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Abstract: New pyrrolidine-3,4-diol derivatives were prepared from D-(–)- and L-(+)-phenylglycinol and tested for 
their ability to inhibit 25 commercial glycosidases. The influence of the substitution of the lateral side chain and of 
the pyrrolidine ring on the enzyme inhibition was evaluated. (2R,3R,4S)-2-({[(1R)-2-Hydroxy-1-phenylethyl]amino}
methyl)pyrrolidine-3,4-diol was a potent and selective inhibitor of α-mannosidase from jack bean. This compound 
was derivatized into lipophilic esters in order to allow its internalization by human cancer cells. In particular, the 4-
bromobenzoate derivative demonstrated promising inhibition of glioblastoma and melanoma cells whereas it was 
less effective on healthy human fibroblasts.
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tion of normal cells to cancer cells and in 
tumor cell invasion and migration [3], it has 
been proposed that the specific inhibition 
of α-mannosidases involved in the addition 
of N-linked carbohydrates to glycoproteins 
may provide a new anti-cancer strategy [4–
6] able to overcome resistance to conven-
tional chemotherapeutic agents. Clinical 
trials have demonstrated that swainsonine, 
a natural inhibitor of Golgi α-mannosidase 
II, which contains a 4-amino-4-deoxy-
mannofuranoside moiety [7], decreases the 
growth of solid tumors and hematological 
malignancies [8]. In particular, Kino et al. 
were the first to report that the subcutaneous 
administration of swainsonine completely 
inhibited the growth and the formation of 
lung metastases of sarcoma [9]. Neverthe-
less, the toxicity observed for this alkaloid 
as well as the undesired co-inhibition of ly-
sosomal mannosidases, which may induce 
lysosomal storage diseases, resulted in the 
search for new and more selective α-man-
nosidases inhibitors. Some analogues of 
swainsonine such as 2 (Fig. 1) as well as 
simpler derivatives, have shown interesting 
inhibitory properties [10–12]. We recently 
developed a combinatorial methodology for 
the rapid discovery of glycosidase inhibi-
tors [13] which led to the synthesis of a new 
family of 3,4-dihydroxy-pyrrolidin-2-yl 
derivatives (3–5) as selective and competi-
tive inhibitors of α-mannosidase from jack 
bean, a model for mammalian α-mannosi-
dases [14–16]. Here we report the synthesis 

of new derivatives of diamine 3 and their 
evaluation as glycosidase inhibitors and as 
growth inhibitors of human glioblastoma 
and melanoma cells. 

Results and Discussion

Synthesis of New Pyrrolidine 
Derivatives

The fully protected carbaldehyde 6 [17] 
was submitted to a reductive amination pro-
cedure in the presence of phenylglycinol 
or phenylalaninol derivatives and sodium 
triacetoxyborohydride for in situ reduc-
tion of the intermediate imines (Scheme 1). 
Acidic treatment of the resulting diamines 
afforded derivatives 8a–8e with 40–74% 
yield. In order to introduce a methyl sub-
stituent at the C(5) position of the pyrrol-
dine ring the protected lactam 9 [18] was 
treated with methylmagnesium bromide to 
afford methyl ketone 10 in 67% yield. Re-
duction of the carbonyl group followed by 
mesylation of the resulting alcohol and cy-
clization under basic conditions (tBuOK, 0 
°C) afforded functionalized pyrrolidines 11 
and 12 in 40–35% yield, respectively. The 
two isomers were easily separated by chro-
matography and transformed into the cor-
responding carbaldehydes through Birch 
reduction of the trityl protecting group and 
oxidation of the resulting alcohol under 
Swern conditions. Reductive amination in 
the presence of phenylglycinol followed 
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Introduction

Very few therapeutic options exist for 
the treatment of human glioblastoma and 
metastatic melanoma, in part due to their 
resistance to chemotherapeutic agents [1]. 
Therefore new drugs have to be developed 
that are able to overcome drug resistance, 
and such novel approaches may be repre-
sented by agents targeting the glycosylation 
pathways of cancer cells. Aberrant glycosyl-
ation of glycoproteins and glycolipids was 
reported to be one of the molecular changes 
that accompany malignant transformations 
[2]. As both catabolic and processing gly-
cosidases are involved in the transforma-
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by acidic removal of the protecting groups 
provided diamines 14 and 15 with a methyl 
substituent at the C(5) position of the pyr-
rolidine ring.

Introduction of ester moieties on the pri-
mary hydroxyl group of derivative 8a was 
envisaged in order to increase its lipophilic-
ity and thus improve cell membrane pene-
tration (Scheme 2). d-(–)-α-Phenylglycinol 
was protected as a tert-butyl carbamate (16), 
allowing acylation of the primary alcohol 
with aliphatic and substituted aromatic acyl 
chlorides. After acidic treatment, the result-
ing amines were also engaged in a reductive 

amination procedure with pyrrolidine carb-
aldehyde 6 to provide compounds 18–27 
after quantitative cleavage of the Boc and 
acetonide protecting groups.

Inhibition of Purified Glycosidases
The inhibitory ability of derivatives 

8a–8e, 14 and 15 toward 25 commercially 
available glycosidases was determined. 
The data are summarized in Table 1. None 
of these compounds inhibited α-l-fucosi-
dases (from bovine epididymis or human 
placenta), α- and β-galactosidases (from 
coffee beans, aspergillus niger, aspergil-

lus orizae, escherichia coli or jack bean), 
α- and β-glucosidases (from yeast, rice, as-
pergillus niger, rhizopus mold, almond or 
caldocellum saccharol.), β-mannosidases 
(from helix pomatia), β-xylosidase (from 
aspergillus niger), α-N-acetylgalactosa-
minidase and β-N-acetylglucosaminidase 
(from chicken liver) (data not shown). How-
ever, α-mannosidases from jack bean and 
almond were inhibited by these derivatives 
with high selectivity. In particular the d-(–)-
α-phenylglycinol substituted derivative 8a 
was a potent (Ki = 135 nM, IC50 = 700 nM) 
competitive (as determined on a Lineweav-
er and Burk plot) inhibitor of jack bean α-
mannosidase, a reliable model enzyme for 
mammalian Golgi α-mannosidases II [19]. 
but was less potent for almond α-manno-
sidase. Introduction of an hydroxymethyl 
group on the lateral side chain of the pyr-
rolidine ring led to a considerable increase 
of the inhibitory potential in comparison 
with the non-substituted derivative 3 (IC50 
= 60 μM for 3 vs IC50 = 0.7 μM for 8a, 
factor of increase = 85). Its diastereoisomer 
8b was much less active (IC50 = 100 μM), 
demonstrating the influence of the stereo-
chemistry of the lateral side chain of the 
pyrrolidine for optimal recognition by the 
enzyme. The introduction of an additional 
aromatic group (8c, 8d) led to a significant 
decrease of the inhibitory activity toward 
both mannosidases. The steric hindrance of 
these derivatives may prevent their entrance 
into the active site of the enzyme. Similarly, 
the elongation of the aromatic side chain 
(8e) resulted in a dramatic loss of α-man-
nosidase inhibition. The introduction of a 
methyl substituent at the C(5) position of 
the pyrrolidine (14), on the α-face, also 
decreased the inhibitory activity toward α-
mannosidase from jack bean (IC50 = 134 
μM vs IC50 = 0.7 μM for 8a). The epimer 
derivative 15 was inactive on glycosidases, 
pointing out the influence of the configura-
tion of the pyrrolidine substituents on the 
inhibitory properties of these compounds.

The free hydroxyl group on the lateral 
side chain seemed to be also determining 
for inhibition since the ester derivatives 18–
27 were less active than the parent unpro-
tected compound 8a (IC50 = 55 to 600 μM 
vs IC50 = 0.7 μM for 8a, data not shown). 
This can be explained by an increase of 
the steric hindrance as well as the loss of a 
potential hydrogen bonding with the active 
site of the enzyme.

Evaluation of Functionalized Pyrro-
lidines in Human Glioblastoma and 
Melanoma Cells or Fibroblasts

First, the effects of derivatives 8a–8e, 14 
and 15 were determined in human LN18 and 
LNZ308 glioblastoma cells using the MTT 
((3,4,5-dimethylthiazol-yl)-2,5-diphenyl 
tetrazolium) assay, which determines the 

Fig. 1. Swainsonine and analogues as inhibitors of α-mannosidases

Scheme 1. Synthesis of pyrrolidine derivatives
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number of metabolically active cells. These 
derivatives did not display any significant 
activity (results not shown). Swainsonine, 
an α-mannosidase inhibitor with promis-
ing anti-tumor properties [4][7–9] only in-
hibited by 20% glioblastoma cell growth 
at 250 μM and was not active at lower con-
centration. Compound 8a, the most active 
inhibitor for plant α-mannosidases was 
not active on human glioblastoma cells. 
These discrepant effects could result from 
poor cell membrane permeability and a 
low uptake of these compounds by glio-
blastoma cells. Introduction of lipophilic 
aromatic ester groups on the lateral side 
chain of 8a led to an increase of the growth 
inhibition of glioblastoma cells (Table 2) 
[20]. In particular, the 4-bromobenzoyl 
ester 21 was the most efficient derivative 
with complete inhibition of glioblastoma 

cell growth at a concentration of 300 μM 
(LN18 and LNZ318 cell lines). However, 
the introduction of aliphatic ester groups 
did not provide a significant increase of 
the anti-proliferative activity in compari-
son with compound 8a. 4-Bromobenzoic 
acid or ethyl 4-bromobenzoate, which may 
result from the hydrolysis of 21 by cell es-
terases, were had no effect on glioblasto-
ma and melanoma cell growth (results not 
shown) excluding an effect of the aromatic 
substituent. A dose-response evaluation 
(300–100 μM) of the anti-proliferative ef-
fects of 21 (Fig. 2A) in both glioblastoma 
cells demonstrated the increased efficacy 
of 21 compared to swainsonine (Fig. 2B). 
The IC50 for 21 was determined to be 125 
μM in LN18 and LNZ308 cells. We then 
evaluated whether 21 has the potential 
to diminish cell growth by inhibiting the 

synthesis of DNA, and/or of proteins. The 
evaluation of the incorporation of [3H]-
thymidine and [3H]-Leu following 6 h 
exposure of the cells to these molecules 
demonstrated that 21 inhibited thymidine 
incorporation, therefore DNA synthesis 
(Fig. 3A) at slightly lower concentration 
and higher extent than leucine incorpora-
tion, therefore protein synthesis (Fig 3B). 
These results suggest that this molecule 
acts initially by inhibiting DNA synthesis 
(93% inhibition at 300 μM in LN18), then 
the rate of protein synthesis will decrease 
(82% at 300 μM in LN18), resulting in 
diminished cell survival. Furthermore, 
we determined whether this compound 
was also able to inhibit DNA and protein 
synthesis and survival in human cancer 
cells originating from a tumor different of 
glioblastoma, the melanoma. Exposure of 
human Me237 and Me275 melanoma cells 
for 6 h to 21 resulted in blockage of DNA 
synthesis and protein synthesis, and after 
24 h, the number of metabolically active 
melanoma cells decreased (Fig. 4), as de-
termined using the MTT assay. 

Finally we evaluated the sensitivity of 
human fibroblasts, as models for non-tu-
mor cells to 21 (Fig. 5). Fibroblasts were 
less sensitive to this compound than glio-
blastoma and melanoma cells for survival 
after 24 h exposure suggesting some cell 
selectivity of 21 between tumor and non-
tumor cells.

Conclusion

In conclusion, a series of functionalized 
pyrrolidines have been prepared and evalu-
ated as inhibitors of mannosidases. The 
phenylglycinol derivative 8a was shown to 
be a potent, selective and competitive inhib-
itor of α-mannosidase from jack bean (Ki 
= 135 nM). However, it did not inhibit the 
growth of human tumor cells. We postulated 
that its hydrophilic character prevented 
its internalization by cells. In support of 
this hypothesis, the more lipophilic de-
rivative 21 inhibited the growth of human 
glioblastoma and melanoma cells, more 
than the growth of human fibroblasts, and 
more efficiently than swainsonine, a po-
tential anti-tumor agent. The presence of 
lipophilic substituents increased efficacy 
making these derivatives able to inhibit 
DNA and protein synthesis and tumor 
cell survival. The 4-bromobenzoyl group 
was the most efficient substituent to pro-
mote tumor cell growth inhibition, which 
we postulated to be due to improved cell 
uptake of compound 8a by human cancer 
cells. Thus the exposure of tumor cells to 
ester derivatives of prodrug analogs of 21 
would result in two advantages: the hy-
drolysis of the ester would release mol-

Scheme 2. Pyrrolidine derivatives substituted with phenylglycinol esters

Table 1. Inhibitory activities of pyrrolidine derivatives toward α-mannosidases from jack bean or 
almond. Percent inhibition at 1 mM and optimal pH. (C): competitive inhibition.

Inhibitor
α-mannosidase

(jack bean)
α-mannosidase

(almond)

3
92% (C)

IC50 = 60 μM, Ki = 7.4 μM
69% (C)

IC50 = 230 μM, Ki = 71 μM

8a
100% (C)

IC50 = 700 nM, Ki = 135 nM
93% (C)

IC50 = 46 μM, Ki = 9.5 μM

8b
92%

IC50 = 100 μM
55%

8c
88%

IC50 = 110 μM
55%

8d
84%

IC50 = 128 μM
50%

8e
50%
nd

30% 
nd

14
82%

IC50 = 134 μM
nd
nd

15 no inhibition nd

 



LAUREATES: AWARDS AND HONORS SCS FALL MEETING 2005 188
CHIMIA 2006, 60, No. 4

ecules more active on mannosidases than 
the prodrugs, and the hydrophilic char-
acter of the active molecules following 
its intracellular hydrolysis by esterases 
would prevent its passive diffusion out of 
the cells. Such a strategy already proved 
to be efficient for ester derivatives of ami-
nolevulinic acid in the context of photody-
namic therapy protocols [21].
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Table 2. Growth inhibition of glioblastoma cells by functionalized pyrrolidines. Cells were exposed for 
24 h to 0, 100, 200 or 300 μM of the various synthetic derivatives, then the MTT assay was performed 
for the last two hours of incubation. The % of residual mitochondrial activity was calculated as the 
ratio of treated to control cells. 

100 μM 200 μM 300 μM

Swainsonine (1)
LN 18

LNZ 308
7
25

18
24

13
16

8a
LN 18

LNZ 308
13
0

19
8

22
26

18
LN 18

LNZ 308
0
0

17
18

26
23

19
LN 18

LNZ 308
9
4

22
16

20
21

20
LN 18

LNZ 308
8
5

10
5

16
17

21
LN 18

LNZ 308
4
18

54
83

100
100

22
LN 18

LNZ 308
5
3

0
9

11
17

23
LN 18

LNZ 308
21
17

7
11

22
20

24
LN 18

LNZ 308
6
16

38
17

38
25

25
LN 18

LNZ 308
6
11

9
15

16
7

26
LN 18

LNZ 308
6
12

7
6

14
20

27
LN 18

LNZ 308
4
3

0
0

20
22

Fig. 2. Growth inhibition of human glioblastoma cells by 21 and swainsonine. 
Cells were exposed for 24 h to increasing concentration of either 21 (A) or 
swainsonine (B), then the MTT assay was performed for the last two hours 
and the percent of growth was calculated as the ratio of the MTT reduction 
of treated to untreated cells. Results are shown as means +sd of triplicate 
wells of one representative experiment out of three.

Fig. 3. Inhibition of DNA and protein synthesis by 21 in human glioblastoma 
cells. Cells were exposed for 6 h to increasing concentrations of 21. The 
incorporation of either (A) radioactive thymidine [3HT] or (B) radioactive 
leucine [3H]Leu was performed for the last two hours. Light grey bars: LN18, 
dark grey bars: LNZ308. Results are shown as means +sd of triplicate wells 
of one representative experiment out of three.
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Fig. 4. Growth inhibition of human melanoma cells by 21. Cells were 
exposed for 24 h to increasing concentration of 21, then the MTT assay was 
performed for the last two hours and the percent of growth was calculated 
as the ratio of the MTT reduction of treated to untreated cells. Results are 
shown as means +sd of triplicate wells of one representative experiment 
out of three.

Fig. 5. Comparison of the growth inhibition induced by 21 in human primary 
fibroblasts and human tumor cells. Human fibroblasts (PG98/5 and PO08) 
or tumor cells (LNZ308 glioblastoma and Me237 melanoma) cells were 
exposed to increasing concentration of 21 for 24h, then the MTT assay was 
performed for the last two hours and the percent of growth was calculated 
as the ratio of the MTT reduction of treated to untreated cells. Results are 
shown as means +sd of triplicate wells of one representative experiment 
out of three.
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