DelACHTUNGTRENNUNG(211–
215) gave 24% conversions or less to aldol adducts, whereas
no product was detected with DelACHTUNGTRENNUNG(207–215). Importantly,
the stereochemical outcome of the catalysis by the mutants
was identical to that by the FucA wild type—that is, anti-
configured products—circumstantially supporting the hy-
pothesis that the reactive conformation of these aldehydes
at the active site may differ significantly from that of the
small aldehydes.[9] The initial velocities (vo) of the FucA
wild type and the F131A mutant towards (R)-1 and (S)-1
were measured at 25 8C. Remarkably, the vo values of FucA
F131A for (R)-1 and (S)-1 were between 1.5 and 3.0 times
higher than those of the FucA wild type (Table 2). The
change from a non-polar wall to a non-polar pocket in the

Table 1. Relative retroaldol activities of FucA mutants with l-fuculose-1-
phosphate.

Aldolase Relative specific activity[a] [%]

wild type 100
F131A 1
F206A 22
Y113A 0.5
Del ACHTUNGTRENNUNG(211–215) 11
Del ACHTUNGTRENNUNG(207–215) 2

[a] The activity of the FucA wild type was 9.8 Umg�1 protein (1 U
cleaves 1 mmol of Fuc1P per minute at 25 8C and pH 7.5 (Tris·HCl
(100 mm)+KCl (150 mm)). Experiments were carried out in triplicate
with a 5–10% estimated standard error. Mutant Y113A suffered a slow
inactivation and its activity vanished during the experiment, in good
agreement with the measurements on Y113F conducted by Schulz et al.[9]

The rest of the mutants, F131A, DelACHTUNGTRENNUNG(207–215) and Del ACHTUNGTRENNUNG(211–215), gave
activities similar to those already reported.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 10691 – 1070610692
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F131A mutant therefore created a biocatalyst with enhanced
activity towards these substrates, whereas this change has a
dramatic effect in the activity towards Fuc1P cleavage.[11]

The next step was to evaluate the acceptor tolerance of
the FucA mutants towards the selected N-Cbz-amino alde-
hydes with the sterically demanding a-branched isopropyl
((R)- and (S)-3a), isobutyl ((R)- and (S)-3b) and sec-butyl
((S)-3c) substituents, as well as those ((R)- and (S)-3d) de-
rived from (S)- and (R)-proline (Scheme 2 and Table 3).
As observed in the case of N-Cbz-alaninal, the mutants

F131A and F206A gave the
best levels of conversion
(Table 3). In particular, F131A
provided the best results for all
aldehydes tested, with adduct
formation twice that achieved
with the FucA wild type. The
most striking result was ob-
tained with (R)-3d : F131A
gave a significant percentage of
aldol adduct (60%), useful at
preparative scale. The results
obtained with (R)- and (S)-3d
prompted us to use this mutant
(see below) in the preparation
of novel pyrrolizidine-type imi-
nocyclitols starting with various

N-Cbz-hydroxyprolinal accept-
ors.[7] The F206A mutant did
not give any significant im-
provements in the amounts of
aldol adducts formed relative to
the FucA wild type except in
the case of the aldehyde (R)-
3d. The mutants Y113A and
DelACHTUNGTRENNUNG(211–215) in most cases

gave <5% aldol adduct, whereas no reaction was observed
with Del ACHTUNGTRENNUNG(207–215), consistent with the results obtained with
N-Cbz-alaninal. In previous work, no aldol adduct formation
had been detected (<2%) with the FucA wild type and the
same aldehydes at 25 88C.[6] It is noteworthy that, under the
reaction conditions used in this work, the percentage of
aldol adducts formed with the FucA wild type improved
considerably. This difference can be accounted for, amongst
other things, by two factors: firstly, by the enhanced stability
of DHAP at 4 8C[12] (consequently, the lower the rate of
DHAP degradation the larger the conversion of acceptor
that can be achieved for slow aldol addition reactions), and
secondly, by the use of a vortex mixer instead of a shaker,
which improved the dispersion of the aldehyde in the
medium, favouring its enzymatic conversion into product.
This appears to be of special relevance in reactions conduct-
ed at analytical scales.
The stereochemical outcomes of the reactions catalysed

by the FucA mutants (Table 3) were governed by the struc-
tural features of the aldehydes. Within the limits of high-
field NMR spectroscopy (see the Supporting Information),
the R aldehydes yielded the highest anti/syn ratios (97:3 to
100:0), whereas for their S counterparts the result was de-
pendent on the aldehyde. An interesting example that illus-
trates this situation was the aldolisation of (R)- and (S)-3d :
with (R)-3d the reaction gave exclusively anti-5 whereas
(S)-3d gave syn-5, as determined from the coupling con-
stants and NOESY experiments performed on the unphos-
phorylated aldol adducts 6a and 6b, derived from (R)-3d
and (S)-3d, respectively. This was also observed with the
FucA wild type, however, suggesting that these mutants pre-

Scheme 1. FucA-catalysed aldol addition reactions of DHAP to (R)- and (S)-N-Cbz-alaninal (1); wt=wild
type.

Table 2. FucA-catalysed aldol addition reactions of DHAP to (R)- and
(S)-N-Cbz-alaninal ((R)-1 and (S)-1, respectively).[a]

Biocatalyst (R)-1 (S)-1
%[b] anti/syn[c] vo

[d] %[b] anti/syn[c] vo
[d]

wild type 72 100:0 12 68 100:0 23
F131A 76 98:2 37 64 99:1 36
F206A 54 99:1 n.d. 64 99:1 n.d.
Y113A <5 n.d.[f] n.d. 10 99:1 n.d.
Del ACHTUNGTRENNUNG(211–215) 24 98:2 n.d. 12 99:1 n.d.
Del ACHTUNGTRENNUNG(207–215) n.p.[e] n.d. n.d. n.p. n.d. n.d.

[a] Experiments were carried out in triplicate with an estimated standard
error between 10–12%. [b] Percentage of aldol adduct 2 formed with re-
spect to the starting DHAP (i.e., limiting substrate) after 24 h of incuba-
tion at 4 88C, as determined by HPLC with use of external standards.
After 24 h, no significant evolution in the product formation was detect-
ed. [c] anti/syn ratio of the biocatalytic aldol addition; syn is the (3R,4S)
typical configuration obtained through catalysis by l-rhamnulose-1-phos-
phate aldolase from E. coli (RhuA), and anti is the (3R,4R) typical con-
figuration obtained by FucA catalysis. [d] Initial velocities (vo), expressed
as mmol of products formed per hour and per mg of protein, were deter-
mined at 25 8C. [e] No product was detected. [f] Not determined.

Scheme 2. FucA-catalysed aldol addition reactions of DHAP to the N-Cbz-amino aldehyde derivatives 3.
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served the facial orientations of these aldehydes in the
active site.
The initial velocities (vo) of the FucA wild type and of

FucA F131A towards (R)- and (S)-3a, -3b and -3d were
also measured at 25 88C (Table 4). Remarkably, the vo values

of the aldol addition reactions catalysed by FucA F131A
were around 4 to 25 times higher than those of the FucA
wild type. The most striking result was that obtained with
(R)-3d : the vo value of FucA F131A was 62 mmolh

�1 per mg
of protein, whereas the FucA wild type did not show any de-
tectable aldol activity. Remarkably, the anti diastereoisomer
(i.e., typically obtained with FucA catalysis) was the kineti-
cally favoured product for both catalysts with all the alde-
hydes except for (S)-3d, for which the syn product (i.e., typ-
ically obtained with RhuA catalysis) was the preferred one.
The stereoselectivity therefore tended to decrease as the
degree of conversion or incubation time increased. This is
because, under equilibrium control, more of the kinetically
unfavourable product may be formed, decreasing the practi-
cal stereoselectivity of the reaction. In this context, previous
molecular modelling calculations showed that the syn aldol
adducts derived from (R)-3a and (S)-3a should be thermo-

dynamically preferred over the
corresponding anti aldol ad-
ducts.[6] Similar calculations car-
ried out on all the possible
aldol adducts derived from (R)-
3b, (S)-3b, (S)-3c, (R)-3d and
(S)-3d confirm this trend, sug-
gesting that the syn adducts are
thermodynamically preferred
by 4.5 kcalmol�1 on average
(see the Supporting Informa-
tion).

Double mutant—seeking for
synergies : The results obtained
thus far with the most success-
ful single mutants prompted us
to investigate the potential syn-
ergistic effects on the catalytic

properties of combining the hyperactive F131A mutation
with other modifications that would decrease the steric hin-
drance, thus facilitating the access of conformationally re-
stricted aldehydes to the FucA active site. To this end, the
FucA catalysts F131A/F206A, F131A/Y113A and F131A/
DelACHTUNGTRENNUNG(207–215) were constructed. The relative activity of
F131A/F206A towards Fuc1P was approximately <0.5%,
whereas no activity was displayed by the mutants FucA
F131A/Y113A and F131A/Del ACHTUNGTRENNUNG(207–215). In aldol addition
reactions (Table 3), the double mutant F131A/F206A gave
percentages of aldol adduct and stereoselectivities compara-
ble to those obtained with the FucA wild type and with
F206A but lower than those with the F131A mutant. No
synergistic effect was therefore obtained with this FucA
mutant. Furthermore, no product was detected either with
the FucA F131A/Y113A or with the F131A/Del ACHTUNGTRENNUNG(207–215)
mutants, both Y113 and the C-terminal tail residues being
essential for the enzymatic aldol and retroaldol catalysis.

Retroaldol activity : The initial retroaldol rates (vretroo ) of the
FucA F131A, F206A and F131A/F206A mutants, as well as
of the FucA wild type, were measured for the selected puri-
fied aldol adducts anti-(5R)-4a, (5S)-4a, anti-(5R)-4b, anti-
(5S)-4b and anti-(5R)-5.[13] The purpose was to ascertain pu-
tative correlations between vretroo , the initial aldol rate (vo)
and the yields of aldol adducts achieved with the FucA mu-
tants, particularly with F131A, relative to the FucA wild
type. The initial retroaldol rates (vretroo ) were assessed by
continuous monitoring of the DHAP released by a multi-en-
zymatic test.
A cursory inspection of Table 5 reveals that, under the

assay conditions, the best initial retroaldol velocities (vretroo )
towards the selected substrates were achieved with the
FucA F131A catalyst, in good agreement with the initial
aldol rates (vo; Tables 3 and 4), except in the case of (5S)-
4a, for which F131A showed a slightly lower vretroo value
than the wild type, probably because it was an approximate-
ly 1:1 mixture of syn and anti diastereoisomers. The most

Table 3. Aldol addition reactions of DHAP to N-Cbz-amino aldehyde derivatives catalysed by the FucA wild
type and the mutants.[a]

Biocatalyst (R)-3a (S)-3a (R)-3b (S)-3b (S)-3c (R)-3d (S)-3d
%[b] anti/

syn[c]
%[b] anti/

syn[c]
%[b] anti/

syn[c]
%[b] anti/

syn[c]
%[b] anti/

syn[c]
%[b] anti/

syn[c]
%[b] anti/

syn[c]

wild type 16 100:0 16 70:30 29 100:0 27 100:0 22 78:22 2 100:0 20 0:100
F131A 56 100:0 38 45:55 68 100:0 50 85:15 36 68:32 60 97:3 39 0:100
F206A 19 100:0 12 65:35 40 100:0 24 100:0 17 74:26 10 100:0 16 0:100
Y113A 6 n.d.[d] <5 n.d. <5 n.d. <5 n.d. <5 n.d. n.p.[e] n.d. n.p. n.d.
Del ACHTUNGTRENNUNG(211–
215)

4 n.d. 5 n.d. 8 n.d. <5 n.d. <5 n.d. n.p. n.d. n.p. n.d.

