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Optical imaging (Ol) is gaining increasing attention in medicine as a non-invasive diagnostic imaging
technology and as a useful tool for image-guided surgery. Ol exploits the light emitted in the near-infra-
red region by fluorescent molecules able to penetrate living tissues. Cyanines are an important class of

Received 31st July 2023,
Accepted 11th October 2023

DOI: 10.1039/d30b01206a

fluorescent molecules and by their conjugation to peptides it is possible to achieve optical imaging of
tumours by selective targeting. We report here the improvements obtained in the synthesis of DA364, a
small fluorescent probe (1.5 kDa) prepared by conjugation of pentamethine cyanine Cy5.5 to an RGD
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Introduction

Medicine can rely nowadays on a vast array of diagnostic
imaging technologies, such as X-ray computed tomography
(CT), magnetic resonance imaging (MRI), positron emission
tomography (PET), single-photon emission computed tom-
ography (SPECT), ultrasound (US) and, more recently, optical
imaging (OI). All these technologies are routinely employed in
clinical practice and in molecular imaging (MI), which is
defined as the non-invasive, real-time visualization of bio-
chemical events at the cellular and molecular levels within
living organisms."?

In particular, OI has experienced in the last few years an
exponential growth in interest and applications due to its high
sensitivity and safety.>* In fact, OI does not employ ionizing
radiation and relies just on light in the spectral range span-
ning from the visible to the near-infrared (NIR) region.’
Moreover, OI has been extensively used in image-guided
surgery, allowing surgeons to monitor precisely and in real
time the resection of tumours and metastases.®™® OI is usually
performed by taking advantage of fluorescent molecules (or
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peptidomimetic, which can target tumour cells overexpressing integrin a,fz receptors.

probes) emitting in the optical window between 650 and 900 nm
(NIR-I region), thus limiting the absorption of light by the haemo-
globin and water present in tissues.” This spectral window rep-
resents an optimal compromise between image resolution and
tissue penetration for in vivo imaging, although probes with
higher emission wavelengths (1000-1700 nm, NIR-II region) are
attracting increasing attention owing to their improved image
quality."® Among the huge variety of NIR fluorescent probes for
bioimaging purposes,"™* the class of cyanines'*® is one of the
most studied and extensively applied classes of fluorescent com-
pounds; a relevant example being indocyanine green (ICG), the
first optical contrast agent approved for human use.'*?° The syn-
thesis of cyanines is rather simple and their structure can be
easily modified to tune properties such as emission wavelength,
brightness, stability, solubility, and pharmacokinetics.'>*'~°
Many cyanines are commercially available and can be conjugated
to biological vectors, providing tools to target in vivo specific
receptors or tissues.* *?

An important and widely studied class of receptors is rep-
resented by integrins, a family of heterodimeric glycoproteins
arranged in dimeric pairs of a- and p-subunits.>*>® These
transmembrane receptors show affinities for extracellular
matrix proteins and immunoglobulins and they play a key role
in important regulation processes such as cell proliferation
and migration, apoptosis, inflammation, and angiogenesis.
One important member of this protein family is integrin o,f;,
which is the receptor of proteins having an arginine-glycine-
aspartic acid (RGD) sequence and serves as a marker of angio-
genesis, tumour development and metastasis. For these
reasons, o,f; integrin is an attractive target for imaging probes
and therapeutic drugs.*”°

This journal is © The Royal Society of Chemistry 2023
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Many linear and cyclic peptides having the RGD sequence
have been evaluated to target o,f; integrin,’® and among
them, we focused our attention on the rigid peptidomimetic 8
(Scheme 1).*"** Compound 8 has been proved to be a useful
targeting vector, and to such extent, it was conjugated to gold
nanoparticles for tumour targeting,”® to Gd** and Ga*" com-
plexes to achieve probes for MRI and PET imaging,** and to
the water soluble pentamethine sulfo-cyanine Cy5.5 obtaining
DA364 (Scheme 1), an NIR probe that can target tumour cells
overexpressing integrin o,f; receptors.*>*® The safety and
imaging efficacy of the NIR probe DA364 have been recently
assessed during fluorescence-guided surgical resection of
spontaneous solid tumours in dogs.?” To support this pre-
clinical study, a batch of about 1 gram of DA364 was required
but its first synthesis (Scheme 1, route a) was not amenable for
scale-up to a multi-gram scale.’® First of all, sulfo-cyanine
Cy5.5 activated as succinimidyl ester (sulfo-Cy5.5-NHS) is an
extremely expensive reagent (6700 € for 50 mg)*® and is very
hygroscopic, thus preventing its storage for a long period of
time. Moreover, the purification of DA364, performed with
semipreparative HPLC, required large volumes of eluent, long
times and was rather inefficient due to the similar retention
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Scheme 1 Syntheses of NIR probe DA364; route a: previously reported
synthesis (ref. 46); route b: this article. Reagents and conditions: (a) TFA
and CHCl,; (b) H-Arg(Pmc)-GlyOMe, DIC, HOBt, THF, and CH,Cl,; (c)
H,, Pd/C, and MeOH; (d) Z-Asp(OtBu)OH, DIC, HOBt, TEA, and THF; (e)
BnOH, Ti(iPrO)4, and THF; (f) HATU, HOAt, DIPEA, and DMF; (g) MsCl,
TEA, and CH,Cl,; (h) NaNs and DMF; (i) TFA, thioanisole, 1,2-ethane-
dithiol, and anisole; (j) sulfo-Cy5.5-NHS, borate buffer, pH 9; (k) sulfo-
Cy5.5-COOH, TBTU, NMM, and DMF.
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times of DA364 and the unreacted sulfo-Cy5.5-COOH. Last but
not least, also the intermediate 8 required a long and tedious
preparative HPLC purification. For all these reasons and to
better support preclinical studies, we wanted to explore
different synthetic strategies and we wish to report in this
article on the improvements achieved in the synthesis of
DA364 both with a traditional homogeneous methodology and
with a new solid phase peptide synthesis (SPPS) approach.

Results and discussion

Peptidomimetic 8 was synthesized by following a previously
reported synthetic strategy as shown in Scheme 1.*"*
Isoxazolidine 1,"® obtained from the known stereoselective 1,3-
dipolar nitrone cycloaddition on a suitably protected allylpro-
line, was deprotected with trifluoroacetic acid and coupled to
the dipeptide H-Arg(Mtr)-GlyOMe by means of N,N'-diiso-
propylcarbodiimide (DIC) and 1-hydroxy-1H-benzotriazole
(HOBt). Hydrogenation of the N-benzylisoxazolidine moiety of
2 and coupling with Z-Asp(OtBu)OH provided the intermediate
compound 3. The reaction with benzyl alcohol and Ti(iPrO),
allowed the transesterification of the methyl ester group in
compound 3 into the corresponding benzyl ester group in
compound 4, which was then hydrogenated and cyclized with
O-(7-azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexa-
fluoro-phosphate (HATU) and 7-aza-1-hydroxy-1H-benzotria-
zole (HOAt) as condensing agents to give the peptidomimetic
5. Functional group interconversion of the hydroxyl group in 5
was accomplished by sequential treatment with mesyl chloride
and then with sodium azide in DMF to obtain the azido deriva-
tive 6, which was finally hydrogenated to provide the primary
amine of compound 7, strategic for its conjugation to other
molecules. The deprotection with trifluoroacetic acid of all the
protective groups in 7 gave crude 8, requiring a first preparative
HPLC purification. This compound was reacted, as reported in
the literature,*® with commercially available succinimidyl ester
sulfo-Cy5.5 in borate buffer to give, after a second preparative
HPLC purification, the final product DA364 in 24% overall
yield (starting from azide 6). The final preparative HPLC purifi-
cation was heavily demanding in terms of time and required
large amounts of solvents since the compound DA364 and the
unreacted sulfo-Cy5.5-COOH showed very similar retention
times. In order to avoid the preparative HPLC purification of 8
and the use of the expensive succinimidyl ester of sulfo-Cy5.5,
we opted for the direct coupling of the protected peptidomi-
metic 7 with the cheaper sulfo-Cy5.5-COOH,>® which can be
purchased at lower prices (for example, 1200 € for 50 mg) or
easily synthesized by following the procedures reported for the
corresponding non-sulfonated derivative.>'>® The reaction was
performed in DMF by employing a TBTU/N-methylmorpholine
combination (Scheme 1, route b). The conjugated product was
deprotected with trifluoroacetic acid in the presence of a cock-
tail of cation scavengers (thioanisole, 1,2-ethanedithiol and
anisole). We found that the first elution of the crude on a
Capto Q ion exchange chromatography resin allowed a fast
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and efficient purification from residual scavenger agents and,
most importantly, from unreacted sulfo-Cy5.5-COOH, which
was conveniently retained on the column. This compound can
be later separately recovered and recycled. Then, with a much
easier and quick preparative HPLC purification, pure DA364
was collected in 36% overall yield (starting from the azide 6).

In order to speed up the preparation of DA364, we then
studied the application of Fmoc solid phase peptide synthesis
(SPPS)>**® not only for the RGD sequence construction but
also for the cyclization step and the final conjugation with
sulfo-Cy5.5-COOH. Indeed, the automated SPPS strategy allows
easier and faster operations and facilitates the cyclization
thanks to the pseudo-dilution conditions promoting intra-
molecular resin-bound reactions over detrimental dimerization
and/or oligomerization reactions.”®

For this goal, we specifically designed and synthesized the
new building block 17 from isoxazolidine 1, prepared with a
different and improved synthetic sequence reported in
Scheme 2. The trans-5-allylproline 9,>” prepared in four steps
starting from (S)-pyroglutamic acid, was reacted with acetoxya-
cetyl chloride and then the acetate group was hydrolyzed by
treatment with ammonia in methanol. The alcohol 11 was oxi-
dized under Swern conditions with oxalyl chloride and the
resulting unstable aldehyde 12 was immediately reacted with
N-benzylhydroxylamine to give the isoxazolidine 1 in 64%
overall yield, with a substantial improvement in the previously
reported 45% yield.*’

Catalytic hydrogenolysis (H,, Pd/C) of the N-benzyl group
and the N-O bond led to the amino alcohol 13. The attempted
alternative transfer catalytic hydrogenolysis with ammonium
formate and Pd/C led to the formation of N-formylated
byproducts.

The originally devised strategy was the protection of the
amino group in 13 as Fmoc-carbamate but, after mesylation,
the treatment with sodium azide led to a concomitant com-
plete cleavage of the Fmoc protecting group, as also reported
by Chen.?® An alternative strategy involving the protection of
the amino group of 13 as Alloc-carbamate successfully pro-
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ceeded to the azide stage, but the following deprotection of
the tert-butyl ester led to the formation of several by-products.
These findings forced us to revise the synthetic strategy to
obtain the target compound 17. The amino group in 13 was
protected as tert-butyl carbamate, and after mesylation and azi-
dation, the resulting compound 15 was fully deprotected with
TFA. The rather unstable amino acid 16 was finally protected
with diallyl dicarbonate to give the key building block 17
(Scheme 2).

The azide group in compound 17 was strategically kept as a
protected precursor of the amino group and was reduced on
the resin right before the final conjugation with sulfo-Cy5.5-
COOH, avoiding in this way unnecessary protection/de-
protection steps with orthogonal protecting groups.

The RGD peptide synthesis on the solid phase was carried
out on a Tribute™ peptide synthesizer by following a standard
Fmoc solid-phase strategy.”>> Commercially available Wang
resin 18, with the first amino acid (Fmoc-Asp-OAll) preloaded,
was swelled under agitation with DMF and the Fmoc was
deprotected with a solution of 20% piperidine in DMF. The fol-
lowing amino acid (Fmoc-Gly-OH) was activated with a com-
bined Oxyma Pure/DIC solution before addition to the solid
support. After the completion of the coupling reaction,
unreacted amines were capped by treatment with acetic anhy-
dride prior to the Fmoc deprotection of the Gly moiety, per-
formed with a solution of 20% piperidine in DMF. Then,
Fmoc-Arg(Pbf)-OH was coupled using the same protocol, fol-
lowed once more by a capping and a deprotection step.
Compound 17 was then coupled to the resin using COMU as
the activating agent. The simultaneous deprotection of the
allylester and allyloxycarbonyl (Alloc) protecting groups by
employing phenylsilane and tetrakis(triphenylphosphine)pal-
ladium(0)*° paved the way to intramolecular cyclization, per-
formed through the activation of the free carboxylic function
of the aspartic residue by the combination of PyAOP/DIPEA.
The reduction of the azido group in 22 was accomplished
through a Staudinger reduction®® with triphenylphosphine in
water/THF at 60 °C. Finally, the carboxylic group of sulfoCy5.5-
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Scheme 2 Synthesis of bicyclic scaffold 17. Reagents and conditions (a) AcOCH,COCI, DIPEA, and CH,Cly; (b) 2 M NH3 in MeOH; (c), Swern oxi-
dation, DMSO, (COClI),, and CH,Cl,; (d) BANHOH-HCI, NaHCOs3, EtOH, H,0O, reflux; (e) H,, Pd/C, MeOH, 70 °C; (f) Boc,O and THF; (g) MsCl, EtzN,
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Scheme 3 Solid phase synthesis of DA364. Reagents and conditions (a) 20% piperidine and DMF; (b) FmocGlyOH, DIC, Oxyma Pure, and DMF; (c)
Ac,0 and DMF; (d) FmocArg(Pbf)OH, DIC, Oxyma Pure, and DMF; (e) 17, COMU, DIPEA, and DMF; (f) PhSiHz, Pd(PPhz),4, and CH,Cl,; (g) PyAOP,
DIPEA, and DMF; (h) PPhz and H,O; (i) sulfo-Cy5.5-COOH, COMU, DIPEA, and DMF; (j) TFA, triisopropylsilane, and H,O.

COOH was activated with COMU/DIEA before addition to the
intermediate 23. Removal of all the protecting groups and clea-
vage of the final compound from the resin was achieved with
trifluoroacetic acid/triisopropylsilane (Scheme 3). The com-
pound DA364 was purified by preparative HPLC, then lyophi-
lized and recovered as a blue powder with an 8% overall yield.

Experimental
Materials and methods

Reagent-grade chemicals and solvents were obtained from
commercial sources and directly used without further purifi-
cation. Fmoc-Asp(Wang resin)-OAll 18 and Oxyma Pure were
purchased from Sigma-Aldrich. Cyanine Cy5.5 activated as suc-
cinimidyl ester (sulfo-Cy5.5-NHS) was purchased from VWR
International PBI s.r.l. (Italy). Cyanine Cy5.5 carboxylic acid
(sulfo-Cy5.5-COOH) was purchased from Fluorochem Ltd (UK)
or synthesized on a gram scale by following the procedures
reported for the corresponding non-sulfonated derivative.>' >
The "H and "C spectra were recorded on Jeol Eclipse ECP300,
Bruker Avance Neo 400 and Bruker Avance 600 spectrometers.
Reactions were monitored by TLC using MERCK 60 F,s, pre-
coated silica gel plates and the products were visualized under
UV light. Anion exchange purification was performed on an
Akta Pure system (CYTIVA Europe GmbH) by employing a
Capto Q ion exchange chromatography resin (CYTIVA Europe
GmbH). Preparative HPLC was performed at room temperature
using an Agilent 1200 series instrument equipped with a col-
lection valve on a YMC Triart Phenyl column (YMC, pore size:
120 A and particle size: 5 pm, 250 x 50 mm) with a linear gra-
dient, from 0 to 95%, of acetonitrile/0.8% ammonium acetate
buffer over 25 min at a flow rate of 50 mL min~" and moni-
tored with a UV detector at 675 nm. Semi-preparative RP-HPLC
purification was carried out using an Akta Pure 25 purification

This journal is © The Royal Society of Chemistry 2023

system controlled with UNICORN™ 7.0 (CYTIVA Europe
GmbH). The system was equipped with a sample pump P9-S, a
fraction collector F9-R, a column valve V9-C, and a UV monitor
U9-M (2 mm path length). Purification was performed at room
temperature by eluting on a Luna C18 semi-preparative
column (Phenomenex Inc., pore size: 100 A and particle size:
5 um, 250 x 10 mm), with a linear gradient, from 2 to 40%, of
acetonitrile containing 0.1% TFA/water over 40 min at a flow
rate of 5.0 mL min~". Analytical HPLC of the final product was
performed at 40 °C using an Agilent 1200 series instrument on
a YMC Triart Phenyl column (YMC, pore size: 120 A and par-
ticle size: 5 pm, 250 x 4.6 mm) with a linear gradient, from 2
to 100%, of acetonitrile/0.1% ammonium acetate buffer over
25 min at a flow rate of 1 mL min™" and monitored with a UV
detector at 675 nm. Solid phase synthesis was performed on
an automated Tribute™ Peptide Synthesizer (Gyros Protein
Technologies AB, Tucson AZ, USA). Mass spectra were recorded
on an Agilent 1100 LC/MSD system composed of an Agilent
quaternary pump manager G1311A, an Agilent degasser
G1322A, an Agilent autosampler G1313A, a regulated column
enclosure with a column switching G1316A and a mass detec-
tor G1946D.

Synthetic procedures

(2S,5S)-tert-Butyl-1-(2-acetoxyacetyl )-5-allylpyrrolidine-2-carboxy-
late (10). (2S,55)-tert-Butyl-allylpyrrolidine-2-carboxylate 9°7
(3.8 g, 18.0 mmol) was dissolved in CH,Cl, (60 mL) and DIPEA
(6.97 g, 54.0 mmol). The solution was cooled to 0 °C and acet-
oxyacetylchloride (4.91 g, 36.0 mmol) was added dropwise to
the reaction. The brown solution was kept at room temperature
for 1 h. An aqueous solution of NH,Cl was added and the
biphasic mixture was separated. The organic phase was dried
over Na,SO, and evaporated, obtaining a brownish oil (yield =
96%, 5.4 g). "H NMR (400 MHz, CDCl;, 298 K) & 5.80-5.69 (m
1H + 1H'), 5.16-5.04 (m, 2H + 2H'), 4.83 (d, J = 14.4 Hz, 1H'),

Org. Biomol. Chem., 2023, 21, 8584-8592 | 8587
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4.64 (d, J = 14.3 Hz, 1H'), 4.58 (d, J = 14.4 Hz, 1H), 4.41 (d, J =
14.4 Hz, 1H), 4.39-4.28 (m, 1H + 1H') 4.07-3.97 (m 1H + 1H'),
2.64 (m, 1H), 2.46 (m, 1H'), 2.39-1.73 (m, 5H + 5H’), 2173 (s,
3H), 2.171 (s, 3H'), 1.48 (s, 9H), 1.45 (s, 9H); C NMR
(101 MHz, CDCl;, 298 K) 6 170.9 [C + C"], 170.6 [C"], 170.4 [C],
165.9 [C], 165.7 [C], 134.8 [CH], 133.6 [CH’], 118.6 [CH,],
117.5 [CH,], 82.8 [C], 81.4 [C], 61.9 [CH,], 61.7 [CH,'], 60.3
[CH], 60.1 [CH], 58.5 [CH] 57.2 [CH'], 39.3 [CH,'], 36.9 [CH,],
29.6 [CH,] 28.5 [CH,'], 27.9 [CH3'], 27.8 [CH3], 26.3 [CH,'], 25.9
[CH,], 20.60 [CHj'], 20.58 [CH;]; HRMS-ESI' (m/z): [M + H]"
caled for Cy6H,6NO5, 312.18055, found 312.18050; [M + Na]"
caled for C;6H,5sNNaOs, 334.16249, found 334.16227; [2M +
Na]" caled for C3,Hs5oN,NaO, g, 645.33577, found 645.33575.
(2S,5S)-tert-Butyl-1-(2-hydroxyacetyl)-5-allylpyrrolidine-2-carboxy-
late (11). Compound 10 (5.00 g, 16 mmol) was dissolved in 2 M
NH,OH in MeOH (230 mL) and the solution was stirred at
room temperature for 18 h. The solution was evaporated and
extracted with a mixture of H,O/CH,Cl, (20/20 mL). The
organic phase was dried over Na,SO, and evaporated, obtain-
ing compound 11 (yield = 90%, 3.86 g). "H NMR (400 MHz,
CDCl;, 298 K) § 5.81-5.67 (m, 1H + 1H'), 5.16-5.06 (m, 2H +
2H'), 4.41 (d, J = 8.9 Hz, 1H'), 4.33 (td, J; = 8.8 Hz, J, = 2.6 Hz,
1H), 4.25 (s, 2H'), 4.12 (d, J = 8.8 Hz, 1H), 4.03 (d, J = 15.0 Hz,
1H), 3.88 (m, 1H'), 3.87 (d, J = 14.9 Hz, 1H), 3.47 (bs, 1H +
1H'), 2.68 (m, 1H), 2.36-1.78 (m, 5H + 6H’), 1.464 (s, 9H), 1.461
s (9H"); **C NMR (101 MHz, CDCl;, 298 K) selected signals &
170.9 [C + C'], 170.8 [C'], 170.6 [C], 134.6 [CH], 133.4 [CH'],
118.7 [CH,], 117.7 [CH,'], 82.7 [C], 81.6 [C"], 60.63 [CH,], 60.59
[CH,'], 60.4 [CH'], 59.3 [CH], 58.4 [CH], 56.7 [CH], 39.2 [CH,],
36.9 [CH,), 29.3 [CH;], 28.2 [CH,], 27.92 [CH,], 27.87 [CH3],
26.4 [CH,], 25.9 [CH,]; HRMS-ESI" (m/z): [M + H]" caled for
C14H,4,NOy, 270.16998, found 270.16987; [M + Na]" caled for
C14H,3Nna0,, 292.15193, found 292.15173; [2M + Na]' caled
for CpsH,6N,NaOg, 561.31464, found 561.31454.
(3aR,4aS,7R,8aR)-1-Benzyl-8-oxooctahydro-2-oxa-1,7a-diaza-s-
indacene-7-carboxylic acid tert-butyl ester (1). DMSO (4.0 mL,
57.5 mmol) was added very slowly to a stirred solution of
oxalyl chloride (3.56 mL, 42.1 mmol) in CH,Cl, (30 mL) at
—70 °C under a nitrogen atmosphere. After 30 min, a solution
of derivative 10 (3.60 g, 13.4 mmol) in CH,Cl, (70 mL) was
added very slowly in 2 h. The mixture obtained was kept at
—60 °C for 30 min, and then Et;N (15.7 mL, 112.3 mmol) was
added slowly. The reaction mixture was gradually warmed to
0 °C in 20 min and kept at this temperature for 1 h. A phos-
phate buffer solution (NaH,PO,-Na,HPO, 2 x 100 mL) was
added and the organic phase was separated, dried, and evapor-
ated to give a brown oil, which was dissolved in EtOH/H,0 9/1
(200 mL). N-Benzylhydroxylamine hydrochloride (6.40 g,
40.1 mmol) and NaHCO; (4.70 g, 60.2 mmol) were added, and
the mixture was refluxed for 2 h. Ethanol was evaporated, and
the residue was extracted with CH,Cl, (2 x 100 mL). The
organic phase was washed with a saturated aqueous solution
of NH,CI (2 x 100 mL), then dried and evaporated. The oily
residue was treated with Et,O (3 x 10 mL) to give a yellow solid
(vield = 74%, 3.69 g). "H NMR (400 MHz, CDCl;, 298 K) § 7.44
(d, 2H, J = 7.4 Hz), 7.32 (t, 2H, J = 7.4 Hz), 7.25 (t, 1H, J = 7.2
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Hz), 4.87 (d, 1H, J = 14.3), 4.48 (t, 1H, J = 8.6 Hz), 4.16 (t, 1H, J
=7.7 Hz), 3.89 (d, 1H, J = 14.3), 3.78 (tdd, 1H, J = 10.9, 4.8, 3.0
Hz), 3.60 (dd, 1H, J = 8.2, 4.7 Hz), 3.35 (d, 1H, J = 8.2 Hz), 2.98
(m, 1H), 2.41 (dt, 1H, J = 12.8, 7.8 Hz), 2.17 (dt, 1H, J = 12.0,
6.0 Hz), 2.08 (ddd, 1H, J = 12.9, 4.3, 3.3 Hz), 1.84 (m, 1H),
1.67-1.53 (m, 2H), 1.51 (s, 9H); "*C NMR (101 MHz, CDCl;,
298 K) § 171.3 [C], 165.8 [C], 137.8 [C], 129.3 [CH], 128.1 [CH],
127.0 [CH], 81.7 [C], 70.9 [CH,] 64.9 [CH], 62.9 [CH,], 59.0
[CH], 58.8 [CH], 42.3 [CH], 32.7 [CH,], 32.6 [CH,], 28.1 [CH,],
28.0 [CH;]; HRMS-ESI" (m/z): [M + H]" caled for C,yH,oN,0y,
373.21218, found 373.21202; [M + Na]' caled for
C,1H,5N,Na0,, 395.19413, found 395.19397; [2M + Na]' caled
for C4,H56N4NaOg, 767.39904, found 767.39804.
(3R,4R,6S,95)-3-Amino-1-aza-4-hydroxymethyl-2-oxobicyclo
[4.3.0]nonanecarboxylic acid tert-butyl ester (13). A warm
solution (40 °C) of 1 (1.50 g, 4.03 mmol) in MeOH (30 mL) was
added to a suspension of Pd/C 10% (0.80 g, freshly opened) in
MeOH (50 mL) at 40 °C. The mixture was stirred at 70 °C
under an H, atmosphere (bubbling) for 4 h, then filtered
through a Celite® pad, washed thoroughly with warm MeOH
(2 x 20 mL), and evaporated under reduced pressure to give a
brown oil (yield = 90%, 1 g). "H NMR (400 MHz, CD;OD,
298 K) § 4.39 (t, 1H, J = 8.5 Hz), 3.75-3.60 (m, 2H), 3.65 (d, 2H,
J = 6.5 Hz), 2.39 (m, 1H), 2.28 (m, 1H), 2.21 (m, 1H), 2.03 (dt,
1H, J = 13.2, 4.2 Hz), 1.82 (m, 1H), 1.61 (m, 1H), 1.49 (s, 9H),
1.44 (m, 1H); *C NMR (101 MHz, CD;0D, 298 K) § 172.9 (2C),
172.6 (C), 82.9 (C), 63.5 (CH,), 60.5 (CH), 60.2 (CH), 52.6 (CH),
40.4 (CH), 33.5 (CH,), 28.9 (CH,), 28.6 (CH,), 28.2 (CH,);
HRMS-ESI' (m/z): [M + H]" caled for C,4,H,5N,0,, 285.18088,
found 285.18088; [2M + H]" calcd for C,sH4oN,Og, 569.35449,
found 569.35455; [2M + Na]' caled for C,gH,gN,NaOs,
591.33644, found 591.33637.
(3R,4R,6S,9S)-1-Aza-3-tert-butoxycarbonylamino-4-hydroxy-
methyl-2-oxobicyclo[4.3.0]nonanecarboxylic acid tert-butyl
ester (14). BOC,0 (347 mg, 1.60 mmol) was added to a solu-
tion of 13 (300 mg, 1.06 mmol) in THF (20 mL) and the
mixture was stirred for 2 h. The solvent was evaporated, and
the crude product was directly used in the following step.
(quant. yield, 407 mg). '"H NMR (400 MHz, CDCl;, 298 K) &
5.47 (bs, 1H), 4.44-4.38 (m, 2H), 3.79 (m, 1H), 3.59 (bd, 1H,
J = 8.9 Hz), 3.49 (m, 1H), 2.57 (m, 1H), 2.34-2.20 (m, 2H),
2.02 (m, 1H), 1.88 (m, 1H), 1.58 (m, 1H), 1.47 (s, 9H), 1.45
(s, 9H), 1.39-1.21 (m, 1H); *C NMR (101 MHz, CDCl;,
298 K) & 170.8 (C), 167.6 (C), 156.8 (C), 81.7 (C), 80.3 (C),
62.5 (CH,), 59.3 (CH), 56.8 (CH), 51.4 (CH), 38.8 (CH), 32.5
(CH,), 29.3 (CH,), 28.3 (CH;) 27.98 (CH,), 27.95 (CH,);
HRMS-ESI' (m/z): [M + H]" caled for C,4H33N,04, 385.23331,
found 385.23313; [M + Na]' caled for C,oH3,N,NaO,
407.21526, found 407.21518; [2M + Na]® caled for
C33Hg,N,NaO;,, 791.44129, found 791.44067.
(3R,4R,6S,9S)-1-Aza-4-azidomethyl-3-tert-butoxycarbonylamino-
2-oxobicyclo[4.3.0] nonanecarboxylic acid tert-butyl ester (15).
Methanesulfonyl chloride (180 pL, 2.36 mmol) was added to a
stirred solution of compound 14 (454 mg, 1.18 mmol) and
Et;N (660 pL, 4.72 mmol) in dry CH,Cl, (20.0 mL) at 0 °C.
After 30 min, the reaction mixture was extracted with a satu-
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rated aqueous solution of NH,Cl (2 x 10 mL). The organic
phase was separated, dried and evaporated under reduced
pressure. The residue was dissolved in DMF (15 mL) at room
temperature and sodium azide (767 mg, 11.8 mmol) was
added. The reaction mixture was stirred at 60 °C for 3 h. DMF
was evaporated and the crude product was purified by column
chromatography (130 CH,Cl,/0.8 iPrOH) to give an oil (yield =
56%, 268 mg). "H NMR (400 MHz, CDCl;, 298 K) & 5.72 (bs,
1H), 4.50 (t, 1H, J = 6.9 Hz), 4.29 (m, 1H), 3.85 (td, 1H, J = 11.0,
6.6 Hz), 3.41 (dd, 1H, J = 12.2, 3.3 Hz), 3.24 (dd, 1H, J = 12.1,
6.7 Hz), 2.35-2.22 (m, 4H), 1.96 (m, 1H), 1.64 (m, 1H), 1.48 (s,
9H), 1.47 (s, 9H), 1.41 (m, 1H); *C NMR (101 MHz, CDCl;,
298 K) & 170.6 (C), 167.0 (C), 155.8 (C), 81.8 (C), 79.9 (C), 59.3
(CH), 54.7 (CH), 52.6 (CH,), 51.8 (CH), 34.5 (CH), 32.4 (CH,),
31.3 (CH,), 28.3 (CH;), 28.2 (CH,), 28.0 (CH;); HRMS-ESI' (m/
2): [M + H]" caled for C;oH3,N505, 410.23980, found 410.23999;
[M + Na]' caled for C;oH;,N5NaOs, 432.22174, found
432.22186; [2M + Na]' caled for C35Hg,NioNaO;,, 841.45426,
found 841.45406.

(3R,4R,68,9S)-3-Allyloxycarbonylamino-1-aza-4-azidomethyl-
2-oxobicyclo[4.3.0] nonanecarboxylic acid (17). A solution of
compound 15 (234 mg, 0.57 mmol) in trifluoroacetic acid
(5 mL) was stirred at room temperature for 18 h and then evap-
orated to give the amino acid 16 as an amorphous solid (yield
= 90%, 190 mg). "H NMR (300 MHz, CDCl;) selected signals:
4.63 (bt, 1H, J = 8.1 Hz), 4.29 (d, 1H, J = 7.0 Hz), 3.93 (m, 1H),
3.70 (dd, 1H, J; = 13.2 Hz, J, = 5.2 Hz), 3.62 (dd, 1H, J; = 13.3
Hz, ], = 5.2 Hz), 2.86 (m, 1H), 2.59-2.32 (m, 3H), 2.05 (m, 1H),
1.75 (m, 1H), 1.58 (m, 1H).

Alloc,0 (150 pL, 0.9 mmol) was added to a solution of com-
pound 16 (190 mg, 0.75 mmol) in dry tetrahydrofuran (12 mL)
under a nitrogen atmosphere. The resulting mixture was
stirred at 55 °C for 24 h. THF was evaporated, and the crude
product was purified by column chromatography (CH,Cl,/
MeOH/NH; 8/2/0.2-7/3/0.3) to give compound 17 as an amor-
phous solid (yield = 80%, 200 mg). 'H NMR (300 MHz,
CD;0D, 298 K) selected signals 5.94 (ddt, 1H, J; = 17.1 Hz, J, =
10.7 Hz, J; = 5.5 Hz), 5.31 (dd, 1H, J, = 17.1 Hz, J, = 1.2 Hz),
5.18 (d, 1H, J = 10.4 Hz), 4.56 (d, 1H, J = 5.5 Hz), 4.38 (d, 1H, J
= 5.8 Hz), 4.34 (bt, 1H), 3.73 (m, 1H), 3.42 (dd, 1H, J; = 12 Hz,
J» = 6.4 Hz), 3.26 (dd, 1H, J, = 12.0 Hz, J, = 7.0 Hz), 2.47 (m,
1H), 2.34 (m, 1H), 2.17-2.01 (m, 2H), 1.84 (m, 1H), 1.53 (m,
1H), 1.42 (m, 1H); "*C NMR (76 MHz, CD;0D, 298 K) § 166.0
[C], 159.8 [C], 124.7 [CH], 108.2 [CH,], 57.3 [CH,], 50.8 [CH],
50.3 [CH], 44.0 [CH,], 43.0 [CH], 29.2 [CH], 23.8 [CH,], 19.9
[CH,], 19.4 [CH;]; HRMS-ESI™ (m/z): [M — H] caled for
C14H;gN505, 336.13080, found 336.13079.

Homogeneous synthesis of DA364

Sulfo-Cy5.5-COOH (3.038 g, 2.849 mmol) was dissolved in dry
DMF (150 mL) and N-methylmorpholine (1.25 mL, 11.4 mmol)
was added. The mixture was stirred for 30 min and then a solu-
tion of TBTU (1.83 g, 5.70 mmol) in dry DMF (50 mL) was
added. After 30 min, a solution of compound 7 (2.12 g,
2.59 mmol), obtained by quantitative hydrogenation of 6, in
dry DMF (120 mL) was added dropwise. After 16 h, the DMF
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was evaporated under vacuum and the crude product was
stirred with a mixture of trifluoroacetic acid/thioanisole/1,2-
ethanedithiol/anisole (90/5/3/2 v/v, 200 mL) for 2 h to achieve
complete deprotection. The reaction mixture was evaporated,
and the crude was dissolved in water (100 mL) and washed
with diisopropylether (2 x 50 mL). The aqueous phase was
evaporated obtaining a blue solid which was dissolved in
20 mM TRIS (pH 7.5, 2.8 L). This solution was divided into
three portions and each portion was loaded on a Capto Q ion
exchange chromatography resin (860 mL) previously equili-
brated with 20 mM TRIS (pH 7.5). After loading, the column
was eluted with 20 mM TRIS (pH 7.5, 4.3 L, 20 mL min™")
eliminating in this way the non-anionic impurities and all the
scavenger agents. Compound DA364 was eluted and recovered
by adding in the eluent 1 M NaCl up to 80%. Fractions with
similar HPLC purity were combined and desalted through
passage on SPE C18 cartridges, eluting DA364 with a mixture
of water and acetonitrile. The solution was concentrated under
vacuum, and the crude was dissolved in 0.8% ammonium
acetate buffer and purified by preparative HPLC on a
YMC-Triart Phenyl column with a linear gradient, from 0 to
95%, of acetonitrile in 0.8% ammonium acetate buffer to give
DA364 as an ammonium salt (yield = 36%, starting from azide
6, 1.04 g; HPLC purity = 99.7% at 675 nm; tr = 14.7 min). 'H
NMR (600 MHz, DMSO-dg) 6 12.27 (bs, 1H), 9.02 (t, J = 9.5 Hz,
2H), 8.97 (d, J = 7.9 Hz, 1H), 8.49-8.44 (m, 4H), 8.23 (dd, J =
8.8, 1.5 Hz, 2H), 7.93 (d, J = 9.3 Hz, 1H), 7.78 (dd, J = 11.2, 9.4
Hz, 2H), 7.62 (t, J = 5.8 Hz, 1H), 7.50 (t, J = 5.9 Hz, 1H), 7.45 (d,
J = 8.7 Hz, 1H), 7.18 (d, J = 4.9 Hz, 1H), 6.66 (t, J = 12.2 Hz,

H), 6.39 (dd, J = 14.1, 4.8 Hz, 2H), 4.46 (q, J = 7.4 Hz, 1H),
4.35-4.23 (m, 5H), 4.10 (dd, J = 8.1, 5.0 Hz, 1H), 4.02-3.98 (m
2H), 3.65 (m, 1H), 3.25 (d, J = 13.0 Hz, 1H), 3.08 (m, 2H),
2.91-2.87 (m, 1H), 2.87 (d, J = 7.8 Hz, 1H), 2.74 (m, 1H), 2.48
(dd, J = 16.7, 6.7 Hz, 4H), 2.29 (m, 1H), 2.13-2.08 (m, 1H),
2.05-1.94 (m, 15H), 1.78 (quint, J = 7.4 Hz, 2H), 1.62 (m, 1H),
1.52 (m, 2H), 1.42 (m, 2H), 1.36 (t, J = 7.2 Hz, 3H), 1.32 (d, J =
7.0 Hz, 2H), 1.21 (m, 1H), 0.96 (m, 1H); >C NMR (151 MHz,
DMSO-d¢) 6 174.16 [C], 173.79 [C], 173.27 [C], 172.62 [C],
172.49 [C], 171.42 [C], 171.29 [C], 169.54 [C], 169.16 [C], 157.13
[C], 153.75 [CH], 153.60 [CH], 146.14 [C], 145.79 [C], 145.76 [C],
145.69 [C], 140.51 [C], 139.81 [C], 134.10 [C], 133.87 [C], 130.21
[CH], 129.99 [CH], 128.03 [C], 128.00 [C], 127.34 [C], 127.16 [C],
125.96 [CH], 122.02 [CH], 119.65 [CH], 119.44 [CH], 118.73 [C],
116.74 [C], 112.32 [CH], 111.73 [CH], 103.34 [CH], 102.98 [CH],
62.28 [CH], 55.15 [CH], 53.27 [CH], 51.32[CH], 51.22[CH],
51.16 [C], 50.59 [C], 44.04 [CH,], 43.48 [CH,], 40.89 [CH,],
40.44 [CH,), 39.29 [CH,], 36.32 [CH], 35.37 [CH,], 34.11 [CH,],
33.17 [CH,], 33.09 [CH,], 29.90 [CH,], 27.96 [CH,], 27.52 [CH;],
27.51 [CH;), 27.46 [CH,], 27.42 [CH3], 25.90 [CH,], 25.81 [CH.),
25.44 [CH,], 12.92 [CH;].; HRMS-ESI* (m/z): [M + 2H]*" caled
718.71925, found 718.71883; [M + H + Na]*" caled 729.71026,
found 729.71032; [M + H]" caled for Cg3H;5N;11050S4
1436.43074, found 1436.43152; [M + Na]" caled for
Ce3H,,N;1Na0,0S, 1458.41269, found 1458.40595; HRMS-ESI~
(m/z): [M — 2H]*" caled 716.70635, found 716.70593; [M — H]
calcd for CggH76N110,0S, 1434.41509, found 1434.42144.
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Solid phase synthesis of 21

Fmoc-Asp(Wang resin)-OAll (Novabiochem®) was used in the
whole study (1.0 g, loading capacity: 0.469 mmol g~' and
active capacity: 0.469 mmol). All steps were performed in DMF
with a reactor of 40 mL. The resin was covered with 10 mL of
DMF and swelled under agitation (vortex and nitrogen bub-
bling) for ten minutes. This operation was repeated three more
times. The first step consisted of the Fmoc deprotection with
10 mL of a piperidine/DMF 1:4 (v/v) solution for 30 s. Then,
the resin was washed three times with DMF. Next, Fmoc-Gly-
OH (1394.3 mg, 4.69 mmol, 10 eq.) was activated with Oxyma
Pure (667.0 mg, 4.69 mmol) and DIC (6.61 mL, 4.69 mmol) in
DMF (8 mL) solution for 10 min before being added on the
resin. The coupling reaction lasted for 4 h. Capping with acetic
anhydride (6.64 mL, 70.4 mmol, 150 eq.) solution in DMF
(8 mL) was performed for 5 min. The resin was filtered again
and washed with DMF. Then Fmoc deprotection was per-
formed with 10 mL of a piperidine/DMF 1:4 (v/v) solution for
30 s. After that, Fmoc-Arg(Pbf)-OH (3042.9 mg, 4.69 mmol)
was coupled by following the same procedure described above.
At the end of the reaction, the medium was filtered and
washed with DMF. At the end of the synthesis, the resin 20 was
washed extensively with DMF and methanol and dried under
nitrogen flow for 15 min.

