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Abstract: A series of N-glycosyl- 6BrCaQ conjugates was
synthesized through a Pd-catalyzed cross-coupling reaction between
brominated N-glycosyl quinolin-2-one derivatives and various
nitrogen nucleophiles. Antiproliferative assays revealed that this new
series of analogues represents a promising class of antitumor
compounds as illustrated by the high biological activity observed for
several derivatives towards different cancer cell lines compared to the
non-glycosylated congeners.

Introduction

Heat shock protein 90 (HSP90) has emerged as an attractive
target for cancer therapy due to its critical role in maintaining the
stability and function of numerous client proteins involved in cell
survival and proliferation.! HSP90 is known to regulate the
stability and function of several client proteins that play key roles
in oncogenesis and tumor progression, including kinases,
transcription factors, and proteins involved in cell cycle regulation
and apoptosis. Thus, targeting HSP90 leads to disrupt multiple
oncogenic pathways simultaneously, making it a promising
therapeutic strategy.? HSP90 inhibitors bind to the N-terminal
ATP-binding site of HSP90 (N-terminal domain, NTD), thereby
preventing its conformational changes and inhibiting its
chaperone function. This leads to the degradation of client
proteins, including those that promote cell survival and drive
tumor growth. Consequently, HSP90 inhibition can interfere with
critical signaling pathways, induce cell cycle arrest, inhibit
angiogenesis, and promote cancer cell death. Furthermore, the

ability of HSP90 inhibitors to target multiple client proteins can
potentially overcome drug resistance, a major challenge in cancer
treatment. The NTD Hsp90 inhibitors have shown promising
results in preclinical and clinical studies, both as single agents and
in combination with other cancer therapies. However, none of
them is FDA-approved mainly because of an adverse response
called Heat-Shock Response (HSR).® HSR is characterized by
the release of the transcription factor Heat Shock Factor-1 (HSF-
1) from HSP90 chaperoning after the inhibitor binding and the
subsequent induction of the transcription of the genes coding
HSP90, HSP70, and HSP27 leading to an increased protein
expression.

Therefore, several groups focused their drug discovery research
on inhibiting the C-terminal domain since it does not induce the
release of HSF-1.# Novobiocin (Figure 1) was reported to bind
weakly to the Hsp90 C-terminal ATP binding site (~700 M in
SkBr3 cells) and to induce degradation of Hsp90 client proteins.®
Structure-activity relationship studies allowed several groups to
identify promising inhibitors with a mechanism of action distinct
from N-terminal inhibitors. In this context, our group identified 6-
BrCaQ (Figure 1) as a very promising C-terminal HSP90 inhibitor.
This compound was active on various cancer cell lines with a ICsg
of 5-50 uM,® inducing apoptosis and decreasing the levels of client
proteins of HSP90 on prostate cancer cells, PC3. Besides,
encapsulated in liposomes, 6BrCaQ exerted an improved in vitro
activity on breast cancer cells (MDA-MB-231) and had an anti-
tumor effect on an orthotopic breast cancer model in nude mice.”
Moreover, we demonstrated recently that the conjugation of
6BrCaQ with the triphenyl phosphonium (TPP) function through
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an alkyl Cio-linker generates the 6BrCaQ-C10-TPP conjugate
(Figure 1) for a selective TRAP1 machinery.® 6BrCaQ-C10-TPP
displays the anti-proliferative activity with mean Glso values at a
nanomolar level in a diverse set of human cancer cells (Glso =
0.008-0.30 pM) including MDA-MB-231, HT-29, HCT116, K562
and PC-3 cancer cell lines. In addition, 6BrCaQ-Ci,-TPP is able
to interfere with TRAP1 function and to inhibit proliferation of colon
carcinoma cells without inducing the heat-shock response HSF1.8

One of the most promising strategy in drug optimization
approaches is the introduction of a sugar moiety in bioactive
molecules which induces several advantages such as improving
their bioavailability,® their solubility, or their biological activity by
selectively  targeting cancerous tissues through the
overexpression of glucose transporters (GIuT) on the surface of
cancer cells.'® Such approach has led to the approval of more
than 170 carbohydrate-based drugs worldwide up to date
including glufosfamide, paclitaxel, adriamycin, chlorambucil,..etc
(Figure 1A).1! Particularly, the HSP90 inhibitor Geldanamycin
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(GA) was subjected to glycoconjugation and various
carbohydrate-GA conjugates were synthesized.’> While
glucose-GA conjugate (Figure 1) showed anticancer activity
through cleavage of glucose moiety by B-glucosidase inside of the
cancer cells, galactose—GA conjugates remained inactive in the
absence of exogenous [-galactosidase. However, their
anticancer activity increased by 3- to 40-fold when incubated with
B-galactosidase.