F131A/
F206A

21 100:0 17 65:35 34 100:0 24 85:15 24 73:27 21 100:0 14 0:100

[a] Experiments were carried out in triplicate with an estimated standard error between 10–12%. [b] Molar
percentage of aldol adducts 4 and 5 formed with respect to the starting DHAP (i.e., limiting substrate) after
24 h of incubation at 4 8C, as determined by HPLC with the use of external standards. No significant variation
in the percentage of aldol adduct formed was detected after 24 h. [c] anti/syn ratio of the biocatalytic aldol ad-
dition: syn is the (3R,4S) typical configuration obtained by RhuA catalysis, and anti is the (3R,4R) typical con-
figuration obtained by FucA catalysis. [d] n.d=not determined. [e] n.p.=no product was detected.

Table 4. Initial reaction rates vo (mmolh
�1 per mg of protein) of the aldol

additions of DHAP to (R)- and (S)-3a, -3b and 3d catalysed by the
FucA wild type and by FucA F131A at 25 8C.

Aldehyde vo [mmol h
�1 per mg protein][a]

FucA wild type FucA F131A

(R)-3a 1.3 16
(S)-3a 3.7 14
(R)-3b 1.5 16
(S)-3b 1.8 10
(R)-3d n.d. 62
(S)-3d <1 25

[a] Experiments were carried out in triplicate with an estimated standard
error between 10–12%. n.d.=not detected within the limits of detection
by HPLC at 215 nm.
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striking result was the vretroo value for the FucA F131A
mutant with (5R)-5, which was about 500 times higher than
that of the FucA wild type, showing a good correlation with
the vo values determined for the aldol addition of DHAP to
(5R)-3d. Furthermore, the vretroo values for (5R)-4a, (5R)-4b
and (5S)-4b were about twice as high for FucA F131A as
for the FucA wild type, thus confirming the hyperactivity of
this mutant towards these bulky substrates. The mutants
F206A and F131A/F206A also showed higher retroaldol ini-
tial rates than the wild type towards compound (5R)-5, in
good agreement with the higher conversions observed for
the aldol additions with the aldehyde (5R)-3d. The retroal-
dol activities of the F206A and F131A/F206A mutants to-
wards the other tested compounds were lower than those of
the FucA wild type, however, whereas the levels of conver-
sion were similar to or even higher than those achieved by
the FucA wild type, indicating that there is no clear correla-
tion between vretroo and the percentage of aldol adduct
formed. This is because the aldol adducts obtained with the
selected N-Cbz-amino aldehydes cannot form stable cyclic
compounds (such as the hemiketals formed from hydroxyal-
dehyde acceptors), so the aldol adduct formed is always lim-
ited by reaction equilibrium. Investigations into how to
overcome the thermodynamic limitation of these reactions
are currently in progress in our lab.

Computational binding models : Computational modelling
studies were carried out to shed light on the effects that the
differential structural features of the mutant proteins ob-
tained in this work—in particular those of the most active
mutants F131A and F206A—could have on the binding

mode of the substrates, allowing for their modified catalytic
properties.
To date there are a number of described FucA crystallo-

graphic structures variously of the wild-type protein or of
different mutants.[9,14,15] Although the residues of the active
centre are affected in many of the mutations described, the
crystallographic structures show a high degree of similarity
to those involving the wild type and little variation in the
conformations of the other residues of this region. In all
these structures there is a lack of definition of the last six to
nine residues of the flexible C-terminal tail : that is, beyond
residues F206–Y209 and up to residue E215. Because of the
tetrameric nature of FucA, the active centre of the enzyme
is made up of residues of two adjacent monomers
(Figure 1), some of them belonging to the mentioned C-ter-
minal tail of a neighbouring FucA subunit. It was therefore
proposed that this flexible tail undergoes an induced fit im-
mediately after the substrate binding at the active centre,
placing residues Y209’ and E214’ within contact distance of
the substrates. E73 has been suggested as the essential acid–
base catalytic residue, whereas the hydroxy groups of resi-
dues Y209’ and Y113’ should be capable of establishing hy-
drogen bonds with the substrates (Figure 1 panel O), partici-
pating in the enzymatic mechanism by polarising the car-
bonyl group of the aldehyde (or the hydroxy group of the
adduct) and stabilising the transition states along the aldol
reaction coordinate.[9] Consistent with this role is the fact
that the described Y209F and Y113F mutants show about
20-fold decreases in activity towards Fuc1P cleavage, where-
as the double mutant Y113F/Y209F shows a 500-fold de-
crease.[9] The results obtained in this work for the Y113A
mutant (Table 3) also agree with the previous observations.
Figure 1 (panel O) shows the FucA wild type active site

with the modelled Y209’ and E214’ residues, together with a
bound molecule of Fuc1P in which the l-lactaldehyde
moiety is positioned above the DHAP portion. This illus-
trates the putative hydrogen-bonding interactions between
the 4-OH group of Fuc1P and the phenol groups of both
Y113’ and Y209’. These two residues, together with F131
and F206’, constitute a hydrophobic subsite from which a
hydrophobic pocket would arise on mutation of any of them
to Ala. This has been confirmed in the structure of FucA
F131A,[9] which also shows that the positions of the neigh-
bouring side chains (i.e. , Y113’, K205’ and F206’) were not
affected, although a higher mobility (higher B-factors) of
the residues at the C-terminal end was apparent. It is there-
fore plausible that the hydrophobic phenyl group from the
Cbz moiety of aldol adducts could be located in the pocket
generated by the F131A or F206A mutations.
Accordingly, the structures for the complexes of FucA

F131A, FucA F206A and FucA wild type with the anti aldol
adduct from (R)-3d (that is, (3R,4R,5R)-5) and the syn
adduct from (S)-3d (that is, (3R,4S,5S)-5) were modelled as
shown in Figure 1 (Panels A to F). The stability of the bind-
ing modes shown in Figure 1 was further assessed by run-
ning short restrained molecular dynamics (MD) under im-
plicit solvent conditions (see the Supporting Information).

Table 5. Initial retroaldol velocities (vretroo ) of the FucA wild type and of
mutants towards selected aldol adducts.

Aldol
adduct

vretroo [U per mg protein][a,b]

FucA wild
type

FucA
F131A

FucA
F206A

FucAF131A/
F206A

(5R)-4a 7.9 17 1.9 1.1
(5S)-4a[c] 22 17 4.3 6.2
(5R)-4b 12 20 6.0 1.7
(5S)-4b 101 244 78 40
(5R)-5 1.2 571 3.8 49

[a] Unit definition: 1 U will generate 1 mmol of DHAP per h at 25 88C and
pH 7.5 (Tris·HCl (100 mm)+KCl (150 mm)). [b] Experiments were car-
ried out in triplicate with an estimated standard error from 5–10%.
[c] An approximately 1:1 mixture of syn and anti diastereoisomers.
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From these structures, it is noteworthy that the anti adduct
can establish a hydrogen bond interaction between its reac-
tive 4-OH group and the phenol group of residue Y113’ in
all complexes, whereas the syn adduct can do the same with
residues Y209’ or E214’. These interactions are mostly main-
tained during the MD trajectory, suggesting that they could
efficiently participate in the enzyme mechanism as previous-
ly described. Moreover, it appears that the phenyl group
from Cbz can occupy the pockets generated by the F131A
and F206A mutations, as would be expected (Figure 1, A/B
and C/D, respectively), with the proline ring occupying a po-
sition above the DHAP moiety similar to the arrangement
of the l-lactaldehyde moiety on bound Fuc1P (Figure 1
panel O). Furthermore, for the F131A complexes the loca-

tion of the Cbz-phenyl group is
apparently stabilised by a p–
cation interaction with the
charged e-amine group of the
K205’ residue (i.e. , shortest dis-
tance between the nitrogen of
the e-amine of K205’ and the
carbon atoms of the Cbz-phenyl
ring in any of the complexes is
3.0–3.2 	), which is maintained
after the MD runs (see the Sup-
porting Information). This in-
teraction would increase the
binding affinity of these sub-
strates for the active site of the
F131A mutant relative to the
FucA wild type and FucA
F206A, because such interac-
tion would be precluded as a
result of the presence of the
F131 residue in those proteins.
Indeed, whereas in the F206A
mutant the Cbz-phenyl ring
may be efficiently accommodat-
ed in the cavity left by the mu-
tation, the models for the FucA
wild type complexes (Figure 1,
E and F) suggest that to occupy
an analogous position parallel
to the aromatic side chain of
F206’, the phenyl group of Cbz
would have to force the side
chain of Y209’ to shift away
from the position that it occu-
pies in the structure of the un-
bound protein. Further reloca-
tion of the aromatic rings of
Cbz and Y209’ is observed
during the MD runs, indicating
that the smaller volume of the
active site cavity on FucA wild
type would give rise to steric
clashes with the substrate.

Therefore, although alternative binding modes could be
suggested, these models appear to correlate well with the
observed hyperactivity shown by the F131A mutant towards
the aldehydes (R)-3d and (S)-3d (Table 4) or the (5R)-5 anti
adduct (Table 5). Moreover, similar binding modes could
also be expected for the substrates 3a, 3b, 4a and 4b, which
would yield higher affinities of these substrates relative to
the FucA wild type, due to the stabilisation arising from the
p–cation interaction with the K205’ residue. Consequently,
this could also translate into the generally higher activities
towards those substrates shown in Tables 4 and 5 for the
F131A mutant. Mutant F206A had less sharply differentiat-
ed activities relative to the wild-type enzyme (Tables 3 and
5), which would appear consistent with the fact that the

Figure 1. Modelled Fuc1P bound to the active centre of the FucA wild type (panel O). A prime in the number-
ing (Y113’, for example) denotes a residue from a neighbouring FucA subunit. The model includes a possible
3D arrangement for the residues of the C-terminal tail, based on a previous model by Joerger et al.[9] Energy-
minimised models of the anti-aldol adduct from (R)-3d (panels A, C and E) and the syn-aldol adduct from
(S)-3d (panels B, D and F) bound into the active sites of FucA F131A (panels A and B), FucA F206A (pan-
els C and D) and FucA wild type (panels E and F). The mutated residues are highlighted in violet.
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models did not show a significantly improved binding mode
for the mutant other than the better accommodation of the
bulky Cbz moiety in the pocket generated by the mutation.
This probably explains the slightly better activity observed
towards the (5R)-5 anti adduct, whereas for the rest of the
substrates this effect might be compensated by their lower
conformational restriction, which could favour better ac-
commodation of the substrates in the active site of the
FucA wild type.

Synthetic application—a concise synthesis of pyrrolizidine-
type iminocyclitols : The high activity of FucA F131A to-
wards N-Cbz-proline aldehyde derivatives prompted us to
explore its ability to catalyse aldol additions of DHAP to
hydroxyproline derivatives as acceptors for the preparation
of various polyhydroxylated pyrrolizidine iminocyclitols re-
lated to the hyacinthacine and alexine families (for papers
on polyhydroxylated pyrrolizidine synthesis see[16–23]). Inter-
estingly, some of these bicyclic iminocyclitols are inhibitors
of intestinal saccharidases,[24–27] with potential applications as
adjuvants for the treatment of non-insulin-dependent diabe-
tes mellitus and for the prevention and control of obesity.[28]

To this end, cis-4-hydroxy-(R)-Cbz-prolinal ((2R)-7a), trans-
4-hydroxy-(S)-Cbz-prolinal ((2S)-7b) and trans-3-hydroxy-
(S)-Cbz-prolinal ((2S)-7c) were assayed as acceptors for the
FucA F131A aldolisation with DHAP (Scheme 3) to pro-
duce the aldol adducts 8 in good yields (Table 6).

Within the limits of high-field NMR spectroscopy (see
below and in the Supporting Information), the aldol addi-
tions catalysed by FucA F131A were fully stereoselective.
Analogously with the aldehydes (R)-3d and (S)-3d, (2R)-7a
provided the corresponding anti (3R,4R) adduct, whereas
with (2S)-7b and (2S)-7c both aldolases gave syn (that is,
(3R,4S) RhuA stereochemistry) adducts.
The aldol adducts 6a and 8a–8c were subjected to reduc-

tive amination (Scheme 4) by the procedure already de-
scribed by us.[7] The crude materials obtained were purified
by cation exchange chromatography[7] and the products
were structurally characterised by NMR spectroscopy
(Table 7, see below and the Supporting Information). From

the stereochemistry at C3, it can be concluded that the re-
ductive amination with Pd was fully stereoselective for 8b
and moderately so (�3:1) for the rest of the compounds.
For the aldol adducts 6a, 6b, 8b and 8c the major diastereo-
mers formed were those with syn 1-OH/3-CH2OH configu-
rations, as observed in other reductive aminations,[4–6] where-
as for 8a the contrary was true. Interestingly, the unexpect-
ed pyrrolizidine 9g was isolated; it was probably formed cat-
alytically (i.e., formal H2O elimination/hydrogenation)
during the Cbz removal/reductive amination step. Com-
pounds 9a and 9d–g were obtained and characterised for
the first time in this work. The syntheses of compound 9h
and its enantiomer have been reported by Koch et al.[21] and
Behr et al.,[22] respectively. The chemical synthesis of 9b,
that is, 7a-epi-hyacinthacine A1, has recently been report-
ed.[29] Compound 9 i was isolated from the seeds of Castano-
spermum australe with [a]22D=++11.6 (c=0.37 in H2O),

[25] but
the absolute stereochemistry could not be determined. Com-
pound 9 i synthesised in this work had [a]22D=++17.9 (c=1.7
in H2O). Due to the internal reference of the specific abso-
lute configuration introduced by the two chiral centres of al-
dehyde (S)-7c, compound 9 i as described here corresponds
with compound number 10 reported by Nash et al.[25]

NMR spectroscopy analysis of proline derivatives : The un-
phosphorylated aldol adducts 6a, 6b and 8a–8c, as well as
6c from a previous study involving RhuA,[7] were structural-
ly characterised by NMR spectroscopy (see the Supporting
Information). Room-temperature 1H NMR spectra of all
these compounds show broad signals, so low-temperature
NMR spectroscopy experiments (250 K) were required for
full characterisation. Each spectrum corresponds to two

Scheme 3. FucA F131A-catalysed aldol additions of DHAP to N-Cbz-
prolinal derivatives for the synthesis of polyhydroxylated pyrrolizidine
derivatives. a) FucA F131A, b) acid phosphatase, c) H2 (50 psi), Pd/C.

Table 6. FucA F131A-catalysed aldol additions of DHAP to N-Cbz-pro-
linal derivatives. Reaction productivity and isolated yields of the corre-
sponding synthesised aldol adducts

Aldehyde %[a]/t [h] Yield[b]

[%]
Product

(R)-3d 71/24 33 6a
(S)-3d 68/24 52 6b[c]

(2R)-7a 95/24 60 8a
(2S)-7b 87/48 49 8b
(2S)-7c 76/48 44 8c

[a] Molar percentages of phosphorylated aldol adducts 6a–8c formed,
based on the starting DHAP (i.e., limiting substrate) as determined by
HPLC with external standards. Reaction conditions described in the Ex-
perimental Section. [b] Yield of the isolated product, purification proce-
dures were not optimised. [c] Product identical to the one obtained by
RhuA catalyst and isolated in a previous study.[7]
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main conformations, which was also corroborated by compu-
tational calculations (see the Supporting Information). From
the NMR spectroscopy data, within the limits of detection,
the enzymic aldol addition reactions of DHAP to (R)-3d
and (S)-3d were fully stereoselective and single anti or syn
diastereoisomers were obtained (see the Supporting Infor-
mation).
The hyacinthacine and alexine analogues were also struc-

turally characterised and their relative stereochemistries
were unequivocally assigned by NMR spectroscopy. Basical-
ly, the relative configurations of the different C1, C2, C3
and C7a stereocentres can be determined by the concerted
use of NOE enhancements and J ACHTUNGTRENNUNG(H,H) coupling constants
(see Table 7 and the Supporting Information). As a general
trend, all pyrrolizidine derivatives show a cis conformation
between the nitrogen lone pair and H7a, in close agreement
with theoretical calculations.
In a previous study, we demonstrated that RhuA was able

to accommodate (R)-3d and (S)-3d to give four stereoiso-
mers of hyacinthacines A1 and A2 (compounds 6–9 in

Ref. [7]). Two of them were ste-
reochemically assigned by
NMR spectroscopy as
1S,2S,3S,7aS (6) and
1S,2S,3S,7aR (8), as typically
generated from RhuA catalysis,
and two more to 1R,2S,3R,7aS
(7) and 1R,2S,3R,7aR (9), epi-
meric at C1 and C3, typically
from FucA catalysis. In the
light of those results, it was con-
cluded that RhuA aldolase was
not stereoselective. Through as-
sessment of the NMR spectra
data for the pyrrolizidine imi-
nocyclitols derived from the
(R)-3d and (S)-3d aldehydes
reported in our previous study[7]

and comparison with those ob-
tained in this work, it can be
confirmed unequivocally that
the aldol additions of DHAP to
proline derivatives catalysed by
RhuA and FucA aldolases were
fully stereoselective (see the
Supporting Information). The
pyrrolizidine iminocyclitol
structures, that is, the products
numbered 7 and 9 in the previ-
ous study,[7] were hence incor-
rectly assigned at their C1 ster-
eocentres: as 1R,2S,3R,7aS and
1R,2S,3R,7aR instead of the
correct 1S,2S,3R,7aS and
1S,2S,3R,7aR, respectively.
Therefore, the pertinent conclu-
sion, consistent with the results

of this paper, is that for most of the proline-derived adducts
the reductive amination by Pd was not stereoselective and
gave mixtures of two diasteroisomers epimeric at C3.

Inhibitory activity against glycosidases : The polyhydroxylat-
ed pyrrolizidines generated were screened as inhibitors
against a panel of commercially available glycosidases
(Table 8) and rat intestinal disaccharidases (sucrase, lactase,
threalase and maltase, Table 9). For purposes of comparison,
the inhibitory activities of the previously synthesised imino-
cyclitols 1,4-dideoxy-1,4-imino-l-arabinitol (LAB, 10a), 1,4-
dideoxy-1,4-imino-d-arabinitol (DAB, 10b), d-fagomine
(11a) and l-fagomine (11b) and of the pyrrolizidines 9k
and 9 l were also evaluated.[4,5,7] Both 10a and 10b had in-
hibitory properties consistent with those previously pub-
lished.[32] Interestingly, LAB showed moderate inhibitory ac-
tivity towards a-l-rhamnosidase and no inhibition towards
a-d-mannosidase and a-l-fucosidase, whereas the contrary
was true for DAB. Compound 11a was found to be a weak
inhibitor of a-d-glucosidase from rice,[33] whereas its enan-

Scheme 4. Reductive amination of the aldol adducts 6a–6b and 8a–8d and the products identified after purifi-
cation. a) H2, Pd/C). Aldol adduct 6b and pyrrolizidines 9c and 9d were also obtained with use of the RhuA
catalyst.[7] For purposes of comparison, the aldol adduct 6c and the pyrrolizidines 9k and 9 l were taken from a
previous study with RhuA catalyst.[7] Compounds 9d and 9 l are the correctly assigned products from the pre-
vious study (see compounds 7 and 9, respectively, from the paper of Calveras et al.[7]).
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tiomer 11b had poorer inhibitory properties against a-d-glu-
cosidase from rice but elicited some activity against b-d-gal-
actosidase from bovine liver. A cursory inspection of
Table 8 reveals that, of the glycosidases tested, the poly-
hydroxylated pyrrolizidines were active and selective against
a-d-glucosidase from rice, with the most potent being 9c, [7]

with a configuration at C1, C2, C3 and C7a identical to that
of LAB. The presence of hydroxy groups at C6 (9h) or C7
(9 i) or inversion of the C7a stereocentre (12) decreased Ki
values and produced weaker inhibitors. Remarkably, 9a was
a potent inhibitor of a-l-rhamnosidase from P. decumbens
with a Ki value about 10 times lower than that of 12 with in-
verted C1 and C3 stereocentres, and much lower than those
of 13 and 9b, with inversion only at C1 or C3. Compound
9a was also a moderate inhibitor of a-l-fucosidase and the
most potent of those synthesised in this work towards this
glycosidase. Interestingly, the presence of a hydroxy group
at C6 (9 f) and the lack of the hydroxy at C2 (9g) dramati-

cally decreased the inhibitory
activity towards a-l-fucosidase.

Inhibitory activity against rat
intestinal disaccharidases : It has
been reported that polyhydrox-
ylated pyrrolizidines are inhibi-
tors of rat intestinal disacchari-
dases,[24–27] so we also screened
the synthesised pyrrolizidines
9a–9 j as inhibitors of these. For
purposes of comparison, LAB
(10a), DAB (10b), d-fagomine
(11a) and l-fagomine (11b)
were also included. The two
compounds 10a and 10b were
the most active against the rat
intestinal saccharidases, consis-
tently with the reported litera-
ture values (Table 9),[32] where-
as 11a and 11b were poor in-
hibitors of sucrase and maltase.
Of the polyhydroxylated pyrro-
lizidines of this work, 9h was
the most active against sucrase,
lactase and, particularly, mal-
tase. Compound 9h has the
same configuration as 10a at
C1, C2 and C3. Changing the
hydroxy group from the C6 to
the C7 position (compound 9 i)
completely removed its inhibi-

tory properties against disaccharidases. Moreover, inversion
of the stereochemistry of C3 in 9 i (compound 9 j) resulted
in recovery of some activity. The introduction of a hydroxy
group at C6 and/or elimination of the hydroxy group at C2
in 9a (compounds 9 f and 9g, respectively, for example) also
abolished the inhibitory properties. Changing the C3 config-
uration in 9 f (compound 9e, for example) did not have any
effect on the inhibitory properties. Overall, none of the pyr-
rolizidines synthesised showed any remarkable inhibition of
the disaccharidases assayed.

Conclusion

Minimal changes in the FucA active site, for example FucA
F131A and FucA F206A, lead to new aldolase mutants with
improved tolerance towards sterically demanding C-a sub-
stituted N-Cbz-amino aldehydes. FucA F131A was a hyper-
active mutant that showed the best synthetic capabilities
with regard to the conformationally restricted N-Cbz-proli-
nal derivatives. The double mutant FucA F131A/F206A did
not improve on the results achieved with one single muta-
tion, so there was no synergism of these two mutations.
Measurements of retroaldol activities towards the anti
(3R,4R) adducts showed that FucA F131A was the most

Table 7. 1H/13C chemical shifts (ppm) and 3J ACHTUNGTRENNUNG(H,H) coupling constants for compounds 9a–9 l (in D2O)

Compound[a] H1
(C1)

H2
(C2)

H3
(C3)

H7aACHTUNGTRENNUNG(C7a) 3J ACHTUNGTRENNUNG(7a,1) 3J ACHTUNGTRENNUNG(1,2) 3J ACHTUNGTRENNUNG(2,3)
9a 3.89ACHTUNGTRENNUNG(79.3) 4.23ACHTUNGTRENNUNG(75.7) 2.93ACHTUNGTRENNUNG(71.1) 3.37ACHTUNGTRENNUNG(69.3) 8.5 3.8 3.5

9b 4.00ACHTUNGTRENNUNG(76.9) 4.09ACHTUNGTRENNUNG(72.6) 3.42ACHTUNGTRENNUNG(66.6) 3.63ACHTUNGTRENNUNG(73.0) 2.3 5.1 10.2

9c[b] 3.74ACHTUNGTRENNUNG(79.0) 3.78ACHTUNGTRENNUNG(82.1) 2.75ACHTUNGTRENNUNG(71.4) 3.20ACHTUNGTRENNUNG(68.3) 8.0 8.0 9.5

9d[b,c] 3.96ACHTUNGTRENNUNG(83.7) 4.10ACHTUNGTRENNUNG(81.8) 3.38ACHTUNGTRENNUNG(67.1) 3.37ACHTUNGTRENNUNG(74.8) 2.2 1.6 3.8

9e 4.01ACHTUNGTRENNUNG(77.9) 4.14ACHTUNGTRENNUNG(72.8) 3.19ACHTUNGTRENNUNG(67.1) 3.40ACHTUNGTRENNUNG(70.1) 2.9 5.4 9.1

9 f 4.39ACHTUNGTRENNUNG(79.6) 4.31ACHTUNGTRENNUNG(75.3) 3.56ACHTUNGTRENNUNG(73.4) 3.74ACHTUNGTRENNUNG(69.8) 8.9 3.4 3.4

9g 4.30ACHTUNGTRENNUNG(78.3) 1.86–2.12ACHTUNGTRENNUNG(35.6) 3.71ACHTUNGTRENNUNG(65.2) 3.63ACHTUNGTRENNUNG(75.1) �0 5.5; �0 4.7; 12.5

9h 3.87ACHTUNGTRENNUNG(82.7) 3.85ACHTUNGTRENNUNG(80.0) 2.82ACHTUNGTRENNUNG(72.5) 3.45ACHTUNGTRENNUNG(67.8) 7.3 7.0 8.5

9 i 3.71ACHTUNGTRENNUNG(80.1) 3.76ACHTUNGTRENNUNG(78.6) 2.69ACHTUNGTRENNUNG(70.8) 3.04ACHTUNGTRENNUNG(76.4) 8.2 8.2 8.8

9j 4.17ACHTUNGTRENNUNG(81.2) 4.17ACHTUNGTRENNUNG(81.2) 3.44ACHTUNGTRENNUNG(67.4) 3.23ACHTUNGTRENNUNG(80.4) 2.0 2.0 6.8

9k[b] 4.15ACHTUNGTRENNUNG(78.3) 3.92ACHTUNGTRENNUNG(77.6) 3.20ACHTUNGTRENNUNG(66.6) 3.82ACHTUNGTRENNUNG(66.9) 7.8 6.4 9.3

9 l[b,c] 4.05ACHTUNGTRENNUNG(77.5) 4.31ACHTUNGTRENNUNG(80.8) 3.04ACHTUNGTRENNUNG(70.8) 3.83ACHTUNGTRENNUNG(69.5) 4.4 1.5 3.6

[a] Compounds of this work and references to others with identical relative stereochemistry at C1, C2, C3, and
C7a: 9a and 9 f,[19,27] 9b and 9e,[29,30] 9c, 9h and 9 i,[20,22, 26, 27, 31] 9d and 9 j,[17] 9k,[18,22] 9 l.[27] [b] Data from a previ-
ous study.[7] [c] 9d and 9 l are the correctly assigned products from the previous study (see compounds 7 and 9,
respectively, from the paper of Calveras et al.[7]).
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active, in good agreement with its initial velocity (vo) values
for the aldol addition reactions. Remarkably, the mutant
F131A and the double mutant F131A/F206A gave initial
retroaldol rates with the aldol adduct from (R)-prolinal
around 500- and 40-times higher, respectively, than that of

the FucA wild type. In addition, FucA F131A showed activi-
ty improvements, relative to the rest of the substrates, of
around 4- to >25-fold in the aldol addition and up to 2.4-
fold in the retroaldol reactions. On the other hand, it was
observed that the initial retroaldol velocities of the F206A
and F131A/F206A mutants were lower than those of the
FucA wild type, whereas the contrary was true for the per-
centages of aldol adducts formed. However, it must be
taken into account that the aldol adducts obtained with the
selected N-Cbz-amino aldehydes cannot form stable cyclic
compounds, so the amount of aldol adduct formed is always
limited by the reaction equilibrium. The reaction yield may
therefore not be directly predicted from the retroaldol activ-
ities and other factors, including those relating to the precise
mechanisms for the aldol and retroaldol reactions and how
they affect the kinetics and the reaction equilibrium, must
be considered.
Molecular models suggest that the improved activity of

FucA F131A towards bulky and more rigid substrates, such
as N-Cbz-prolinal, could be the result of improved affinity
of the substrate for the active centre of the enzyme due to
an additional p–cation interaction with the K205’ residue

Table 8. Activities (IC50 (mm) and Ki (mm) values (in parentheses)) of the synthesised compounds against commercially available glycosidases.
[a]

Compound a-d-
Glucosidase[f]

a-d-
Glucosidase[j]

b-d-
Glucosidase[k]

b-d-
Galactosidase[l]

a-l-
Rhamnosidase[m]

a-d-
Mannosidase[n]

a-l-
Fucosidase[o]

10a[b] 1.8�0.1ACHTUNGTRENNUNG(0.8�0.1)[g] 0.05�0.01
(0.04�0.01)[i]

685�112ACHTUNGTRENNUNG(1014�81)[i] n.i. 56�5ACHTUNGTRENNUNG(98�5)[g] n.i. n.i.

10b[c] 0.33�0.02
(0.17�0.01)[h]

61�7ACHTUNGTRENNUNG(104�75)[h] 276�25ACHTUNGTRENNUNG(100�64)[h] n.i. n.i. 286�27ACHTUNGTRENNUNG(111�60)[i] 20�1ACHTUNGTRENNUNG(5�1)[h]
11a[d] n.i.[q] 61�7ACHTUNGTRENNUNG(18�8)[h] n.i. n.i. n.i. n.i. n.i.

11b[c] n.i. 126�7ACHTUNGTRENNUNG(236�61)[h] n.i. 154�22ACHTUNGTRENNUNG(76�21)[h] n.i. n.i. n.i.

9a n.i. n.i. n.i. n.i. 2.0�0.2ACHTUNGTRENNUNG(2.1�0.8)[i] n.i. 185�9ACHTUNGTRENNUNG(18�6)[i]
9b n.i. 804�7 n.i. n.i. 422�12ACHTUNGTRENNUNG(340�35)[g] n.i. 264�18ACHTUNGTRENNUNG(143�33)[h]
9c[e] n.d.[r] 30ACHTUNGTRENNUNG(4.7�0.5)[h] n.i. n.i. 115ACHTUNGTRENNUNG(57.0�0.9)[h] n.i. n.i.

9d[e,p] n.d. 700 n.i. n.i. n.i. n.i. n.i.
9e n.i. 271�138ACHTUNGTRENNUNG(357�110)[h] n.i. n.i. n.i. n.i. n.i.

9 f n.i. n.i. n.i. n.i. 598�78ACHTUNGTRENNUNG(478�80)[h] n.i. n.i.

9g n.i. 690�287ACHTUNGTRENNUNG(411�16)[h] n.i. n.i. n.i. n.i. 620�45

9h n.i. 44�9ACHTUNGTRENNUNG(25�3)[h] 448�60ACHTUNGTRENNUNG(555�202)[g] 447�22ACHTUNGTRENNUNG(688�200)[g] n.i. 174�97ACHTUNGTRENNUNG(149�19)[h] n.i.

9 i n.i. 72�22ACHTUNGTRENNUNG(311�23)[h] n.i. n.i. 196�31ACHTUNGTRENNUNG(221�9)[h] 95�41ACHTUNGTRENNUNG(600�8)[h] 327�7ACHTUNGTRENNUNG(100�4)[h]
9j n.i. 31�11ACHTUNGTRENNUNG(477�91)[h] n.i. n.i. n.i. n.i. n.i.

9k[d] n.d. 800 n.i. n.i. 90ACHTUNGTRENNUNG(33�1)[g] n.i. n.i.

9 l[d,p] n.d. n.i. n.i. n.i. 300 n.i. n.i.

[a] Data are the mean values of triplicate experiments � standard error of the mean (SE). [b] Synthesised in a previous work.[5] [c] Synthesised in a previ-
ous work.[34] [d] Synthesised in a previous work.[35] [e] Inhibitory data taken from ref. [7]. [f] From baker
s yeast. [g] Noncompetitive inhibition (a=1).
[h] Competitive inhibition. [i] Noncompetitive inhibition (a¼6 1).[36] [j] From rice. [k] From sweet almonds. [l] From bovine liver. [m] From Penicillium de-
cumbens. [n] From jack beans, Genus Canavalia. [o] From bovine kidney. [p] Structures assigned incorrectly at C1 stereocentre in our previous study.[7]

[q] n.i.=no inhibition: that is, IC50�1 mm. [r] n.d.=not determined.

Table 9. Activities (IC50 (mm)) of the synthesised compounds against rat
intestinal saccharidases.[a]

Compound Sucrase Lactase Trehalase Maltase

10a 0.29�0.02 50�36 74�34 0.2�0.1
10b 22�12 140�84 67�19 50�36
11a 484�4 n.i.[b] n.i. 209�92
11b 144�26 n.i. n.i. n.i.
9a 179�56 n.i. n.i. n.i.
9b 463�202 n.i. n.i. n.i.
9h 138�12 196�12 n.i. 88�8
9j 142�55 n.i. 224�54 n.i.
activity (UI)[c] 4.01�0.48 0.75�0.07 2.44�0.41 27.50�3.55
[a] The experiments were performed in triplicate for each set of sacchari-
dases obtained from one rat. Two different rats (n=2) were used. Activi-
ties are expressed as mm � standard error of the mean (SE). [b] n.i.=no
inhibition, that is, IC50�1 mm. [c] Activity of each intestinal saccharidase
towards their natural substrate, that is, sucrose, lactose, threhalose and
maltose, respectively.
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and of the efficient contact between the substrate and the
mechanistically important Y113’ and Y209’ residues.
FucA F131A was used as a catalyst for the aldol addition

reactions of DHAP to N-Cbz-hydroxyprolinal derivatives,
allowing a concise synthesis of novel polyhydroxylated pyr-
rolizidines of the hyacinthacine and alexine types. These
new iminocyclitol derivatives showed moderate activities
against a-d-glucosidase from rice and low activities against
rat intestinal sucrase. Among them, compound 9a was a
potent inhibitor of a-l-rhamnosidase from P. decumbens
and a moderate inhibitor of a-l-fucosidase from bovine
kidney and 9h was moderately active against sucrase, lactase
and maltase rat intestinal disaccharidases.