Resin 20 (953 mg) was Fmoc deprotected with 10 mL of a
piperidine/DMF 1:4 (v/v) solution for 30 s, then washed and
swelled in DMF (8 mL x 10 min x 4). In a round bottom flask,
17 (96.5 mg, 286 umol, 98 eq.) was solubilized in DMF and the
carboxylic function was activated with COMU (119.9 mg,
280 pmol) and DIPEA (149.5 pL, 858 umol) before being added
to deprotected resin 20. The mixture was agitated by vortexing
under a nitrogen atmosphere for 20 h. The resin was filtered
and washed by stirring (30 s) with DMF (3 mL). Then, DMF
was filtered, and the washing procedure was repeated four
times. At the end, the resin 21 was washed extensively with
DMF and methanol and dried under nitrogen flow for 15 min.

Solid phase synthesis of 22

The resin 21 was swelled in dichloromethane (10 mL) and
then, under an argon atmosphere, phenylsilane (853 pL,
6.91 mmol, 25 eq.) was added. After 3 min, a solution of Pd
(PPhj), (127 mg, 110 pmol) in dichloromethane (4 mL) was
added. After 40 min, the resin was washed subsequently with
dichloromethane (4 x 4 mL x 30 s), with a solution of dioxane/
H,0 9:1 (v/v) (4 mL x 1 min), DMF (4 mL x 2 min) and again
with dichloromethane (2 x 4 mL x 2 min). The whole process,
including the washing steps, was repeated a second time with
a fresh solution of Pd(PPh;),. The resin (861 mg) was swelled
in DMF (10 mL), a PyAOP solution (201.8 mg, 387 pmol, 1.5
eq.) in DMF was added to the resin, and then DIPEA (135 pL,
774 umol, 3 eq.) was added. The cyclization was performed
under agitation with vortexing and nitrogen bubbling. After
20 h, the solution was filtered and DMF (3 mL) was added.
The medium was stirred for 30 s and then DMF was filtered.
This washing step was repeated four additional times.
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Solid phase synthesis of 23

The resin 22 (100 mg) was swelled in THF (10 mL), and PPh;
(78.7 mg, 30 umol) and H,O (27.0 pL, 150 pmol) were added.
The mixture was agitated at 60 °C for 20 min. Upon com-
pletion of the reaction, the resin was washed with 1% Et;N in
dichloromethane (3 x 5 mL x 2 min) and with Et,O (2 x 5 mL x
2 min). The expected resin 23 was then used without further
purification.

On bead fluorophore final coupling

The resin 23 (82 mg) was swelled in DMF (4 x 1 mL x 10 min).
Sulfo-Cy5.5-COOH was activated with COMU (10.4 mg,
24.3 pmol, 0.98 eq.) and DIPEA (12.9 pL, 49.6 pmol, 2 eq.) in
DMF for 3 min before being added to the resin. After 20 h of
reaction, the resin was filtered and washed thoroughly with
DMF (4 x 3 mL).

Peptide cleavage

The resin was dried beforehand under vacuum for 30 min.
Then, a freshly prepared scavenger cocktail solution (10 mL) of
trifluoroacetic acid/triisopropylsilane/water 95:2.5:2.5 (v/v/v)
was added to the resin. The mixture was stirred at room temp-
erature for 3 h. The reaction mixture was filtered, and the blue
solution was diluted with excess diethyl ether. The resulting
blue crude solid was washed twice with diethyl ether (2 x
10 mL) and then centrifuged. The supernatant was removed
each time, and the solid was finally dried on a rotary evapor-
ator in order to remove the last traces of solvent.

DA364 purification

The crude DA364 obtained was purified by semi-preparative
RP-HPLC by elution at room temperature on a Luna C18 semi-
preparative LC column (Phenomenex Inc., pore size: 100 A and
particle size: 5 pm, 250 x 10 mm), with a linear gradient, from
2 to 40%, of acetonitrile containing 0.1% TFA/water over
40 min at a flow rate of 5.0 mL min~". The collected fractions
were analysed by analytical HPLC-UV and mass spectrometry.
Fractions of interest were combined and acetonitrile was evap-
orated. The resulting solution was dynamically frozen with a
mechanical stirrer in a 2-propanol bath at —35 °C. The product
was then lyophilized for 12 h and was recovered as a blue
powder (54 mg, 8% yield).

Conclusions

In summary, we successfully improved the overall yield of
DA364 by 50% by performing the conjugation of sulfo-Cy5.5-
COOH on the protected peptidomimetic 7. This simplified the
chromatographic purification by reducing time and amounts
of solvents. With the synthesis of the new key building block
17, we easily obtained DA364 with an automated Fmoc SPPS
strategy in an 8% overall yield and demonstrated the possi-
bility of performing the cyclization and the conjugation reac-
tions on the resin.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ob01206a

Open Access Article. Published on 12 October 2023. Downloaded on 5/23/2026 4:08:00 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

These results allow the synthesis of larger amounts of
DA364 and reduction of the time and cost of the preparation
of a single batch. Thus, we were able to obtain enough
material to support a preclinical study, in which DA364 was
employed as a fluorescent probe in the guided surgical resec-
tion of tumours in dogs.
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