Inspired by this carbohydrate-drug conjugates strategy for
cancer-specific targeting, we embarked in our group on a
synthetic program to produce glucose-6BrCaQ conjugates of
type 4 (Figure 1B). Our hypothesis is that the linkage of the sugar
nucleus to the lead compound 6-BrCaQ might be able to increase
the affinity of the drug inside the binding pocket leading thereby
to a higher antiproliferative activity. Moreover, the presence of the
sugar moiety may improve the solubility, the selectivity toward
cancer cell lines as well as the pharmacokinetic properties.
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Figure 1. (A) Selected example of carbohydrate-drug conjugates, (B) structure of novobiocin, 6-BrCaQ and 6-BrCaQ-TPP, (C): our strategy against 6-BrCaQ-

glucose conjugates.

Herein, we succeeded in modifying the previously synthesized
HSP90 C-terminal inhibitor 6-BrCaQ by introducing a glucose
moiety at the nitrogen atom of the quinolone scaffold. During this
study, a synthetic methodology based on a Pd-catalyzed coupling
of 3-bromo-N-glucosylated quinolinones 2 with various nitrogen
nucleophiles 3 including aromatic and aliphatic amides as well as
amines was developed. A series of glycoconjugate 6-BrCaQ
analogues 4 were prepared and a preliminary in vitro efficacy of
these compounds in terms of antiproliferative effect is reported.
This study revealed that the introduction of the sugar nucleus

showed promising properties by increasing 10-fold the
antiproliferative activity in various cancer cell lines.

Result and discussion
Synthesis of 3-bromo-N-glycosyl quinolin-2-ones 3a-c

To establish appropriate conditions for the selective coupling of
bromo-N-glucosylated quinolinones® 2a-c with various nitrogen
nucleophiles, 2a and 3a were initially selected as model



substrates (Table 1) to determine the optimized reaction
conditions. To this end, the selective bromination of the N-
glycosylquinolin-2-ones 1a® was first performed at the 3-position
through the electrophilic aromatic bromination by employing a
freshly recrystallized N-bromosuccinimide (NBS) to produce the
desired product 2a in 69% yields (Scheme 1).

NBS (2.5 equiv)R K,COg3
m DMF, 70 °C,48h _ (80 mol%) mol/a
N MeOH N

/%EOAC /%Fom /#OH
AcO HO
AC/SCO OAc A0 OAC Ho OH

1a,R=H 2a,R=H, 69% 2¢,R=H, 90%
1b, R = Br 2b, R =Br, 20%

x TCx
N (o] N (o)

72%
/%EOAC /%Fom
AcO AcO
‘Ao OAC Aco OA°

1b 2b

Br, (4 equiv)
AcOH, rt, 48 h

Scheme 1: Synthesis of (di)bromo-N-(B-glucopyranpsyl)quinolin-2-
one 2a-c.

Our study next focused on the synthesis of 3,6-dibromo-N-(j3-
tetra-O-acetylglucopyranosyl)quinolin-2-one 2b (Scheme 1). With
compound 1b** bearing a bromine atom at the 6-position in hand,
the previously reported bromination conditions with NBS were
inefficient, only 20% yield of the dibrominated product 2b being
obtained (Scheme 1). This result demonstrated that the presence
of an electro-withdrawing substituent at the C6-position influences
the outcome of the reaction. The examination of different reaction
conditions revealed that when the reaction was carried out with
Br, (4 equiv) in glacial acetic acid at room temperature, the 3,6-
dibromined-N-glucosylquinolinone 2b was isolated selectively as
a single product in excellent 72% yield (Scheme 1). Finally, the
deprotected N-glucosyl quinolinone 2c was prepared through a
deprotection of the acetyl groups under basic conditions (Scheme
1).

Synthesis of 3-amido-N-glycosyl quinolin-2-ones 4

Next, we continued our study by exploring the feasibility of the key
step C(sp?)—N bond formation by examining the different reaction
conditions. The presence of the sugar moiety makes the coupling
more challenging because of the possible chelation/interaction of
this polyhydroxylated part to the catalyst, particularly with
unprotected sugar, which might led to a complete deactivation of
the turnover of the catalyst.

We started this task by examining the coupling of 2a with 3a as a
model study (Table 1). In a previous methodology, we reported a
robust and efficient Pd-catalyzed amination/amidation method of
bromoquinolinone to access a wide range of N-functionalized
quinolinones.** However, applying these reported conditions
(Pd(OAC)2 (10 mol %), 20 mol% XantPhos at 100°C in dioxane)
to the coupling of 2a with 3a for a prolonged reaction time (24 h)
did not afford the formation of the desired product 4a (Table 1,
entry 1). We were nevertheless pleased to find that increasing the
temperature to 130°C (entry 2) allowed the formation of 4a in an
excellent 91% yield within 15 minutes. Interestingly, the use of
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only 5 mol% of the Pd-catalyst and 10 mol% of the XantPhos
ligand furnished the desired product in a similar yield (88% yield,
entry 3), while running the reaction for a longer time (30 min
instead 15 min) led to a slight decrease of the yield (79 %, entry
4) probably due to the degradation of the formed product 4a.

X X,
- @ @ .
N o Pd(OAc); (xx mol%) N
Xantphos (xx mol%)

o
OA o
/# c Cs,C05 (2 equiv) /#OAC
4a
AcO 2a T(C
(C) AcO -0 L OAc

AcO OAC dioxane (0.05 M)
Table 1. Optimization of the coupling reaction of 2a with 4-methoxybenzamide
3ald

entry Pd(OAc)2 XantPhos Time(h) T(C)  Yield
1 10 mol% 20 mol% 24 100 0

2 10 mol% 20 mol% 0.25 130 91

3 5 mol% 10 mol% 0.25 130 88

4 5 mol% 10 mol% 0.5 130 79

5 - 10 mol% 0.25 130 0

6 5 mol% 0 0.25 130 0

[a] Reactions were conducted with substrate 2a (0.4 mmol), 3a (1.2 mmol),
Pd(OAc)2 (n mol%), XantPhos (n mol%), Cs2COs (2 equiv.) in a dioxane [0.05
M]. [b] Yield of isolated product 4a.

Control experiments revealed that the use of a Pd-catalyst and
ligand were necessary to achieve this transformation since no
reaction took place when the coupling was conducted in their
absence (entries 5 and 6).

Motivated by these results, we next explored the scope of this N-
heteroarylation procedure. Owing to the cost of the Pd-metal and
ligand, we privileged to use the conditions of entry 3 (5 mol% of
Pd-catalyst and 10 mol% of the ligand) for the couplings of diverse
amides with 2a (Scheme 2).

At first, we were pleased to see that various benzamides bearing
diverse functions at the para-position such as -OMe, —OH, —OTs,
—Cl, =Br, —F, =NO,, —NH,, reacted smoothly with 2a to afford the
desired 3-amido-N-glycosyl quinolin-2-ones 4a-h, 4k and 4l in
moderate to good vyields while maintaining the [-anomeric
stereoselectivity intact. Surprisingly, the presence of a bromo
substituent at the ortho position of the aromatic ring of the
coupling partner did not affect the reaction process, as the
compound 4h was obtained in 70% yield.

Interestingly, 2a was subjected to the coupling with benzamide 3l
bearing an amino group at the meta position. Under our reaction
conditions, the amide function proved to be more reactive than
the aniline nucleophile leading to the 3-amido-N-glycosyl quinolin-
2-one 4l as a major product isolated in 40% yield. In addition, the
di-coupling product 4q was isolated in 18% yield. Again, the
formation of the di-coupling product 4m was (Scheme 2) also



observed in 30% yield when 4-chlorobenzamide 3g was used as
a coupling partner.

Moreover, heterocyclic benzamides such as pyridine 3i and
pyrazine 3j were also tolerated producing 4i and 4j in 49% and
84% vyield, respectively. Besides, alkyl amides such as
methylamide 30 and pyrrolidinone 3p are also effective partner
delivering the corresponding products 40 and 4p in excellent
yields (91% and 89%, respectively).
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Importantly, performing the coupling reaction between 3-
bromoquinolinone 2¢ bearing an unprotected sugar unit, with the
benzamide 3a produces the desired product 4n in 76% yield. The
latter can be regarded as a non-brominated N-glucose-6BrCaQ
conjugate. Finally, different other nucleophiles including anisidine
3r, and benzylamines 3s and 3t were used with success during
this methodology delivering the 3-amino-N-glycosyl quinolin-2-
ones 4r-t in yields ranging from 54% to 90% (Scheme 2).

Pd(OAc), (10 mol%)

XantPhos (20 mol%)
Cs,CO3 (2 equiv)

B

dioxane, 130 °C

2a:R=Ac
2c:R=H
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O
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Scheme 2. Palladium-catalyzed amidation/amination of N-glycosylated 3-bromoquinolin-2-ones 2a,c.

Encouraged by the efficiency of our C(sp?)-N bond forming
methodology, we decided to apply it to the synthesis of both
protected and unprotected N-glucose-6BrCaQ conjugates 5 and
6 (Scheme 3). The O-acetylated analogue 5 can be considered
as a pro-drug of 6 because the ester functions of the sugar unit
can be cleaved by esterase enzymes in the biological medium to
deliver the free-hydroxylated drug 6.

Thus, analogue 6-bromo-3-benzamido-N-(B-tetra-O-
acetylglucopyranosyl)quinolin-2-one 5 was prepared in good 60%
yield starting from tetra-O-acetylated quinolinone 2b and p-
methoxy-benzamide 3a under our optimized cross-coupling
conditions. The Zamplen deprotection of acetate groups of
compound 5 furnished the direct 6BrCaQ-glucose conjugate 6 in
70% yield.*®

Another important application of this method is the preparation of
the N-glycosylated derivative 8 (Scheme 3) as an analogue of
6BrCaQ-C10-TPP conjugate in order to explore the selective
targeting of TRAP1 protein. To this end, reaction of the phenol 4b
(Figure 2) with a large excess of 1,10 dibromodecane (8-10
equiv.) in the presence of potassium carbonate at acetone reflux
furnished selectively the mono-alkylated compound 7 in a
synthetically useful yield (Scheme 3). The second C-Br bond was
functionalized by a nucleophilic substitution in the presence of
triphenylphosphine to produce the desired glucosylated 6BrCaQ-
C10-TPP 8 in 96% yield.
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Scheme 3. Synthesis of compounds 6 and 8 as molecules of potential biological interest

Biological study

Upon completion of syntheses, the in vitro activity of compounds
4a-t, 5, 6 and 8 was evaluated by their growth-inhibitory potency
against human colon carcinoma HCT-116 cells at concentrations
of 10° M (10 uM) and 10=° M (1 uM) in comparison with 6BrCaQ.
The quantification of cell survival in this cell line was established
by using CellTiter Glo® (Promega) which allows the
measurement of the number of living cells by luminescence
(transformation of luciferin to oxyluciferin in the presence of ATP).
This method determines the number of viable cells in culture
based on quantitation of the ATP (an indicator of metabolically
active cells). The amount of ATP is directly proportional to the
number of cells present in the culture.

co oo o cocbosgzo o
g8z 9% TESS8FFeE

C WwSFFXT
<3 Y%

120

10

% of viability
N D O ®
o o o o o o

6BrCaQ

Figure 2. In vitro viability of HCT116 cells towards compounds 4a-q, 5 and 6 at
two concentrations (10 pM, blue columns and 1 pM, orange columns).
Qualification of cell survival was established after 72 h exposure. These results
were expressed in percentage of viable cells compared to untreated cells 100%.

Data are the mean + SE (n =3).

The results are expressed in Figure 2 as viability percentage. A
lower percentage of viability means that the compound is more
active. Five molecules (4a, 4d,e, 5, 6) significantly display an anti-
proliferative effect when compared to 6BrCaQ (survival less than
50%) in the growth of HCT-116 cells at 10 yM concentration.

At this stage, these preliminary results revealed that in the
glycosylated series of 6BrCaQ, the presence of the bromine atom
at the C6-position of the quinolinone is not necessary to induce a

similar anti-proliferative activity while in the non-glycosylated
series, removing the bromine atom led to the total loss of the
biological activity.

Another interesting observation is that from the benzamide side,
the presence of a fluorine atom at the para position induces a
similar effect to the methoxy group (31% and 32% survival at 10
MM, respectively), however, replacing the —OMe by a hydroxyl
group (4b) leads to a total loss of the activity (90% survival at 10
MM). The other substituents at the para position of the
benzamides such as —OTs, —Cl, -\NO, were not active. In addition,
the heterocyclic benzamides 4i,j as well as other nitrogen
functions (lactam 4p, acetamide 4o, anisidine 4r and
benzylamines 4s,t) revealed to be not active too (> 90% survival
at 10 yM).

Surprisingly, derivative 4n bearing an unprotected sugar unit did
not shown any anti-proliferative activity (>90% survival at 10 pM)
while both protected N-glucosyl congeners 4a and 5 lead to a
higher reduction in cell viability than 6BrCaQ at 10 uM
concentration with 31%, 20% and 62% of viability respectively.
Moreover, the deprotected conjugate 6 is less efficient being close
to our lead compound 6BrCaQ both at 1 and 10 uM (70% vs 69%
at 1 uM and 51% vs 58% at 10 uM).

With these very promising results in hands, we next investigated
the dose-response relationship between the concentration of
these compounds and cell viability in order to evaluate their ICsg
against colon cancer (HCT116), prostate cancer (PC-3) and
human chronic myelogenous leukemia (K562) cell lines (Table 2).
Compound 4a and its brominated derivative 5 exhibit excellent
anti-proliferative  activity against human colon carcinoma
(HCT116) and human immortalized myelogenous leukemia
(K562) cell lines with ICso values between 0.89 and 12.4 pM.
Notably, HCT116 cell lines showed the most sensitive viability to
protected analogues (ICso = 0.89 uM for molecule 4a, 1.28 uM for
molecule 5 and 5.55 pM for molecule 4e. These results
demonstrate that the presence of a bromine atom at the C6
position is not required since compound 4a exhibits similar activity
to its brominated congener 5. They also revealed that colon
cancer HCT116 and leukemia K562 cells are more sensitive to
acetylated compounds 4a and 5 than the unprotected one 6. This
could be explained by the high polarity of the sugar unit which
induces a less cell membrane crossing than the acetylaed



prodrug congeners. Surprisingly, the three N-glycosylated
molecules 4a, 5 and 6 did not show any anti-proliferative activity
against PC-3 cell lines (> 100 uM) compared to 6BrCaQ (ICsp =
44 uM) indicating that the presence of a sugar moiety suppresses
the anti-proliferative activity against this cancer cell line. The
carbohydrate metabolism in prostate cancer cells may be a
possible explanation for such a result.*®

Table 2. Values of ICso (M) of of compounds 4a, 4d, 4e, 5 and 6 against HCT-
116, K562 and PC-3 cancer cell lines measured by the CellTiter Glo (Promega).

H F
H
Y
N 0 ©

%FOAC
AcO 4e

“AcO OAc

LY

HCT116 0.9+0.005 59.8+5.15 5.5+0.11
K562 12.4+0.41 nd nd
PC-3 >100 nd nd

Br- N EY Br- N HY Br- N\ n?(

/{?OAC /%EOH I eBrcaa
6
Ao One ’ HO. 5 OH

HCT116 1.3+0.01 79.1+0.24 7.8£0.07
K562 2.6+0.34 22.7+0.66 47.7+3.39
PC-3 >100 >100 44+5.81

To investigate the impact of 4a and 5 on the chaperon machinery,
we performed a western blots experiment to establish the
expression profile of the Hsp70 chaperon which functions
upstream of Hsp90 in the chaperon machinery. As shown in
Figure 3, Hsp70 is not induced after the treatment with 4a and 5
in HT29 (ICso estimated to 5 pM by MTT essay). The level of
Hsp70 was similar to that obtained in control conditions (untreated
cells) for concentrations up to 15 puM of 4a and 5. In addition,
compound 4a induces a slightly down-regulation of CDK-4 from
only 5 uM, while 5 doesn’t affect the CDK4 expression. These
results suggest that both compounds 4a and 5 may exhibit their

>
¥
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S %5 105 1 15 10 5 3
I — ' ot ——— Inswonom.:)

I--:u memmms I(DK“}“O"'
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Figure 3: Effect of compounds 4a and 5 on Hsp70 and CDK-4 protein
expression. Cells were seeded for 24 h then incubated for 24 h with
liposomal 6BrCaQ (1, 5, 10 and 15 uM). untreated cells were used as
control. Hsp70 and CDK4 protein expressions were analyzed by
signal intensity measurements.
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biological activity through a different mode of action than was
previously described for compounds 6BrCaQ by affecting the
downregulation of other HSP90 client proteins such as Her2 or
Raf-1 or by interaction with various clusters of Hsp90 client
proteins as suggested for celastrol, which preferentially affects
the Hsp90—cdc37 interaction.’

TRAPL1 is a very important therapeutic target, and treatment with
TRAP1 inhibitors combined with chemotherapeutic agents may
become a new therapeutic strategy for cancer. In this context,
gamitrinib derivatives which combines the HSP90 inhibitor
Geldanamycin with TPP as a mitochondrial targeting moiety, was
shown to selectively induce apoptosis of prostate cancer cells,
including chemo-resistant ones, without damaging normal cells.*®
Our group reported recently the use of the same approach to
target the mitochondrial HSP90 TRAP1. The combination of
6BrCaQ with the triphenyl phosphonium (TPP) function through
an alkyl Cio-linker generates the 6BrCaQ-C10-TPP conjugate
(Figure 1) with very high anti-proliferative activity at the nanomolar
level against various human cancer cells (Glso = 0.008-0.30 uM).8
Encouraged by this study, we synthesized the derivative 13 as a
glucosylated analogue of 6BrCaQ-C10-TPP and examined its
activity against 5 cancer cell lines in comparison with the original
molecule 6BrCaQ-C10-TPP (table 3). Pleasingly, derivative 8
showed a higher activity than 6BrCaQ-C10-TPP demonstrating
that the sugar unit plays an important role in the biological activity.
Interestingly, these two molecules showed different behaviors
depending the cancer cells. While both compounds displayed a
similar anti-proliferative activity against cancer cell lines MDA-
MB-231 and leukemia cells K562 (Table 3), the cytotoxicity of 8
toward PC-3 and MCF-7 (85 nM and 55 nM, respectively) is 4 to
7-fold higher than 6BrCaQ-C10-TPP (350 nM and 390 nM
respectively). In contrary, 6BrCaQ-C10-TPP is more active on
HCT-116 than 8 (65 nM vs 680 nM).

Table 3. Values of ICso (uM) of 6BrCaQ-C10-TPP and their sugar

analogue 8 against MDA-MB-231, MCF7, HCT-116, K562 and PC-3
cancer cell lines measured by the CellTiter Glo (Promega).

entry ,8° @ ol
2y ©
A0
Ly O ooy o
/;FOAC I 6BrCaQ-TPP
A §OAC
NN-glucosyl-6BrCaQ-TPP conjugates
MDA-MB-231 0.064+0.004 0.045+0.005
K562 0.03+0.004 0.035+0.0002
PC-3 0.085+0.005 0.35+0.006
MCF7 0.055+0.07 0.40+0.02
HCT116 0.70+0.01 0.065+0.006
Conclusion

In conclusion, we have developed an efficient C(sp?)-N
Buchwald-Hartwig bond forming reaction to access to N-glycosyl-
6BrCaQ derivatives. This procedure exhibits broad substrate
scope with respect to the nucleophilic partners. This methodology,



we also applied to the synthesis of glucosylated analogue of
6BrCaQ-C10-TPP in order to selectively target the mitochondria
TRAP1 protein. Among these molecules, we identified several
derivatives with good to excellent anti-proliferative activities
against MDA-MB-231, MCF7, HCT-116, K562 and PC-3 cell lines
bellow the uM level.
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A series of N-glycosyl- quinolinone-carboxamides conjugates for HSP90 targeting were designed. Their synthesis was achieved
through a simple and efficient Buchwald-Hartwig cross coupling and their antiproliferative activities revealed that this new series of

analogues represents a promising class of antitumor compounds.
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