Experimental Section

Materials : Synthetic oligonucleotides were purchased from MWG-Bio-
tech. Acid phosphatase (PA, EC 3.1.3.2, 5.3 Umg�1) was from Sigma–Al-
drich. The precursor of dihydroxyacetone phosphate (DHAP), dihydrox-
yacetone phosphate dimer bis(ethyl ketal), was synthesised in our lab by
a procedure described by Jung et al.[37] with slight modifications. Deion-
ised water was used for preparative HPLC and Milli-Q-grade water for
analytical HPLC. All other solvents used were of analytical grade. Indi-
vidual enantiomerically pure N-Cbz-amino aldehydes used in this study
were synthesised in our lab by previously published procedures.[6] The di-
cyclohexylamine salt of l-fuculose-1-phosphate (Fuc1P) was synthesised
with the use of FucA aldolase as described in reported procedures.[38]

Glycerol 3-phosphate dehydrogenase from rabbit muscle (GDH) and
NADH were from Sigma–Aldrich. The plasmid pQE-FucA containing
the gene for expression of His-tagged l-fuculose-1-phosphate aldolase
was a generous gift from the Departament d
Enginyeria Qu�mica of the
Universitat Aut�noma de Barcelona.[39] High density IDA agarose 6BCL
(nickel charged) was from Hispanagar.

HPLC analyses : HPLC analyses were performed with a RP-HPLC car-
tridge (250�4 mm) filled with Lichrosphere 100 (RP-18, 5 mm) from
Merck (Darmstadt, Germany). Samples (25 mL) were withdrawn from
the aldol reactions, dissolved in MeOH (1 mL) to stop the reaction and
analysed by HPLC. The solvent system used was: solvent A (aqueous tri-
fluoroacetic acid (TFA) (0.1%, v/v)) and solvent B (TFA (0.095%, v/v)
in acetonitrile/H2O 4:1), gradient elution from 10 to 70% B (reactions
with aldehydes (R)-1 and (S)-1) or 30 to 90% B (reactions with alde-
hydes (R)- and (S)-3a, -3b, -3c and -3d) over 30 min, flow rate
1 mLmin�1, detection 215 nm, column temperature 30 88C. The amounts
of aldol adduct produced were quantified from the peak areas by use of
an external standard methodology. The external standards consisted of
solutions of purified aldol adducts of known concentration.

Electrospray mass spectrometry of proteins : Sample preparation : Each
protein (1 mL of (NH4)2SO4 suspension) was centrifuged and resuspend-
ed in water (1 mL). Samples were dialysed against water (5 L, 0.1%
formic acid) to remove the salts. Samples (10 mL) were analysed by
HPLC-ESI-MS with use of an Acquity UPLC BEH300 C18 column
(1.7 mm, 2.1�100 mm) and an ESI-TOF mass spectrometer (LCT Pre-
mierWaters, Milford, MA, USA) fitted with a 4 GHz time-to-digital con-
verter (TDC) with a dual ESI source (LockSpray). The second sprayer
provided the lock mass calibration with leucine enkephalin (m/z
556.2771). The ESI-TOF was operated in the W-optics mode, thus provid-
ing a mass resolution of at least 10000 full-width at half maximum
(FWHM). The acquisition time per spectrum was set to 0.2 s, and the
mass range was from 500 to 1800 Da. Data were acquired with use of a
cone voltage of 50 V, a capillary voltage of 3000 V, a desolvation temper-
ature of 350 8C, and a source temperature of 100 8C. The desolvation gas
flow was set at 400 Lh�1 and the cone gas flow was set at 30 Lh�1. The
solvent system used for the elution was: solvent A (aqueous formic acid
(0.1%, v/v)) and solvent B (formic acid (0.1%, v/v) in acetonitrile), gradi-

ent elution 0% B for 5 min, from 5 to 70% B over 12 min, from 70 to
100% B over 1 min, flow rate 0.3 mLmin�1. MassLynx 4.1 (Waters, Mil-
ford, MA, USA) was used for data acquisition and processing. Magtran
software,[40] kindly provided by Dr. Zhongqi Zhang (Amgen, Inc., Thou-
sand Oaks, CA), was used for molecular weight deconvolution from ESI-
MS spectra of proteins.

Mutagenesis : FucA gene mutations were introduced with the aid of the
QuikChange site-directed mutagenesis kit (Stratagene), with the oligonu-
cleotides listed in the Supporting Information and the plasmid pQE-
FucA as template. DNA sequencing and mass spectra analysis of the ex-
pressed proteins (see the Supporting Information) confirmed the expect-
ed mutations in the gene sequence.

Gene expression and protein purification : For protein production, the
plasmids were transformed into E. coli strain M-15 [pREP-4]
(QIAGEN). Cells were grown at 37 8C in 2 L flasks containing defined
medium (1 L) with ampicillin (100 mgL�1) and kanamycin (25 mgL�1),
up to an optical density of 0.6 at 600 nm.[41] At that point, protein expres-
sion was induced by addition of isopropyl b-d-thiogalactoside (IPTG) to
a final concentration of 50 mm and the temperature was lowered to 30 8C
to avoid formation of inclusion bodies. After an additional 4 h of incuba-
tion, cells were harvested, suspended in starting buffer (disodium hydro-
gen phosphate (50 mm), NaCl (300 mm), imidazole (20 mm), pH 8.0) and
lysed by use of a Cell Disrupter (TS 0.75 kW 40 K, Constant Systems).
Cellular debris was removed by centrifugation at 12000 g for 10 min. The
clear supernatant was collected and purified by affinity chromatography
in a FPLC system (Amersham Biosciences). The crude supernatant was
applied to a cooled HR 16/40 column (GE Healthcare) containing affini-
ty beads (50 mL) and was washed with start buffer (150 mL). The protein
was eluted with disodium hydrogen phosphate buffer (pH 8.0, 50 mm)
containing NaCl (300 mm) and imidazole (300 mm) at a flow rate of
3 mLmin�1. ZnSO4 (up to 1 mm) was added to the eluted protein and the
mixture was incubated for 15 min. Addition of (NH4)2SO4 (0.4 gmL

�1 of
liquid) caused protein precipitation. The resulting pellet was centrifuged
at 12000 g for 10 min, suspended in (NH4)2SO4 (50 mL, 0.4 gmL

�1) and
centrifuged again. The pellet was finally suspended in (NH4)2SO4 (50 mL,
0.4 gmL�1) and stored at 4 88C.

Analytical methods : Protein concentration was calculated by colour den-
sitometry in SDS-PAGE with use of Image J 1.37 v. Activity assays with
the natural substrate l-fuculose-1-phosphate were carried out as de-
scribed by Durany et al.[42]

Initial aldol velocity : The initial aldol velocities (vo) were determined by
measuring the amount of aldol adduct produced by HPLC at the initial
reaction times. The N-Cbz-amino aldehyde (24.5 mmol) was dissolved in
dimethylformamide (72 mL) and mixed with freshly neutralised (pH 6.9)
DHAP solution (141 mL, 14.4 mmol). The aldolase solution (100 mL,
0.29 mg, amount corresponding to 8 UmL�1 reaction for the FucA wild
type) was added to this mixture, which was placed in a vortex mixer
(1000 rpm) at 25 8C. Samples (25 mL) were withdrawn at different times
(7, 15, 30 and 60 min) and diluted with MeOH (500 mL), and the amount
of aldol adduct produced was analysed and quantified by HPLC as de-
scribed above. Linear correlations were found for levels of conversion
lower than 15%. The estimated standard error for three determinations
was between 10–12%.

Initial retroaldol velocity : Retroaldol assays with the aldol adducts (R)-5
and (R)- and (S)-4a and -4b were carried out by the previous assay
method with some modifications. A solution of NADH (2 mm) in
Tris·HCl buffer (pH 7.5, 100 mm, 0.9 mL) containing KCl (150 mm), the
aldolase (variable amount depending on the activity) and glycerol-3-
phosphate dehydrogenase (1.7 UmL�1) was incubated at 25 8C for 5 min.
The corresponding aldol adduct (100 mL, 100 mm) in Tris·HCl buffer
(pH 7.5, 100 mm) containing KCl (150 mm) was added to this solution up
to a total final volume of 1 mL. The decrease in the absorbance of
NADH at 340 nm was measured.

Enzymatic aldol reactions : Analytical scale reactions (360 mL total
volume) were conducted in 2 mL test tubes stirred with a vortex mixer
(VIBRAX VXR basic, Ika) at 1500 rpm and 4 8C. The N-Cbz-amino al-
dehyde (24.5 mmol) dissolved in dimethylformamide (72 mL) was mixed
with freshly neutralised (pH 6.9) DHAP solution (141 mL, 14.4 mmol).
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The mixture was cooled on ice, the aldolase solution (100 mL, 0.29 mg,
amount corresponding to 8 UmL�1 reaction for the FucA wild type) was
added to start the aldol reaction, and the reactor was placed in a vortex
mixer (1000 rpm) at 4 88C. At 24 h samples (25 mL) were withdrawn, dilut-
ed with MeOH (1.0 mL) and analysed by HPLC under the conditions de-
scribed above.

Preparative enzymatic aldol addition reactions (15–20 mL total volume)
were conducted to obtain the corresponding iminocyclitols and thus to
infer the stereoselectivity of the enzymatic aldol addition reaction. The
procedures utilised were similar to those described by us in previously re-
ported work.[6,43] The stereochemistry of the resulting iminocyclitols was
unequivocally assessed by comparison of their high-field NMR spectros-
copy data with compounds previously obtained and fully characterised in
our lab (see the Supporting Information).[4,6, 43]

The aldol adducts 6a and 6b were also directly characterised by NMR
spectroscopy (see below and the Supporting Information) to determine
the relative configurations of the two newly formed stereogenic centres.
For purposes of comparison the unphosphorylated aldol adducts with syn
configurations of the vicinal diols, obtained from the aldol additions of
DHAP to (R)-3d and (S)-3d catalysed by l-rhamnulose-1-phosphate al-
dolase from E. coli,[7] were also characterised in this work by NMR spec-
troscopy (see the Supporting Information).

Preparative synthesis of polyhydroxylated pyrrolizidine derivatives from
proline analogues : The syntheses of the N-Cbz-hydroxy prolinal deriva-
tives (R)-7a, (S)-7b and (S)-7c were easily achievable from the corre-
sponding commercial cis-4-hydroxy-(R)-proline, trans-4-hydroxy-(S)-pro-
line, and trans-3-hydroxy-(S)-proline. As an example the procedure for
the synthesis of trans-N-Cbz-3-hydroxy-(S)-prolinal ((S)-7c) is described.

a) trans-3-Hydroxy-(S)-proline methyl ester hydrochloride : trans-3-Hy-
droxy-(S)-proline (5.0 g, 38.1 mmol) was dissolved in MeOH (20 mL) and
the mixture was cooled to 0 8C with an ice bath. SO2Cl2 (76.3 mmol,
5.56 mL) was added to this solution dropwise at such a rate as to main-
tain the reaction mixture below 4 8C. Stirring of the reaction mixture was
continued at room temperature overnight. The solvent was then removed
under reduced pressure and the obtained solid was washed with ethyl
ether (6.8 g, 98%).

b) trans-3-N-Cbz-Hydroxy-(S)-proline methyl ester : The methyl ester hy-
drochloride derivative (6.8 g, 37.5 mmol) and bicarbonate (119 mmol,
10 g) were dissolved in dioxane/water 1:1 (50 mL). N-(Benzyloxycarbo-
nyl)succinimide (37.5 mmol, 9.3 g) dissolved in dioxane was then added
dropwise over 1 hour. After 24 h the solvent was removed under
vacuum, and the crude product was dissolved with ethyl acetate and
washed with citric acid (10%, 3�200 mL), bicarbonate (3�200 mL) and
brine (2�200 mL). The organic layer was dried over anhydrous Na2SO4
and dried to obtain an oil (10.3 g, 98%).

c) trans-3-N-Cbz-Hydroxy-(S)-prolinol : The N-Cbz-hydroxy proline
methyl ester derivative (10.3 g, 36.9 mmol) was reduced by treatment
with NaBH4 (147.5 mmol, 5.6 g) by the same procedure as described by
Luly et al. (Method B) with a slight modification.[44] After the addition of
NaBH4 the reaction was allowed to warm up slowly to room tempera-
ture.

d) trans-3-N-Cbz-Hydroxy-(S)-prolinal ((S)-7 c): The N-Cbz-hydroxy pro-
linol (1.0 g, 4.0 mmol) was oxidised by treatment with 2-iodoxybenzoic
acid (IBX) by the procedures already described by us.[6,7] Complex NMR
spectra due to the presence of multiple rotamers were recorded.

cis-4-Hydroxy-(R)-Cbz-prolinal ((R)-7a): The title compound was pre-
pared by the General Procedure described above (0.83 g, 84%). [a]22D=
+19.5 (c=1.9 in CH3OH);

1H NMR (500 MHz, CDCl3): d=9.74 (s,
0.5H), 9.66 (s, 0.5H), 7.40 (m, 5H), 5.31–5.00 (m, 2H), 4.50–4.00 (m,
2H), 3.81–3.38 (m, 2H), 2.94–2.13 ppm (m, 2H); 13C NMR (101 MHz,
CDCl3): d=199.7, 199.5, 155.8, 155.0, 136.4, 136.1, 128.9, 128.8, 128.8,
128.6, 128.5, 128.3, 128.2, 70.3, 69.4, 67.9, 67.8, 63.8, 63.7, 56.0, 55.2, 36.3,
35.5 ppm.

trans-4-Hydroxy-(S)-Cbz-prolinal ((S)-7b]): The title compound was pre-
pared by the General Procedure described above (0.88 g, 89%). [a]22D=
�38.5 (c=2.5 in CH3OH); 1H NMR (500 MHz, CDCl3): d=9.61 (d, 3J=
1.9 Hz, 0.5H), 9.48 (d, 3J=3.1 Hz, 0.5H), 7.53–7.24 (m, 5H), 5.34–5.05

(m, 2H), 4.64–4.18 (m, 1H), 4.01–3.19 (m, 3H), 3.11–1.62 ppm (m, 2H);
13C NMR (101 MHz, CDCl3): d=199.7, 199.5, 155.8, 155.0, 136.4, 136.1,
128.9, 128.8, 128.8, 128.6, 128.5, 128.3, 128.2, 70.3, 69.4, 67.8, 67.8, 63.8,
63.7, 56.0, 55.2, 36.3, 35.5 ppm.

trans-3-Hydroxy-(S)-Cbz-prolinal ((S)-7c): The title compound was pre-
pared by the General Procedure described above (0.81 g, 82%). [a]22D=
�58.6 (c=3.2 in CH3OH); 1H NMR (500 MHz, CDCl3): d=9.63 (s,
0.5H), 9.55 (d, 3J=1.2 Hz, 0.5H), 7.46–7.30 (m, 5H), 5.39–4.99 (m, 2H),
4.61–4.19 (m, 1H), 4.11–2.94 (m, 3H), 2.67–1.54 ppm (m, 2H); 13C NMR
(101 MHz, CDCl3): d=199.2, 155.8, 154.9, 136.4, 136.3, 128.8, 128.4,
128.2, 74.0, 73.5, 72.8, 71.5, 67.7, 45.2, 44.9, 33.2, 32.6 ppm.

Enzymatic aldol condensations (General Procedure): Reactions at prepa-
rative scale (20–40 mL total volume) were performed in 50 mL Erlen-
meyer flasks with screw caps. The N-Cbz-prolinal derivative (1.7–
3.4 mmol, 1.7 equiv per mol DHAP) was dissolved in DMF (the amount
corresponding to 20%, v/v of the total). The DHAP solution (volume
corresponding to 80%, v/v of the total, 1–2 mmol) at pH 6.9, freshly pre-
pared as described above, was then added dropwise with stirring at 4 8C,
with a vortex mixer. Finally, FucA F131A (0.8–1.3 mg per mL reaction
mixture) was added and mixed again. The Erlenmeyer was placed on a
horizontal shaking bath (200 rpm) at 4 8C. The reactions were monitored
by HPLC. When the amount of aldol adduct was constant with the time
(24 h) the reaction was stopped by addition of MeOH (1.5 times the reac-
tion volume). The methanol was then evaporated off and the aqueous so-
lution was washed with ethyl acetate to remove the unreacted N-protect-
ed amino aldehyde. The aqueous layer was collected, the remaining ethyl
acetate was removed under reduced pressure, and the product was
lyophilised. The solid obtained was dissolved in plain water (ca 10–
20 mL) and the pH was adjusted to 5.5 with TFA. Acid phosphatase
(5.3 U per mmol phosphorylated adduct) was added to this solution. The
reaction was followed by HPLC until no starting material was detected.
Further phosphatase units were added, if necessary, to direct the reaction
to completion. The reaction mixture was then filtered through a 0.45 mm
cellulose membrane filter. The filtrate was loaded onto a XTerra (19�
250 mm) column, and eluted with a gradient of CH3CN (8 to 56% over
30 min) in plain water. Pure fractions were pooled and lyophilised.

These products were structurally characterised by NMR spectroscopy
with special attention to the elucidation of the relative configurations of
the newly formed stereogenic centres. The specific chiral centres of the
starting N-Cbz-prolinals served as internal references for the assignment
of the absolute stereochemistry for the new formed ones. Because these
were intermediates no further physical data were determined.

(R)-Benzyloxycarbonyl-2-((1R,2R)-1,2,4-trihydroxy-3-oxobutyl)pyrroli-
dine (6a): The title compound was prepared by the General Procedure
described above (194 mg, 33%). Major conformation 1H NMR
(500 MHz, CD3OD, 250 K): d=7.33–7.46 (m, 5H), 5.15–5.10 (m, 2H),
4.58 (A of AB system, 3J=19.0 Hz, 1H), 4.43 (B of AB system, 3J=
19.1 Hz, 1H), 4.24 (dd, 3J=7.8, 3.3 Hz, 1H), 4.11 (m, 1H), 4.08 (d, 3J=
7.8 Hz, 1H), 3.55 (m, 2H), 2.12 (m, 1H), 2.02 (m, 1H), 1.92 (m, 1H),
1.82 ppm (m, 1H); 13C NMR (101 MHz, CD3OD, 250 K): d=212.2, 156.8,
138.0–129.6, 76.9, 71.9, 68.0, 67.7, 60.8, 48.3, 25.8, 25.5 ppm. Minor confor-
mation 1H NMR (500 MHz, CD3OD, 250 K): d=7.33–7.46 (m, 5H),
5.21–5.15 (m, 2H), 4.55 (A of AB system, 3J=19.1 Hz, 1H), 4.35 (B of
AB system, 3J=19.2 Hz, 1Hm, 1H), 4.08 (dd, 3J=8.8, 1.9 Hz, 1H), 4.19
(m, 1H), 4.01 (d, 3J=7.8 Hz, 1H), 3.55 (m, 2H), 2.15 (m, 1H), 2.02 (m,
1H), 1.96 (m, 1H), 1.82 ppm (m, 1H); 13C NMR (101 MHz, CD3OD,
250 K): d=212.2, 156.6, 138.0–129.6, 76.2, 72.8, 67.9, 67.7, 60.3, 48.4, 26.0,
25.1 ppm.

(S)-Benzyloxycarbonyl-2-((1S,2R)-1,2,4-trihydroxy-3-oxobutyl)pyrrolidine
(6b): The title compound was prepared by the General Procedure de-
scribed above (167 mg, 52%). Major conformation 1H NMR (500 MHz,
CD3OD, 250 K): d=7.34–7.48 (m, 5H), 5.18–5.18 (m, 2H), 4.61 (A of
AB system, 3J=20.0 Hz, 1H), 4.51 (B of AB system, 3J=19.9 Hz, 1H),
4.18 (d, J=1.6 Hz, 1H), 3.98 (m, 1H), 3.81 (dd, 3J=1.6, 8.7 Hz, 1H), 3.47
(m, 2H), 2.17–1.95 (m, 2H), 1.95 ppm (m, 2H); 13C NMR (101 MHz,
CD3OD, 250 K): d=213.7, 158.6, 138.2–129.2, 77.8, 73.5, 68.4, 68.2, 60.4,
47.7, 27.9, 24.3 ppm. Minor conformation 1H NMR (500 MHz, CD3OD,
250 K): d=7.48–7.34 (m, 5H), 5.21–5.13 (m, 2H), 4.53 (A of AB system,
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3J=19.8 Hz, 1H), 4.40 (B of AB system, J=19.7 Hz, 1H), 4.23 (dd, 3J=
2.4, 3.3 Hz, 1H), 4.15 (d, 3J=2.4 Hz, 1H), 4.03 (m, 1H), 3.54–3.43 (m,
2H), 2.35–2.01 (m, 2H), 1.98–1.82 ppm (m, 2H); 13C NMR (101 MHz,
CD3OD): d=213.7, 158.6, 138.2–129.5, 78.7, 73.6, 68.4, 68.2, 61.4, 47.7,
27.5, 24.8 ppm.

(R)-Benzyloxycarbonyl-2-((1R,2R)-1,2,4-trihydroxy-3-oxobutyl)-4-(R)-
hydroxypyrrolidine (8a): The title compound was prepared by the Gener-
al Procedure described above (204 mg, 60%). Major conformation
1H NMR (600 MHz, CD3OD): d=7.39 (m, 5H), 5.15–5.12 (m, 2H), 4.59
(A of AB system, 3J=19.3 Hz, 1H), 4.45 (B of AB system, 3J=19.3 Hz,
1H), 4.33 (d, 3J=2.3 Hz, 1H), 4.30 (m, 1H), 4.26 (br s, 1H), 4.10 (d, 3J=
8.1 Hz, 1H), 3.70 (m, 1H), 3.33 (m, 1H), 2.17 ppm (m, 1H); 13C NMR
(101 MHz, CD3OD): d=210.6, 155.4, 129.2–138.2, 75.4, 69.2, 68.3, 66.7,
66.5, 58.9, 55.2, 32.5 ppm. Minor conformation 1H NMR (600 MHz,
CD3OD): d=7.39 (m, 5H), 5.22–5.17 (m, 2H), 4.54 (A of AB system,
3J=19.3, 95.7 Hz, 1H), 4.38 (B of AB system, 3J=19.4, 95.6 Hz, 1H),
4.32 (m, 1H), 4.33 (m, 1H), 4.32 (m, 1H), 4.22 (d, 3J=1.4 Hz, 1H), 4.05
(d, J=8.4 Hz, 1H), 3.70 (m, 1H), 3.29 (m, 1H), 2.26 ppm (m, 1H);
13C NMR (101 MHz, CD3OD): d=210.7, 155.3, 129.5–138.2, 75.0, 70.4,
69.5, 66.7, 66.5, 58.5, 55.4, 33.1 ppm.

(S)-Benzyloxycarbonyl-2-((1S,2R)-1,2,4-trihydroxy-3-oxobutyl)-4-(R)-hy-
droxypyrrolidine (8b): The title compound was prepared by the General
Procedure described above (251 mg, 49%). Major conformation
1H NMR (600 MHz, CD3OD): d=7.39 (m, 5H), 5.17–5.17 (m, 2H), 4.59
(A of AB system, 3J=19.7, 1H), 4.51 (B of AB system, 3J=19.6 Hz, 1H),
4.39 (s, 1H), 4.39 (m, 1H), 4.23 (d, 3J=4.9 Hz, 1H), 4.19 (m, 1H), 4.14
(m, 1H), 3.63 (d, 3J=11.9 Hz, 1H), 3.42 (dd, 3J=11.6, 4.2 Hz, 1H), 2.32
(m, 1H), 2.03 ppm (m, 1H); 13C NMR (101 MHz, CD3OD): d 213.7,
129.2–138.2, 158.6, 77.0, 71.8, 69.3, 67.0, 66.4, 59.1, 54.3, 34.8 ppm. Minor
conformation 1H NMR (600 MHz, CD3OD): d=7.39 (m, 5H), 5.24–5.11
(m, 2H), 4.48 (A of AB system, 3J=19.5 Hz, 1H), 4.34 (B of AB system,
3J=19.6 Hz, 1H), 4.46 (m, 1H), 4.39 (br s, 1H), 4.14 (m, 1H), 4.11 (d,
3J=2.5 Hz, 1H), 3.62 (d, 3J=11.9 Hz, 1H), 3.48 (dd, 3J=11.9, 3.8 Hz,
1H), 3.36 (m, 1H), 2.47 (m, 1H), 1.99 ppm (m, 1H); 13C NMR
(101 MHz, CD3OD): d=213.7, 158.6,129.5–138.2, 77.3, 71.0, 69.3, 67.0,
66.0, 59.1, 54.9, 34.0 ppm.

(S)-Benzyloxycarbonyl-2-((1S,2R)-1,2,4-trihydroxy-3-oxobutyl)-3-(S)-hy-
droxypyrrolidine (8c): The title compound was prepared by the General
Procedure described above (149 mg, 44%). 1H NMR (600 MHz,
CD3OD): d=7.41 (m, 5H), 5.19 (m, 2H), 4.62 (A of AB system,

3J=
20.0 Hz, 1H), 4.52 (B of AB system, 3J=19.8 Hz, 1H), 4.48 (br s, 1H),
4.17 (s, 1H), 3.85 (d, 3J=9.5 Hz, 1H), 3.66 (d, 3J=9.3 Hz, 1H), 3.64 (m,
1H), 3.52 (t, 3J=9.9 Hz, 1H), 2.18 (tt, 3J=13.5, 6.6 Hz, 1H), 1.94 ppm
(dd, 3J=13.7, 7.0 Hz, 1H); 13C NMR (101 MHz, CD3OD): d=211.9,
157.7, 129.2–138.2, 76.2, 71.5, 72.0, 67.5, 67.3, 67.0, 44.9, 31.0 ppm.

Removal of Cbz group and reductive amination : The aldol adducts ob-
tained (0.40–0.74 mmol) were dissolved in ethanol (5–10 mL), followed
by the addition of plain water (20–45 mL). Pd/C (200 mg) was added.
The reaction mixture was shaken under hydrogen (50 psi) overnight at
room temperature. After removal of the catalyst by filtration through de-
activated aluminium oxide, the pH of the filtrate was adjusted to pH 5.5
with formic acid (1m), the solvent was removed under reduced pressure,
and the product was lyophilised.

Purification by ion exchange chromatography : The polyhydroxylated pyr-
rolizidine derivatives 9a, 9b and 9e–9 j were separated by ion exchange
chromatography with a FPLC system by a procedure described by us.[6, 7]

CM-Sepharose CL-6B (Amersham Pharmacia) in NH4
++ form stationary

phase was packed into a glass column (450�25 mm) to provide a final
bed volume of 220 mL. The flow rate was 4 mLmin�1. The CM-Shephar-
ose-NH4

+ was washed initially with H2O. An aqueous solution of the
crude material at pH 7 was then loaded onto the column. Minor coloured
impurities were washed away with H2O (150 mL, 3 bed volumes). The re-
tained compounds were eluted with aqueous NH4OH (0.01m): com-
pounds 9a and 9b (load 150 mg), 9a (elution volume, 584 mL, 51 mg),
9b (elution volume, 992 mL, 15 mg); compounds 9e–9g : 9e (elution
volume 260 mL, 17 mg), 9 f (elution volume 376 mL, 3 mg), 9 f (elution
volume 512 mL, 4 mg); compound 9c (elution volume 376 mL, 49 mg);
compounds 9g and 9h : 9g (elution volume 416 mL, 10 mg), 9h (elution

volume 48 mL, 26 mg). In each case, when necessary the operation was
repeated until the whole of the crude sample was consumed. Pure frac-
tions were pooled and lyophilised. Physical and NMR spectroscopy data
are listed below. 1H and 13C NMR spectra assignments are given in the
Supporting Information.

(1R,2S,3R,7aR)-1,2-Dihydroxy-3-(hydroxymethyl)pyrrolizidine (2-epihya-
cinthacine A2, 9a): The title compound was prepared by the General
Procedure described above (51 mg, 49% from the aldol adduct). [a]22D=
�26.5 (c=2 in H2O); 1H NMR (500 MHz, D2O): d=4.23 (t, 3J=3.6 Hz,
1H), 3.89 (dd, 3J=8.7, 3.9 Hz, 1H), 3.83 (dd, 3J=11.0, 7.7 Hz, 1H), 3.64
(dt, 3J=12.4, 6.2 Hz, 1H), 3.37 (td, 3J=8.3, 3.6 Hz, 1H), 2.93 (ddd, 3J=
7.9, 6.2, 3.3 Hz, 1H), 2.84 (m, 1H), 2.70 (dt, 3J=11.0, 5.6 Hz, 1H), 1.92
(m, 1H), 1.83 (m, 1H), 1.76 ppm (m, 2H); 13C NMR (101 MHz, D2O):
d=79.4, 75.9, 71.3, 66.2, 62.6, 56.7, 31.7, 26.9 ppm. ESI-TOF: m/z calcd
for C8H16NO3 [M+H]+ : 174.1130; found 174.1131.

(1R,2S,3S,7aR)-1,2-Dihydroxy-3-(hydroxymethyl)pyrrolizidine (9b): The
title compound was prepared by the General Procedure described above
(15 mg, 14% from the aldol adduct). [a]22D=�45.3 (c=1.5 in H2O);
1H NMR (500 MHz, D2O): d=4.08 (dd,

3J=4.9, 10.0 Hz, 1H), 4.00 (dd,
3J=5.0, 1.8 Hz, 1H), 3.91 (m, 2H), 3.63 (td, 3J=8.5, 1.7 Hz, 1H), 3.41
(ddd, 3J=10.0, 8.5, 4.5 Hz, 1H), 3.13 (m, 1H), 2.91 (td, 3J=10.7, 5.7 Hz,
1H), 2.25 (m, 1H), 1.99 (m, 1H), 1.73 (m, 1H), 1.58 ppm (m, 1H);
13C NMR (101 MHz, D2O): d=77.3, 72.8, 72.7, 66.7, 61.3, 50.0, 31.6,
28.0 ppm. ESI-TOF: m/z calcd for C8H16NO3 [M+H]+ : 174.1130; found
174.1132.

(1R,2S,3S,6R,7aR)-1,2,6-Trihydroxy-3-(hydroxymethyl)pyrrolizine (9e):
The title compound was prepared by the General Procedure described
above (17 mg, 15% from the aldol adduct). [a]22D=�39.6 (c=1.3 in
H2O);

1H NMR (500 MHz, D2O): d=4.32 (m, 1H), 4.13 (dd,
3J=9.3,

5.4 Hz, 1H), 4.01 (dd, 3J=5.3, 2.7 Hz, 1H), 3.86 (m, 2H), 3.41 (td, 3J=
8.0, 2.5 Hz, 1H), 3.18 (m, 1H), 3.07 (A of AB system, 3J=9.6, 5.8 Hz,
1H), 2.70 (B of AB system, 3J=9.4, 8.0 Hz, 1H), 2.44 (m, 1H), 1.58 ppm
(dt, 3J=12.9, 7.8 Hz, 1H); 13C NMR (101 MHz, D2O): d=77.9, 73.0, 72.8,
70.7, 67.2, 61.8, 55.2, 39.2 ppm; ESI-TOF: m/z calcd for C8H16NO4
[M++H]+ : 190.1079; found 190.1077.

(1S,2S,3R,7S,7aS)-1,2,7-trihydroxy-3-(hydroxymethyl)pyrrolizine (9 f):
The title compound was prepared by the General Procedure described
above (3 mg, 3% from the aldol adduct). 1H NMR (500 MHz, D2O): d=
4.57 (s, 1H), 4.39 (dd, 3J=8.7, 3.8 Hz, 1H), 4.31 (t, 3J=3.3 Hz, 1H), 3.91
(A of AB system, 3J=11.6, 6.2 Hz, 2H), 3.81 (B of AB system, 3J=11.7,
7.2 Hz, 1H), 3.75 (m, 1H), 3.57 (m, 1H), 3.25 (A of AB system, 3J=12.5,
3.1 Hz, 1H), 3.12 (B of AB system, 3J=12.1 Hz, 1H), 2.26 (m, 1H),
2.04 ppm (d, 3J=13.6 Hz, 1H); 13C NMR (101 MHz, D2O): d=79.6, 75.3,
75.2, 73.3, 69.8, 62.9, 61.7, 38.5 ppm; ESI-TOF: m/z calcd for [M+H]+

C8H16NO4: 190.1079; found 190.1076.

(1S,3R,6R,7aR)-1,6-Dihydroxy-3-(hydroxymethyl)pyrrolizine (9g): The
title compound was prepared by the General Procedure described above
(4 mg, 4% from the aldol adduct). [a]22D=�22.2 (c=0.09 in H2O);
1H NMR (500 MHz, D2O): d=4.37 (m, 1H), 4.30 (d,

3J=5.4 Hz, 1H),
3.85 (A of AB system, 3J=12.3, 5.2, 1H), 3.80 (B of AB system, 3J=12.3,
8.1 Hz, 1H), 3.71 (s, 1H), 3.64 (m, 1H), 3.20 (d, 3J=8.2 Hz, 1H), 2.79 (t,
3J=9.1 Hz, 1H), 2.52 (m, 1H), 2.13 (td, 3J=13.1, 5.4, 1H), 1.87 (m, 1H),
1.59 ppm (dt, 3J=13.3, 8.1 Hz, 1H); 13C NMR (101 MHz, D2O): d=77.7,
75.6, 71.9, 65.8, 61.7, 53.9, 38.6, 35.4 ppm; ESI-TOF: m/z calcd for
[M+H]+ C8H16NO3: 174.1130; found 174.1126.

(1S,2S,3S,6R,7aS)-1,2,6-Trihydroxy-3-(hydroxymethyl)pyrrolizine (9h):
The title compound was prepared by the General Procedure described
above (49 mg, 35% from the aldol adduct). [a]20D=�21.0 (c=1.4 in H2O)
[lit. (enantiomer)[22] [a]20D=++16.0 (c=0.2 in H2O); lit.

[21] [a]20D=�5.8 (c=
0.18 in H2O)];

1H NMR (500 MHz, D2O): d=4.59 (m, 1H), 3.87 (t,
3J=

7.3 Hz, 1H), 3.84 (t, 3J=8.5 Hz, 1H), 3.79 (A of AB system, 3J=11.7,
3.7 Hz, 1H), 3.64 (B of AB system, J=11.8, 6.7 Hz, 1H), 3.45 (q, 3J=7.3,
7.2 Hz, 1H), 3.05 (A of AB system, 3J=11.7, 3.0 Hz, 1H), 2.97 (B of AB
system, 3J=11.8, 4.5 Hz, 1H), 2.82 (m, 1H), 2.09 (m, 1H), 2.00 ppm (m,
1H); 13C NMR (101 MHz, D2O): d=82.6, 79.9, 74.6, 72.7, 68.2, 64.4, 64.2,
40.1 ppm; ESI-TOF: m/z calcd for [M+H]+ C8H16NO4: 190.1079; found
190.1079.
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(1S,2S,3S,7S,7aS)-1,2,7-Trihydroxy-3-(hydroxymethyl)pyrrolizine (9 i):
The title compound was prepared by the General Procedure described
above (26 mg, 35% from the aldol adduct). [a]22D=++17.9 (c=1.7 in H2O)
(the specific rotation found for this compound or its enantiomer was
[a]22D=++11.6 (c=0.37 in H2O)

[25]); 1H NMR (500 MHz, D2O): d=4.35
(dt, 3J=4.9, 2.6 Hz, 1H), 3.78 (A of AB system, 3J=11.8, 3.8, 1H), 3.76
(t, 3J=8.3 Hz, 1H), 3.72 (t, 3J=8.2 Hz, 1H), 3.64 (B of AB system, 3J=
11.7, 6.2 Hz, 1H), 3.10 (m, 1H), 3.04 (dd, 3J=7.9, 1.9 Hz, 1H), 2.90 (m,
1H), 2.70 (m, 1H), 2.08 (m, 1H), 1.78 ppm (m, 1H); 13C NMR
(101 MHz, D2O): d=80.3, 78.7, 77.6, 76.5, 70.8, 65.0, 54.4, 34.1 ppm; ESI-
TOF: m/z calcd for [M+H]+ C8H16NO4: 190.1079; found 190.1078.

(1S,2S,3R,7S,7aS)-1,2,7-Trihydroxy-3-(hydroxymethyl)pyrrolizine (9 j):
The title compound was prepared by the General Procedure described
above (10 mg, 14% from the aldol adduct). [a]22D=++14.2 (c=0.8 in H2O)
(lit.[23] [a]D=++33.0 (c=0.1 in H2O), hydrochloride salt);

1H NMR
(500 MHz, D2O): d=4.35 (m, 1H), 4.17 (m, 2H), 3.95 (m, 2H), 3.44 (br s,
1H), 3.23 (m, 2H), 3.07 (m, 1H), 2.25 (m, 1H), 1.80 ppm (m, 1H);
13C NMR (101 MHz, D2O): d=81.3 (2C), 80.6, 76.2, 67.6, 58.7, 48.9, 35.8.
ESI-TOF: m/z calcd for C8H16NO4 [M+H]+ : 190.1079; found 190.1077.

Enzymatic inhibition assays : Commercial glycosidase solutions were pre-
pared with the appropriate buffer and incubated in 96-well plates at
37 8C without (control) or with inhibitor (1.6 mm to 4.2 nm) for 3 min for
a-d-glucosidase, b-d-glucosidase, a-d-mannosidase, a-l-rhamnosidase
and a-l-fucosidase and for 5 min for b-d-galactosidase. After addition of
the corresponding substrate solution, incubations were continued for dif-
ferent time periods—10 min for a-d-glucosidase, 3 min for b-d-glucosi-
dase, 6 min for a-d-mannosidase, 5 min for a-l-rhamnosidase, 7 min for
a-l-fucosidase and 16 min for b-d-galactosidase—and were stopped by
addition either of Tris solution (50 mL, 1m) or of glycine buffer (180 mL,
100 mm, pH 10), depending on the enzymatic inhibition assay. The
amount of p-nitrophenol formed was determined at 405 nm with the aid
of a UV/VIS Spectramax Plus (Molecular Devices Corporation) spectro-
photometer. The activity of a-d-glucosidase from rice was determined
with p-nitrophenyl a-d-glucopyranoside (1 mm) in sodium acetate buffer
(50 mm, pH 5.0). The activity of b-d-glucosidase was determined with p-
nitrophenyl b-d-glucopyranoside (1 mm) in sodium acetate buffer
(100 mm, pH 5.0). The activity of b-d-galactosidase was determined with
p-nitrophenyl b-d-galactopyranoside (1 mm) in sodium phosphate buffer
(100 mm, MgCl2 (0.1 mm), pH 7.2). The activity of a-d-mannosidase was
determined with p-nitrophenyl a-d-mannopyranoside (1 mm) in sodium
acetate buffer (50 mm, pH 5.0). The activity of a-l-rhamnosidase was de-
termined with p-nitrophenyl a-d-rhamnopyranoside (1 mm) in sodium
acetate buffer (50 mm, pH 5.0). The activity of a-l-fucosidase was deter-
mined with p-nitrophenyl a-d-fucopyranoside (0.15 mm) in sodium ace-
tate buffer (50 mm, pH 5.0). The commercial glycosidase solutions were
prepared as follows: a-d-glucosidase (NH4)2SO4 suspension (100 mL) in
buffer (5 mL); b-d-glucosidase (0.1 mgmL�1 buffer); b-d-galactosidase
from Aspergillus orysae (0.5 mgmL�1 buffer); a-l-rhamnosidase (naringi-
nase, 0.3 mgmL�1 buffer); a-d-mannosidase (NH4)2SO4 suspension
(25 mL) in buffer (10 mL); b-d-galactosidase from bovine liver
(0.1 mgmL�1 buffer); a-l-fucosidase (NH4)2SO4 suspension (33 mL) in
buffer (10 mL).

Kinetics of inhibition : The nature of the inhibition against enzymes and
the Ki values were determined from Lineweaver–Burk plots.

Rat intestinal disacharidases

Animals : Adult male Sprague–Dawley rats weighing 200 g (n=2, Harlan
Ib�rica, Barcelona, Spain) were housed in cages (n=2/cage) under con-
trolled conditions of a 12 h light/dark cycle, with a temperature of 22�
3 8C and a relative humidity of 40–70%. Rats were fed on a standard diet
(Panlab A04, Panlab, Barcelona, Spain) and water ad libitum. Handling
and sacrificing of the animals were in full accordance with the European
Community guidelines for the care and management of laboratory ani-
mals and the pertinent permission was obtained from the CSIC Subcom-
mittee of Bioethical issues (permit number: CTQ2009–07359). Rats were
fasted overnight and then anesthetised by intramuscular injection of keta-
mine hydrochloride (0.1%, v/weight of rat, Imalgene 1000, Merial Labo-
ratorios S.A., Barcelona, Spain) and xylacine (0.01%, v/weight of rat,
Rompun 2%, Qu�mica Farmac�utica S.A., Barcelona, Spain)

Preparation of gut mucosal suspension : The small intestine was removed,
and carefully divided into duodenum, jejunum and ileum. The jejunum
was washed with ice-cold isotonic saline and opened lengthwise, and the
mucosa was scraped off with a microscope slide. The jejunum mucosa
was stored at �80 8C. The samples were diluted with ice-cold isotonic
saline (50 mg mucosa mL�1) and homogenised with a 2 mL glass homoge-
niser.

Assay of disacharidase activity : Disacharidase, that is, sucrase, lactase,
maltase and trehalase, activities in the homogenised jejunum mucosa
were determined by the method of Dalqhvist.[45] Enzyme activity (mmol
of substrate hydrolysed per hour) were normalised to protein content as
evaluated by Bradford
s method.[46] The disaccharide substrates, sucrose,
lactose, maltose and trehalose, were purchased at the highest purity avail-
able (Sigma Chemical Co.). Substrates and inhibitors were prepared in
distilled water. The concentrations used in the assay were 0.02m for the
disaccharides and a range from 2 mm down for the inhibitors. The homo-
genised mucosa was diluted four times for the sucrose and trehalase
assays, once for the lactase assay and 25 times for the maltase activity
and protein determination assays. Inhibitors and suitably diluted homoge-
nised mucosa were preincubated for 30 min at 37 8C. The reaction was
then carried out by the addition of the substrate in phosphate buffer
(pH 6.8). Substrate, inhibitor and homogenised mucosa were incubated
together for 30 min at 37 8C and under agitation (250 rpm). The reaction
was terminated by the addition of Tris-glucose oxidase-peroxidase re-
agent (Tris (0.5m), 4-hydroxybenzoic acid (10 mm), 4-aminoantipyrine
(0.4 mm), glucose oxidase (1480 UIL�1), peroxidase (250 UIL�1), pH 7.3).
Glucose is transformed into gluconic acid and hydrogen peroxide by glu-
cose oxidase. Peroxidase catalyses the combination of hydrogen peroxide
with 4-aminoantipiryne, generating a stable and coloured compound.
After a further incubation of 2 h this product was measured spectropho-
tometrically at 505 nm.

Computational methods : Conformational searches on aldol adduct deriv-
atives were conducted as previously described[4,6, 47] with use of the pro-
gram MOE (v. 2008.10, Chemical Computing Group, Montreal). The im-
plemented MMFF94x force field, a modified version of the MMFF94s
force field,[48] was used for energy calculations. Electrostatic interactions
were approximated by Generalised Born/Volume Integral (GB/VI) meth-
odology[49] without cutoffs. A systematic conformational search in which
every non-terminal single bond from a starting initially optimised struc-
ture was rotated in 60–1208 steps was run. The conformations generated
for each compound were then minimised and ranked by energy. To con-
firm the natures of the lowest-energy conformers determined, a subse-
quent stochastic conformational search in which the conformational
space of the molecules was explored by random rotation of bonds and si-
multaneous Cartesian perturbation was run. The conformations thus gen-
erated were minimised and checked to determine whether or not they
were duplicates, within a RMS tolerance (0.1 	), of previously generated
conformations. The process was finished when the number of failures to
find new conformations exceeded a large enough number (1000) of at-
tempts.

Protein–substrate simulations were conducted with the Schrçdinger
Suite 2009 package (Schrçdinger, LLC, New York) through its graphical
interphase Maestro (Maestro, version 9.0, Schrçdinger, LLC, New York,
NY, 2009). The program Impact (Impact, version 5.5, Schrçdinger, LLC,
New York, NY, 2005) with its default OPLS 2005 force field, a modified
version of the OPLS-AA force field,[50] and GB/SA water solvation con-
ditions[51] were used for all energy calculations. Coordinates of E. coli fu-
culose-1-phosphate aldolase in complexation with phosphoglycolohydrox-
amate (PGH) and of the F131A mutant[9,14] were obtained from the Pro-
tein Data Bank[52] at Brookhaven National Laboratory (entries 4FUA
and 1DZW). The C-terminal tail (residues 206–215), which is absent in
these structures, was modelled as previously described[4] and included in
all subsequent simulations. The structure of FucA F206 A was generated
by mutating the wild type protein in silico. Prior to any simulation, pro-
tein structures were prepared with the aid of the Protein Preparation
Wizard included in Maestro to remove solvent molecules and ions, with
addition of hydrogens, setting of protonation states and minimisation of
the energy through the use of the OPLS force field. The structure of fu-
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culose-1-phosphate bound into the active centre of the FucA wild type
was modelled on the basis of the coordinates of PGH and a model of
bound l-lactaldehyde.[15] Aldol adducts derived from N-Cbz-prolinal
were modelled by starting from the coordinates of PGH and by manual
placing of the Cbz phenyl group in the cavities generated by the F131A
or F206A mutations. The structures of the protein–substrate complexes
were minimised by first applying constraints to the protein (force con-
stant=100.00 kcal	�2 mol�1) to avoid large changes in its structure and
afterwards allowing free movement of the whole system either until a
gradient <0.01 kcalmol�1	�1 was reached or for a maximum of 2000
cycles. The structures were then subjected to 200 ps of molecular dynam-
ics (1 fs step) under the NVT ensemble at 298.16 K, with use of implicit
solvent conditions (GBSA) and a force constant of 100 kcal	�2 mol�1 to
restrain the protein residues more than 15 	 away from the ligand, and
were finally minimised again without constraints.
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