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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
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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

aData 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. iData 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). bData from ref. 13. cDefinition 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.
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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.

aActivity (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.
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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)

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 6309–6321 | 6317
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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
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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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