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Abstract

The combination of positron emission tomography (PET)/photoacoustic imaging
(PAD)/fluorescence imaging (FLI) for diagnosis allows to exploit the strengths and overcome
the weaknesses of each modality. In this context, dyes displaying photophysical properties for
both fluorescence and photoacoustic imaging in the near infra-red (NIR) window are ideal to
maximize their signal-to-noise ratio. Herein, were synthetized a series of new meso-O-alkyl
cyanine-7 derivatives, and the derivative bearing an azide was coupled to a highly
functionalized C-glycosyl platform resulting in an imaging probe which exhibited both high
molar absorptivity and fluorescence quantum yield (>15%), excellent characteristics for FLI
and for PAI. Successfully radiolabeled with fluorine-18 via a [**F]F-C bond, this probe
additionally allowed PET imaging. Altogether, these results revealed the multimodal
PET/PAI/FLI imaging potential of this probe based on meso-O-alkyl heptamethine cyanine.
Moreover, a late-stage CuAAC coupling with two model peptides c(RGDfK) was
successfully performed to demonstrate the feasibility and the versatility of the vector
conjugation step, foreshadowing of the expected targeting possibilities of this original

platform for efficient disease diagnosis by multimodal imaging.
Keyword: Meso-O-alkyl cyanine-7, Fluorescence, Photoacoustic, PET, Multimodal imaging

1. Introduction
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The combination of positron emission tomography (PET)/photoacoustic imaging
(PAI)/fluorescence imaging (FLI) for diagnosis allows to exploit the strengths and overcome
the weaknesses of each modality in terms of spatial resolution, detection sensitivity and
penetrability. PET is an imaging modality that utilizes radionuclide detection, and thus
requires a radioisotope. Fluorine-18 is an ideal isotope for PET imaging due to the [®F]F-C
covalent bond formation, its high molar activity and its suitable half-life (t;, = 109.8 min) for
permitting further chemical functionalization with vectors, ideally those with fast
biodistribution such as peptides.[1] This technique provides a high detection sensitivity (sub-
nanomolar range) without depth limitation, but has limited spatial resolution (1 to 5 mm
depending on the scanner).[2] FLI and PAI are two widely used and rapidly evolving optical
techniques for diagnosis and preclinical development that both take advantage of competitive
relaxation pathways occurring in a single photoactive dye, emissive and non-radiative
relaxation respectively. Thus, the lower the fluorescence quantum vyield, the higher the
photothermal conversion in PAI. FLI is a well-established technique that provides high spatial
resolution of tens of nm and detection sensitivity in the nanomolar range. However, achieving
high-contrast imaging in vivo is challenging due to the scattering and reabsorption of
excitation and emission light, as well as interferences with intrinsic tissue fluorescence; these
physical hurdles therefore limit the depth of light penetration and the sensitivity due to low
signal-to-noise  ratio.[3] To overcome these limitations, fluorophores with an
absorption/emission range in the NIR spectral window are commonly used and permit an
enhanced signal-to-noise ratio. Far reaching beyond imaging applications, FLI is also a key
technique for precise imaging-guided surgery.[4] On the other hand, PAI is a fast, inexpensive
and non-ionizing technique that has a sensitivity in the tens of nanomolar.[5,6] While PAI is
limited to the field of view of an organ, it is gaining popularity in preclinical development due
to its low scattering and deep penetrability of the signal, together with an optical spatial
resolution down to tens of microns, thus making it relevant for in vivo explorations.[7]
Altogether, combination of these three modalities will grant a well-balanced and realistic
diagnosis approach with high potential for future clinical translation using: 1) PET imaging
for a whole-body diagnosis, 2) PAI for a more localized organ imaging with enhanced
resolution and 3) FLI for both fluorescent-guided surgery and ex vivo histopathology.

Thus, a challenging goal in this research field is the design of photoactive dyes displaying
appropriate photophysical properties for concomitant use in both FLI and PAI. This dye must
display a fluorescence quantum yield and brightness sufficient for detecting their fluorescence

emission in the NIR by FLI, while simultaneously promoting thermal relaxation from the
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excited state via non-radiative pathways, for an intense PA signal. Among fluorescent dyes,
cyanines have found extensive use in imaging applications.[8] Heptamethine cyanine
(cyanine-7, Cy7) derivatives are particularly attractive for biomedical use due to their
excellent biodegradability and biocompatibility. Moreover, their fluorescence excitation and
emission in the NIR-I window, and high brightness resulting from their high molar extinction
coefficient [9] makes them well-suited for imaging with high resolution and signal-to-noise
ratio during in vivo FLI and PAL.[7] This stronger absorption coefficient (¢ > 200k) in the NIR
region makes cyanines-7 more appealing for optical imaging than other dyes such as
BODIPYs or rhodamines. Their photophysical characteristics and their stability can be
modulated by modifying the heteroatom linked to the meso-position of Cy7 dyes.[9-11]
Meso-O-alkyl Cy7 derivatives, scarcely described in the literature,[12-16] indeed demonstrate
superior stability when compared to their -N-alkyl, -S-alkyl, or -O-aryl counterparts.[10,12]
Overall, Cy7 display the appropriate photophysical balance for performing in both FLI and
PAI using a single entity.

For such multimodal imaging, a major breakthrough in the field is the design of
monomolecular imaging agents, which enable the use of complementary molecular imaging
modalities with a single biodistribution profile.[17] While the monomolecular approaches for
the combination of either PET/FLI or PAI/FLI are well-established,[18,19] monomolecular
central cores that are competent in these three complementary imaging modalities
(PET/PAI/FLI) are scarce. To the best of our knowledge, only one example of a
monomolecular multimodal imaging agent that combined PET/PAI/FLI modalities is
described.[20] Going further toward functionalization of a monomolecular imaging agent
bearing a fluorescent/photoacoustic dye and a radioisotope, with an appropriate biological
vector for targeting remains a synthetical challenge. Yet, to successfully achieve it, we have
recently proved the advantage of a C-glycosyl platform that offers multifunctionalities for
selective introduction of the different entities at specific positions.[21,22]

In this study, we present a synthetic strategy for obtaining a multimodal PET/PAI/FLI
imaging probe based on a monomolecular approach. To achieve this, we first extended the
elegant N- to O-transposition reaction developed by Schnermann et al. to access novel meso-
O-alkyl cyanine derivatives for achieving both high stability and appropriate photophysical
properties for PAI and FLI. The meso-O-alkyl cyanine derivatives were designed with
functional groups for further straightforward conjugation, notably to a highly functionalized
C-glycosyl platform.[21,22] **F-radiolabelling by [*®F]F-C bond formation was successfully
performed, leading to a multimodal imaging probe. Finally, we proved the possibility to
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introduce bioactive vectors, notably RGD peptide derivatives that are typically used as model
for targeting a,Ps integrins, to afford a unique multimodal conjugate which fluorescent and
photoacoustic properties were fully evaluated.

2. Experimental section
2.1. General information
This section is summarized in the ESI. Compounds 1[12], 14 to 24[21,23], and 29[21] were
prepared according to previously described methods (see ESI). Physico-chemical

characterization of meso-N-alkyl derivatives are described in the ESI.

2.2. General N- to O- transposition procedure

To a solution of electrophile carboxylic acid (0.36 mmol, 4.0 eq.) and DIPEA (15 pL, 0.09
mmol, 1.0 eq.) in freshly distilled dichloromethane (3.5 mL) was added EDC (69 mg, 0.36
mmol, 4.0 eq.) at room temperature under inert atmosphere. The solution was stirred for 10
min, then compound 1 (65 mg, 0.09 mmol) was added. The reaction was heated to 40 °C in a
sealed tube for 18 hours, until the mixture’s color changed from dark blue to green. The
reaction mixture was quenched with brine (10 mL), extracted with dichloromethane (2x10
mL), and dried over MgSO,. The solvent was removed under vacuum and the green residue
was purified by silica gel chromatography (0 to 5% MeOH/DCM) affording meso-O-alkyl
(green solid) and meso-N-alkyl (blue solid) cyanine derivatives.

2.2.1 Compound 2. Yield: 72%; green solid; Mp = 97°C. 'H NMR (400 MHz, CDCls)
compound exists as a mixture of two rotamers, major rotamer is designated by * and minor by
8§ 1.05 (t, 6H, J45 = 7.5 Hz, H-5), 1.37-1.45 (m, 2H, H-13), 1.55-1.67 (m, 4H, H-12, H-14),
1.69 (s, 12H, CH3), 1.84-1.94 (m, 6H, H-7, H-4), 2.12 (app qt, 2H, Jog = Jo.10 = 6.5 Hz, H-9),
2.30-2.42 (m, 2H, H-11), 2.57 (bt, 4H, J = 6.0 Hz, H-6), 3.02 (s, 3H, N-CH5?), 3.11 (s, 3H, N-
CH3"), 3.25 (t, 2H, J = 7.0 Hz, H-15), 3.64 (t, 2H, J = 7.5 Hz, H-10%), 3.69 (t, 2H, J = 7.5 Hz,
H-10%), 3.99-4.08 (m, 6H, H-8", H-3), 4.11 (t, 2H, J = 7.2 Hz, H-8%), 6.00 (d, 2H, J = 13.5
Hz, H-1"*, H-7°%), 6.03 (d, 2H, J = 13.5 Hz, H-1"%, H-7°%), 7.09 (d, 2H, J = 7.5 Hz, HAT), 7.20
(t, 2H, J = 7.5 Hz, HAr), 7.32-7.40 (m, 4H, HAr), 8.00 (d, 2H, J = 13.5 Hz, H-2"%, H-6"%),
8.04 (d, 2H, J = 13.5 Hz, H-2"", H-6"). **C NMR (100.6 MHz, CDCls): 5 11.8 (2C-5), 20.8
(2C-4), 21.1 (C-7), 24.6 (C-12%), 24.7 (C-12), 24.8 (2C-6), 26.6 (C-13%), 26.7 (C-13%), 28.5
(4CH3"), 28.6 (4CH5%), 28.8 (C-9%), 28.9 (C-9°), 29.0 (C-14), 33.4 (C-11), 33.8 (N-CH5’), 36.2
(N-CH3"), 45.1 (C-10%), 46.0 (2C-3), 46.1 (C-10°%), 49.0 (2C-2°%), 49.1 (2C-2"), 51.3 (C-15°),



136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167

51.4 (C-15%), 75.0 (C-8%), 76.0 (C-8%), 99.5 (C-1°* and C-7°%), 99.8 (C-1°° and C-7°°), 110.6
(2CAr*), 110.7 (2CArY), 122.3 (2CAr°), 122.4 (2CAr"), 123.4 (C-3’* and C-5°%), 123.5 (C-3"°
and C-5%), 125.0 (2CAr*), 125.0 (2CAr°), 128.8 (2CAr"), 128.9 (2CAr®), 140.6 (C-2>° and C-
6°%), 140.8 (C-2”* and C-6), 141.0 (2CgAr), 1425 (2CqAr), 170.9 (C-4"°), 171.4 (C-47),
171.5 (2C-1°), 171.5 (2C-1%), 172.7 (C=0%), 173.0 (C=0%). HRMS (ESI): [M*] calcd for
[CasHes3Ns02"] 731.5007, found 731.5002. IR (b (cm™)): 2964, 2928, 2872, 2092, 1726, 1639,
1554, 1508, 1452, 1431, 1394, 13667, 1274, 1259, 1165, 929.

2.2.2. