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Diketopyrrolopyrrole Bis-Phosphonate Conjugate: A New
Fluorescent Probe for In Vitro Bone Imaging
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Charles E. McKenna,' Luca Giuseppe Dalle Carbonare, Maria Teresa Valenti,™

Fabrizio Fabris,” and Alessandro Scarso*?

Abstract: The synthesis of a conjugate molecule between
an unusual red-fluorescent diketopyrrolopyrrole (DPP) unit
and a bis-phosphonate (BP) precursor by a click-chemistry
strategy to target bone tissue and monitor the interaction is
reported. After thorough investigation, conjugation through

a triazole unit between a y-azido rather than a f3-azido BP
and an alkyne-functionalized DPP fluorophore group turned
out to be the winning strategy. Visualization of the DPP-BP
conjugate on osteoclasts and specific antiresorption activity
were successfully demonstrated.

Introduction

Bis-phosphonates (BPs) are a family of compounds with struc-
tural similarity to pyrophosphate (Scheme 1A), an important
component of hydroxyapatite (HAP), the major constituent of
the mineral portion of bones. This led to their extended use as
specific bone-targeting drugs in the treatment of disorders of
bone metabolism such as Paget’s disease, hypercalcemia, and
osteoporosis."! Bone matrix is constantly formed by osteo-
blasts and degraded by osteoclasts, and recent studies demon-
strated the cellular activity of bis-phosphonates (BPs) acting as
potent inhibitors of specific enzymes such as farnesyl diphos-
phate synthase (FDPS) and geranylgeranyl diphosphate syn-
thase (GGPPS) in osteoclasts.”® Zoledronic acid, an N-linked
1,3-diazole bis-phosphonate (Scheme 1B) is among the most
popular and efficient inhibitors of bone resorption targeting
the above-mentioned enzymes identified to date. Commonly,
BP drugs could be also used in the diagnosis of bone diseases,
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Scheme 1. A) Structures of pyrophosphoric acid and a general bis-phos-
phonic acid. B) Commercially available bis-phosphonic acids to contrast
bone diseases. C) Examples of BP-fluorophore conjugates. D) Structure of
3,6-diphenyl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP).
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in which, by means of appropriate linkers, they convey radioac-
tive metals such as *™Tc** and %Ga to bones.”

Over the past two decades, optical imaging, including fluo-
rescence, has become an attractive tool with unprecedented
advantages in live-cell imaging, with the aim of examining and
monitoring disease stages and determining therapy effective-
ness in preclinical models both on cell cultures and on living
tissues. In 2008 McKenna and collaborators were the first to
report the synthesis of a fluorescent-labeled conjugate of a
bis-phosphonic acid, specifically risedronate, using an epoxide
linker strategy that enabled conjugation of BP with a carboxy-
fluorescein label (Scheme 1C)."”’ This strategy was extended to
several BP-dye combinations® to create and test a toolkit of
bone-imaging fluorescent probes with variable spectroscopic
properties, bone-mineral binding affinities, and anti-prenylation
activities.”?. Other fluorescent probes for bone imaging were
developed by Kikuchi and collaborators,"” who reported a pH-
dependent BP-boron dipyrromethene probe for the detection
of bone-resorbing osteoclasts and a-bis-substituted fluorescent
BPs." Near-infrared (NIR) fluorescence is also suitable for in
vivo studies on bone minerals and cells, whereby the covalent
conjugation of a BP to an NIR fluorophore created a highly
potent bifunctional molecule for biomedical imaging.'>
Most of the BP fluorescent probes so far synthesized are based
on well-known fluorophores such as Carboxyfluorescein (FAM),
AlexaFluor 647 (AXF647), rhodamine red (RhR), and carboxy-
rhodamine (ROX).

Diketopyrrolopyrrole (DPP) is a fluorescent scaffold that is
easily tunable in its absorption and emission properties and
readily synthesized by reaction of an aromatic nitrile with a di-
alkyl succinate following a procedure developed by Ciba re-
searchers (Scheme 1D)."” DPP has gained a pivotal role for the
preparation of high-performance materials,"® and important
examples of its use as a reporting fluorescent unit to recognize
biologically important species"” have been reported to under-
line the potential of this chromophore as a fluorescent tag
unit. DPP-based fluorescent probes for various other analytes,
such as anions™ cations,"? reactive oxygen species,*”
thiols,?" pH,?? €0, and H,,*" are known. Fluorescent DPP
derivatives as biological probes were reported by Bolze and
collaborators,””™ who synthesized a DPP-based nonionic water-
soluble two-photon-excited fluorescence (TPEF) microscopy
dye characterized by high photostability, which was used in
cofocal and TPEF microscopic evaluation of tumoral Hela cell
cultures. Structural modifications of the DPP unit have been
carried out for the development of highly stable NIR dyes by
Daltrozzo and collaborators,” also in the form of water-solu-
ble NIR dyes.”” Live-cell imaging showed easy internalization
of these dyes into mammalian cells, and thus demonstrated
their advantages for imaging applications and confirmed the
intriguing properties of DPP-based dyes that make them new
candidates for use as molecular probes in bio-imaging.

The bicyclic structure of DPP provides outstanding physico-
chemical stability and, in the visible region, shows an absorb-
ance peak at 504 nm in solution and 538 nm in the solid state
with high molar extinction coefficient (33850 Lmol™'cm™").*®
The Stokes shift ranging between 10 and 15 nm, the average
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fluorescence quantum yield of 60%, and its excellent photosta-
bility attracted the interest of several research groups in the
chemical community because of its wide application as a fluo-
rescent probe compared with other organic dyes. No fluores-
cent BP probes have been so far synthesized with DPP-based
dyes as fluorophore group. The molecular framework of DPP
has many reactive centers that undergo both electrophilic and
nucleophilic reactions as well as different functional groups
that may potentially undergo structural modification for fur-
ther derivatization.?”

Herein, we report on the synthesis of a bis-phosphonic acid-
DPP conjugate (Scheme 2) obtained through a click reaction
between an azido-BP and an alkyne-modified DPP and on the
application of this conjugate fluorescent probe to bone tissue
for imaging purposes. Conjugation by triazolinic bridge results
in a new fluorescent probe in which antiresorption activity is
maintained with the opportunity for use as a fluorescent
probe for in vitro studies on osteoclast activity.

+ O O[
228
P p-

DPP

DPP-BP conjugate

Azide-Bisphosphonate esters Alkyne-Bisphosphonate esters

Scheme 2. Structure of the DPP-BP conjugate prepared and tested on bone
tissue.

Results and Discussion

To conjugate the DPP fluorophore to a bis-phosphonate
moiety, the click-chemistry copper(l)-catalyzed azide-alkyne cy-
cloaddition (CuAAC) introduced by Sharpless et al. and Meldal
et al.?®*" was chosen. This is a virtually quantitative, very
robust, general reaction, suitable even for biomolecular liga-
tion,®? that can be performed under a wide variety of condi-
tions and with almost any source of solvated Cu'®¥ CuSO, is
usually used as catalyst with sodium ascorbate as reducing
agent in water/tert-butanol (2:1) at room temperature under
the conditions developed in the pioneering study by Sharpless
and co-workers.

The conjugation between DPP and BP can be tackled by
preparing an alkyne-substituted BP for reaction with an azide-
derived DPP fluorophore or vice versa by preparing an azide-
substituted BP for reaction with an alkyne DPP derived fluoro-
phore (Scheme 3).

In the recent literature on BP synthesis, the first approach
has been more extensively investigated owing to the straight-
forward preparation of tetraethyl(but-3-yne-1,1-diyl)bis-phos-
phonate (Scheme 3),2Y which has been exploited to bind

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

AP ChemPubSoc
\{* Europe

[ Azide-Bisphosphonate esters ] [ Alkyne-Bisphosphonate ester ]

(oo o o0
\/O ”\r“ O~ \/O 7] “ O~ \/O\/'g \E’\/OV
ISR AN A N e

A
a-N3BP B-N3BP

Propargyl-BP
[ele]
O/ o)
> ,P’ \;,\ ~
= \g o
N3
»-N3BP

Scheme 3. Possible BP building block derivatives for click conjugation.

under click conditions, also with the aid of ultrasound,” to an
anticancer pharmacophores,®® and to a series of long hydro-
phobic tails to act as inhibitor of geranylgeranyl diphosphate
synthase.?”*¥3%%% |n one case, conjugation of the alkyne-BP
with 3,5-bis(arylidene)-4-piperidinone units was accomplished
to investigate potential antitumor properties.®® A monopro-
pargyl-substituted phosphonocarboxylate, structurally similar
to BPs,"" was reported to efficiently provide the corresponding
triazole derivative.

At variance with the known literature, we decided to investi-
gate the opposite approach consisting of the synthesis of an
alkyne-substituted DPP fluorophore for click reaction with an
azide-BP (Scheme 3).

Synthesis of alkyne-substituted DPP

Synthesis of the alkyne-substituted DPP started from the DPP
core, which was prepared by following a literature proce-
dure,”? through protection of the N atoms with tert-butoxycar-
bonyl (Boc) groups to form the bis-Boc-DPP*® (Scheme 4). The
latter was monodeprotected by a newly optimized method
consisting of the treatment of the bis-Boc-DPP reagent in
CH,Cl, with silica followed by solvent removal. The solid was
then dried overnight under vacuum, loaded on a flash chroma-
tography column, and isolated by using CH.Cl,/ethyl acetate
(9/1) as eluent in satisfactory yield (62%). As we described pre-

> o o)
Boc,0 x o]
>‘N
d N N‘% \5
(0]
Q 98%

Boc,DPP

Sio,

Scheme 4. Synthesis of AlkyneBocDPP from DPP by mono-deprotection fol-
lowed by alkylation with propargyl bromide.
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viously," the use of Boc protecting groups greatly enhances
the solubility of the DPP pigment and enables the subsequent
alkylation reaction with propargyl bromide™ to give the final
dissymmetric tert-butyl-1,4-dioxo-3,6-diphenyl-5-(prop-2-ynyl)-
4,5-dihydropyrrolo[3,4-clpyrrole-2(1H)-carboxylate (alkyneDPP-
Boc) in an overall yield of 60% after column chromatography
(Scheme 4).

Synthesis of §-N; BP

As far as azide-containing BP precursors are concerned, only
the synthesis of few examples of a-azido“® and y-azido BPs™”
have been described in the literature, but no click reactions
have been reported for these compounds. Conversely, synthe-
ses of and reactions with p-azido BP are highly discussed
topics.*®* In particular, Chen and collaborators“® published in
2013 the synthesis of tetraethyl 2-azidoethane-1,1-diyldi-
phosphonate (B-N;BP) starting from vinylidene bis-phospho-
nate (VBP): the free azide product was obtained after only
15 min by reaction with sodium azide in water/acetic acid (1/1,
v/v) at room temperature without formation of byproducts. On
the contrary, in the same year Rodriguez and collaborators®™”
showed that treating an excess of VBP with sodium azide in
water at room temperature, did not lead to the direct forma-
tion of B-N;BP (Scheme 5) but rather to the formation of

Coad M [og ) nm
S p O\P// \\P,O
L \[ , J H,0 L \n/ * J o |\_g o~ N~
HN~K§ / /E N
VBP o P
ﬁ-NaBP KOO/ 28P

Chen et al. Rodriguez et al.

Scheme 5. Reported contrasting syntheses of 3-azido bis-phosphonate.

double BP compound 2BP, likely because of the 1,3-dipolar cy-
cloaddition leading to the triazole-BP intermediate. Once pro-
duced, the latter cyclic product reacted immediately with an-
other molecule of VBP to undergo a Michael-type reaction
yielding 2BP. NMR spectroscopic data supported this structure.

In this work, an alternative synthetic route is proposed for 3-
N3BP that avoids the use of NaN; and working in organic
medium to facilitate both the reactivity of hydrophobic substi-
tuted BP precursors and the isolation of the organic azide. Sim-
ilarly to the previously reported metal-catalyzed addition of cy-
anide to BP precursors by using trimethylsilyl cyanide
(TMSCN),®" we investigated the azide addition reaction of tri-
methylsilyl azide (TMSN,) to vinylidene bis-phosphonate tet-
raethyl ester to obtain [}-azido BPs (Scheme 6) under different
experimental conditions (Table 1).

The reaction was initially investigated with different metal
precursors with 5 mol% catalyst loading. Cu" and Zn" did not
lead to the formation of the desired product at room tempera-
ture (Table 1, entries 1 and 3). Whereas the Cu" catalyst was in-
active also under high-temperature conditions (Table 1,
entry 2), Zn" showed formation in moderate yield of the unex-
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Scheme 6. Addition of TMSN; to VBP under different experimental condi-
tions.

Table 1. Addition of TMSN; to VBP under different experimental condi-
tions.”

Entry BP Catalyst Solvent T Yield of azido Yield of amino
[°C] BP [%]™ BP [%]"®

1 VBP Cu(OTf), CH,Cl, RT 0 0

2 VBP Cu(QOTf), toluene 110 0 0

3 VBP Zn(OTf), CH)Cl, RT 0 0

4 VBP Zn(OTf), toluene 110 0 20

5 VBP PdCl, CH,Cl, RT  >98(26) O

6 VBP Pd(OAc), CH,Cl, RT >98(>98)< 0 (0)¥

7 VBP Pd(OAc), toluene 110 0 90

8 VBP Pd(OAc), toluene 90 0 20

9 VBP Pd(OAc), toluene 60 15 75

10 VBP-Me Pd(OAc), CH,Cl, RT >98 0

1" VBP-Me Pd(OAc), toluene 110 0 20

[a] Reaction conditions: 0.07 mmol of VBP, 5 equiv TMSN,, 5 mol% cata-
lyst loading, 2 mL solvent, t=18 h. [b] 3P NMR yield. [c] 2 mol% catalyst

loading. [d] 0.8 mmol of VBP.

pected product tetraethyl 2-aminoethene-1,1-diyldiphospho-
nate (VBPNH,; Table 1, entry 4).

The use of Pd" as metal catalyst (5 mol%) led to good activi-
ty, giving the desired tetraethyl 2-azidoethane-1,1-diyldi-
phosphonate ((3-N;BP) in excellent yields at room temperature,
while decreasing the metal loading to 2 mol % resulted in only
partial conversion (Table 1, entries 5 and 6). Pd"-catalyzed addi-
tion of TMSN; to VBP under high temperature (Table 1, entry 7)
did not lead to formation of $-N;BP but provided the unsatu-
rated VBPNH, in good vyields (Scheme 7). Decreasing the reac-
tion temperature to 60°C led to the formation of both prod-
ucts (Table 1, entry 9). The formation of VBPNH, could probably
be due to a thermal elimination of an N, molecule (Scheme 7).

Similarly, we investigated the same reaction with the vinyli-
dene bis-phosphonate tetramethyl ester VBP-Me and observed
both 2-azidoethane-1,1-diyl diphosphonate tetraethyl ester ({3-
N;BP-Me) by Pd'-catalyzed addition at RT (Table 1, entry 10)

Coq KOO\ KOQ‘?O

L(;/P\H/P\OJ Pd(ll) L \[ J g \[P\OJ

NH;

5eq. TMSN3

B-N,BP VBPNH,
\/O\F;PO\\P Lo~ O L \ Lo O X0~ \/O‘P"qu 20k 7
H‘ / /
78 Lo~ =79 T By = 01 ad G\
GiNg NO NH,
;N~‘N \_) N LH»

P-N3BP VBPNH,
Scheme 7. Addition of TMSN, to VBP provides different nitrogen BP prod-
ucts depending on the reaction temperature, and proposed N, thermal elim-
ination mechanism leading toVBPNH,.
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and tetramethyl 2-aminoethene-1,1-diyldiphosphonate
(VBPNH,-Me) on increasing the temperature to 110°C (Table 1,
entry 11). The resulting $-N;BP was found to be stable for sev-
eral days if stored at —20°C, whereas decomposition and par-
tial formation of 2BP were observed at room temperature. This
phenomenon could be explained by assuming a retro-Michael
reaction giving back some VBP, which can undergo a 1,3-cyclo-
addition with the remaining 3-N;BP leading to the formation
of 2BP as byproduct, as in Scheme 5. Repeating the reaction
with 0.8 mmol of VBP (Table 1, entry 6) showed that it can be
easily scaled up without relevant loss of product yield. All the
new azido and amino BP products were isolated and character-
ized by 'H and *'P NMR spectroscopy. Figure 1 shows the 'H
and *'P{"H} NMR spectra of VBP, 8-N;BP, and VBPNH,, in which
their typical 'H and *'P signals are present.

1H NMR

Figure 1. 'H and *'P{'H} NMR spectra of VBP, -N,BP, and VBPNH,.

To investigate the addition of TMSN; to substituted VBP pre-
cursors, optimized catalytic conditions were tested also with
the substituted unsaturated BP precursor PPH (Scheme 8).
Whereas Pd" was an excellent metal catalyst in TMSN; addition
to VBP, it was less reactive with respect to monosubstituted
VBP precursors such as PPH (Table 2, entries 1-4). Increasing
the catalyst amount to 10 mol% did not result in a substantial
increase in reaction yields (Table 2, entries 2 and 3), even under
drastic temperature conditions (Table 2, entries 4 and 5). The
use of Zn(OTf),, which showed modest reactivity with VBP
(Table 1, entry 4), led to the formation of the desired tetraethyl
2-azido-2-phenylethane-1,1-diyldiphosphonate (N;PPH) in mod-
erate yield (Table 2, entry 6). Increasing the temperature mod-
erately increased the reaction yield (Table 2, entry 7) but at the
same time led to predominant formation of tetraethyl 2-

0 0, 77 R O /7 R _0
R 0 5eq. TMSN3 Oy ™0 + -
P R PR A
\_o’ | \OJ cat \—O OJ \_0’ | OJ
at.
Solvent Na NH;
PPH N;PPH PPHNH,

Scheme 8. Addition of TMSN, to PPH forming different nitrogen BP products
depending on the reaction temperature.
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Table 2. Addition of TMSN, to PPH under different experimental condi-
tions.®

Entry Catalyst [Catl] Solvent T Yield of azido Yield of amino
[mol %] [°Cl BP"™ [%] BP™ [%]
1 Pdcl, 5 CH,Cl, RT 5 0
2 Pd(OAC), 5 CH,Cl, RT 5 0
3 Pd(OAC), 10 CH,Cl, RT 7 0
4 Pd(OAc), 10 toluene 90 7 0
5 Pd(OAc), 10 toluene 110 10 0
6 Zn(OTf), 10 toluene RT 30 0
7 Zn(OTf), 10 toluene 60 20 60
8 Zn(OTf), 10 toluene 90 0 90

[a] Reaction conditions: 0.07 mmol of PPH, TMSN; 5 equiv., 2 mL of sol-
vent, t=18 h. [b] *'P NMR yield.

amino-2-phenylethene-1,1-diyldiphosphonate (PPHNH,). Fur-
ther increase of the reaction temperature led only to the for-
mation of PPHNH, (Table 2, entry 8).

Despite numerous purification attempts, it was not possible
to isolate N3PPH as a pure product. Reduction of the azido
moiety as well as functionalization of other substituted VBP
precursors will be the subject of future studies to obtain a new
class of B-amino BPs or [-azido BPs for further functionaliza-
tion.

After optimization of the synthesis of $-azido BP we investi-
gated its reaction with an fluorescent alkynyl DPP derivative
using CUAAC (Scheme 9). Under the reaction conditions report-

CusO,
Ascorbic Acid
- >
water/t-butanol 1:1
rt.

~ O

sl o

0 o ®
P o |

NN o}
o7 TN

L
O ¥

AlkyneBocDPP

B-N3BP

Scheme 9. CuAAC reaction between 3-N;BP and AlkyneBocDPP.

ed by Sharpless and co-workers,*® the CuAAC was first at-
tempted between [3-N;BP and AlkyneBocDPP as terminal
alkyne (Scheme 9). The use of CuSO,/ascorbic acid (1/2 molar
ratio) catalyst and water/tert-butanol as solvent resulted in
degradation of the azido BP, forming basically the starting VBP
reagent. Even with the methyl-ester-protected azido-BP, the re-
action did not work properly, and only VBP-Me was recovered
as the main degradation product. Several attempts were made
to prepare -N;BP in situ by adopting the reaction conditions
reported by Chen and collaborators™® starting from VBP and
an excess of NaN,. Unfortunately, no formation of azido BP oc-
curred despite changing the solvent mixture or sonication, and
only partial formation of triazolinic DPPBoc byproduct as con-
sequence of the CuAAC reaction between NaN; and DPPBoc
was observed. The CuAAC was tested between (3-N;BP and 1-
octyne characterized by reduced steric hindrance with respect
to DPPBoc but also in this case decomposition of the azido re-
agent occurred.
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DPPBoc was tested in CUAAC under different reaction condi-
tions with -N;BP as well as with VBP with an excess of NaN,.
The desired product was not obtained in any of the tested re-
actions reported, and only unchanged DPP and VBP were re-
covered. Even a preformed Cu' catalyst such as chloro[1,3-
bis(2,6-diisopropylphenyl)imidazol-2-ylidenelcopper(l), known
to be very active for CuUAAC reactions®*¥ in very small catalyt-
ic amount,®¥ failed to provide the expected product when
used in an amount of 0.5mol% in the reaction between f3-
N;BP-Me and DPPBoc. Overall, the main problem that was ob-
served is the instability of B-N;BP in the presence of Cu' spe-
cies leading to a retro-Michael addition forming the VBP sub-
strate. Because of this we decided to overcome this limit by
synthesis of a y-N;BP, which should not display the same side
reaction.

v-N3BP click reaction

We investigated a simple, straightforward, and easily scaled up
synthesis of a y-N;BP through diazo transfer to 3-aminopro-
pane-1,1-bis-phosphonate tetraethyl ester (y-NH,BP) using imi-
dazole-1-sulfonyl azide hydrochloride as a much safer diazo-
transfer reagent compared to the more common triflyl azide.””
The y-NH,BP was prepared by reaction of nitromethane with
VBP in the presence of sodium methylate (Scheme 10A) giving

(oXe) 00
0. _0. MeNO. X i
SO RO o O RO
O W (0] O ©)
/- \ THE /- \
NO,
VBP ¥-NO,BP
yield >95 %
B
00 1atmH, 0
O. 47 O Oy O
SRR 10% mol PAIC (20% wiw) B RN
/—O O—\ (0] O
MeOH 2 A
NO, NH,
¥-NO,BP Y¥-NH,BP
yield 90 %

Scheme 10. Addition of nitromethane to VBP (A) and catalytic hydrogena-
tion of y-NO,BP (B) forming y-NH,BP in high yield.

the corresponding 3-nitropropane-1,1-bis-phosphonate tet-
raethyl ester (y-NO,BP) in high yield on a multigram scale
when a large excess of nitroalkane was used, in agreement
with what was reported by Winckler and collaborators.”® The
catalytic hydrogenation of the nitro group of y-NO,BP was car-
ried out at room temperature with 1 bar of hydrogen and Pd/
charcoal under vigorous stirring to give the desired y-NH,BP in
high yield (Scheme 10B). The hydrogenation was sensitive to
the reaction time, and on prolonging the reaction to more
than 1 h, the formation of several byproducts, probably due to
dimerization or dealkylation of the ester moiety, was observed.
Through this easy two-step route, the synthesis of y-NH,BP
was accomplished on a multigram scale without the need for
any purification step, but the product turned out to be quite

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

AP ChemPubSoc
\{* Europe

susceptible to decomposition; therefore, it could not be
stored, and it was used right after preparation for the next
diazo-transfer reaction.

Diazo-transfer reactions are commonly used for the intro-
duction of diazo functionality or for converting primary amines
to azides.’”***¥ Zaloom and Roberts showed that triflyl azide
(TfN;) is excellent for converting a-amino acids to the corre-
sponding a-azido acids.®™ The method was improved by Alper
and collaborators,””” who developed a CuSO,-catalyzed version
of the reaction. In the past decades, TfN; has been the reagent
of choice for diazo-transfer reactions even though its standard
synthetic protocol® has several disadvantages, such as the
use of toxic and costly triflic anhydride, the use of an excess of
sodium azide, and the formation of highly explosive TfN,,
which under no circumstances should be isolated. Recent ad-
vances in the field led to the introduction of a series of new

safer and economic diazo-transfer reagents (Scheme 11).5%
3 O\\S,N3 Q\S,Na O\\S N
N N
TiN;, NAPN; ISA-H,S0O, ISA-HCI
Scheme 11. Structures of common sulfonyl azides.
Imidazole-1-sulfonyl azide hydrochloride (ISA-HCI) was

chosen as a safe and economical diazo-transfer reagent® to
obtain the desired y-N;BP. This diazo donor was easily pre-
pared by the addition of two equivalents of imidazole to chlor-
osulfonyl azide, preformed in situ by reaction of equimolar
amounts of sodium azide and sulfuryl chloride in acetoni-
trile.® This one-pot reaction on a large scale allowed the syn-
thesis of shelf-stable crystalline ISA-HCI from inexpensive mate-
rials (see Supporting Information). Attempts to synthesize a
more stable and safer diazo donor such as imidazole-1-sulfonyl
azide hydrogen sulfate (ISA-H,S0,)®" resulted in an impractical
viscous oil otherwise previously reported.

The diazo-transfer reaction between primary amino groups
and organic azides can be efficiently catalyzed by CuSO,,""
and this class of catalytic reactions tolerates the presence of
water well.®” The reaction between y-NH,BP and ISA-HCl was
carried out under mild basic conditions (ag. K,CO,, pH 8-10) at
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Figure 2. 'H NMR spectra of A) y-NO,BP, B) y-NH,BP, and C) y-N;BP in CDCl,.

scaled up to hundreds of milligrams without significant side ef-
fects. The y-azido BP tetraethyl ester obtained was purified
and characterized by 'H and *'P NMR spectroscopy like the
other y-BP compounds. Typical signals are reported in Figure 2.

The obtained y-N;BP was tested initially in the CuAAC click
reaction with 3-butyn-1-ol as terminal alkyne due to its intrin-
sic low alkyne reactivity, which could mimic the behavior of
the DPP fluorophores (Scheme 13, Table 3).

The use of 5mol% CuSO, catalyst with 10 mol% ascorbic
acid did not promote the click reaction (Table 3, entry 1).
Changing the solvent mixture and the use of an equimolar
amount of copper catalyst led to moderate yields of the de-
sired cycloaddition product tetraethyl 3-(4-(2-hydroxyethyl)-1H-

CuSO4 1

(0]
~O \\ OM
P Ascorblc Acid

/——‘d " /\/
Y Solvent 5h N,N
N3 ;\‘,JzJOH

¥-N3BP TRIA1

Scheme 13. CuAAC reaction between y-N;BP and 3-butyn-1-ol.

room temperature in the presence of 15mol% of CuSO, . - »
K . i R Table 3. Optimization of the CuAAC reaction conditions between y-N;BP
(Scheme 12) to give a nearly quantitative yield of the desired and 3-butyn-1-0l@
v-N5BP.
. s [b]
Conversely, the use of the much safer diazo donor 2-naph- | Entry  Alkyne  Catalyst Solvent T Yield
. . . equi °C %
thalenesulfonyl azide (NAPN,)®' resulted only in decomposi- fequiv] ra_ o
tion of the starting reagents. The synthesis of y-N;BP could be 1 2 5 mol % CuSO, water/tBuOH  RT 0
10 mol % ascorbic acid (2:1)
2 2 100 mol% CuSO, water/iPrOH  RT 10
o Q _O. Q o Q 0. . .
\/O\pl O~ 3 /Ns CuSo. Kco. OB RO 200 mol % ascorbic acid ~ (1:1)
% ¢N e He v d Yo 3 2 100 mol % CuSO water/iPrOH 50 78
AN RRE AN 6Cus0,
MeOH, H,0 200 mol% ascorbic acid  (1:1) 751
NH, Ny 4 1.1 100 mol % CuSO, water/iPrOH 50 709
200 mol% ascorbic acid  (1:1)
F-NH,BP ISA-HCI ¥-N3BP
yield 80% [a] Reaction conditions: 0.055 mmol of y-N;BP, 2mL of solvent, 5h.
) [b] >'P NMR yield. [c] 2 h.
Scheme 12. Synthesis of y-N;BP by diazo transfer to y-NH,BP.
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1,2,3-triazol-1-yl)propane-1,1-diyldiphosphonate (TRIA1, Table 3,
entry 2). The reaction was influenced by the temperature, and
it led to good yields of the desired product when carried out
at 50°C even after only 2 h (Table 3, entry 3). The reaction re-
sulted in the formation of the 1,4-disubstituted cyclic adduct,
as evidenced by 'HNMR analysis. Good reaction yields and
total y-NsBP consumption were also obtained on reducing the
amount of the alkyne reagent (Table 3, entry 4). It is notewor-
thy that the yield of isolated triazole was moderate (26 %). The
hydroxyl group present in 3-butyn-1-ol enhances its hydrophi-
licity and thus makes isolation by organic-solvent extraction
and purification difficult.

The optimized experimental conditions reported above were
applied to the click reaction between y-N;BP and alkynyl-DPP-
based fluorophore AlkyneBocDPP (Scheme 14). At variance
with [-N;BP, the click reaction between y-N;BP and Alkyne-
BocDPP occurred at the first attempt to give the correspond-
ing desired 1,4-substituted triazolic cycloadduct (TRIA2) in 85%
yield, without any difficulties, even in the extraction step from
the aqueous solvent.

(OO
o:P,, ‘-P\,o\/
¢} e}
\/OPO Qf:'o\/ l[ O 1eq.CuSO, /- A\
s \O 2 eq. Ascorbic Acid
Ve =N+ N __0 N.

water/i-PrOH 1:1 '%O

¥ 50°C, 2h )N

o (e}
O .

AlkyneBocDPP

Ny o N\_N__O

Scheme 14. CuAAC reaction between y-N;BP and AlkyneBocDPP.

The click reaction with AlkyneBocDPP was repeated on a ten
times larger scale with 120 mg of y-N;BP, which allowed TRIA2
to be obtained in 90% yield without undesired byproducts.
Purification by semi-automated column chromatography led to
partial loss of a tert-butyloxycarbonyl group with consequent
deprotection of the amino group of TRIA2, as demonstrated
by the splitting of the '"H NMR signals (see Supporting Informa-
tion) and confirmed by ESI-MS analysis. The singlet at
7.75 ppm assigned to the triazolic proton is in agreement with
the literature® " and thus confirms the exclusive formation of
a 1,4-substituted triazolic ring. The partial loss of the Boc pro-
tecting group was not a problem, since the subsequent step
was the removal of all protecting groups on the amino and
phosphonate moieties. TRIA2 was subjected to deprotection of
the ethyl ester groups, and the classical method® that makes
use of TMSBr at room temperature in dichloromethane was
compared to a microwave-assisted method in acetonitrile. The
latter turned out to be considerably faster and allowed forma-
tion of the intermediate silyl ester in only 20 min reaction with
16 equiv of TMSBr at 1200 W power (Scheme 15).

The *'P NMR analyses in [DJDMSO of TRIA2 deprotected by
the classical method showed formation of numerous signals,
due both to partial deprotection of the ethyl ester groups and
to decomposition of the molecule. In contrast, *'P NMR analy-
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1y 16 eq. TMSBr
CH,Cl,, 18 h partial deprotection
_— and

2) water/MeOH decomposition
5h

00
s OH
HO\P

1) 16 eq. TMSBr
MeCN, 20 min, microwave
—_—
2) Wwater/MeOH
5h

FLUOProbe

Scheme 15. Classic and microwaves assisted deprotection methods for the
synthesis of FLUOProbe.

ses in [Dg]DMSO of TRIA2 deprotected by the microwave-assist-
ed method showed the formation of only a sharp signal that
was attributed to the corresponding 3-(4-{[1,4-dioxo-3,6-di-
phenyl-4,5-dihydropyrrolo(3,4-c)pyrrol-2(1H)-yllmethyl}-1H-
1,2,3-triazol-1-yl)propane-1,1-diyldiphosphonic acid (FLUOP-
robe). The "H NMR spectrum (Figure 3) of TRIA2 demonstrated
that this method ensured also the complete loss of the tert-bu-
toxycarbonyl group to give FLUOProbe in its final structure, to
be tested as a potential fluorescent probe for in vitro studies
on osteoclast activity.

1131

—19.49
8
4
4
1

|
L i

1.005
2

Figure 3. 'H and *'P{'"H} NMR spectra of FLUOProbe in [Dg]DMSO.

FLUOProbe was washed with diethyl ether to remove HBr
formed as byproduct in the deprotection step and fully charac-
terized by NMR spectroscopy and ESI-MS. Elemental analysis
confirmed good purity (85%) and the product was further
used for spectroscopic analysis, fluorescence tests, and biologi-
cal activity studies.

Spectroscopic characterization of FLOUProbe

The UV/Vis spectrum of a solution of FLUOProbe in water/
DMSO showed an intense absorption at 472 nm. Fluorescence
analysis of the same solution showed an emission at 512 nm,

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
e Europe

that is, a Stokes shift of 40 nm, which is much larger than the
typical average value of 10-15 nm for the original DPP scaf-
folds (Figure 4).

UV/Vis vs Fluorescence

1,2 4

0,8

Armax abs = 472 nm
Amax em = 512 Nm

0,4 A Stokes Shift =40 nm

0,2

400 450 500 550 600 650 700
A (nm)

Figure 4. UV/Vis and fluorescence spectra of a solution of FLUOProbe in
water/DMSO.

The method based on UV turbidity detection popularized by
Lipinski and others®™ was chosen to determine the solubility
of FLUOProbe. This method, albeit characterized by some limi-
tations,’®® provided us with a rough estimation of the solubility
of FLUOProbe, which is fundamental information for designing
subsequent in vitro studies. UV absorbance was measured at
620 nm, a wavelength at which FLUOProbe showed very low
absorbance, and the measurement was repeated for several
solutions in a wide range of concentrations.*® Precipitation
was observed, as confirmed by an increase in absorbance due
to light scattering owing to the formation of particulate mate-
rial. The precipitation range was calculated from a plot of ab-
sorbance versus FLUOProbe concentration (see Supporting In-
formation). With 5 vol% DMSO, the solutions remained homo-
geneous up to 50 um, whereas for a solution with 1 wt%
DMSO, the maximum solubility was calculated to be lower
than 2 pum, and this solvent composition was used since it is
biocompatible with the activity tests.

Imaging and biological tests of FLUOProbe on bone

FLUOProbe was used for a series of in vitro tests to investigate
its affinity for bone matrix. A solution of FLUOProbe in a-MEM
(Life Technologies) was added to bovine cortical bone slice. Mi-
croscopic (fluorescence) analyses demonstrated that the syn-
thesized BP probe bearing the DPP fluorophore was able to
bind efficiently to hydroxyapatite to result in a reddish material
(Figure 5 and inset). This indicates that these cells can take up
FLUOProbe and thus become clearly fluorescent and easily rec-
ognizable and localizable.

The osteoclast resorption activity was assayed by plating the
cells (cultured with a-MEM by Life Technologies) supplemented
with 10% fetal bovine serum (FBS) and in the presence of
25 ngmL" recombinant human macrophage colony stimulat-
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Fig 608

Fig 60 A

Figure 5. Fluorescence microscopy of FLUOProbe-treated bovine cortical
bone.

ing factor (rh-MCSF) plus 30 ngmL~' rh-RANKL (R&D Systems)
on untreated and FLUOProbe-treated hydroxyapatite. Whereas
on pure hydroxyapatite resorbance lacunae were present (Fig-
ure 6A), no osteoclast activity was found on treated HAP (Fig-
ure 6B), and this suggests that FLUOProbe shows potentially
antiresorptive properties. Further analyses will be performed to
assess the cytotoxicity of the synthesized fluorescent probe as
well as anabolic ability by treating mesenchymal stem cells
during osteogenic commitment.

Figure 6. Osteoclast resorbing activity tests. Untreated (A) and FLUOProbe-
treated (B) HAP.

Conclusion

We have reported the synthesis of a conjugate between an un-
usual red-fluorescent DPP unit and a BP precursor to provide a
new tool to target bone and monitor the interaction. After
thorough investigation, conjugation through a triazole unit be-
tween vy-azido rather than -azido BP and an alkyne-functional-
ized DPP fluorophore group was found to be successful. Visual-
ization of the DPP-BP conjugate on osteoclasts and specific an-
tiresorption activity were successfully demonstrated.
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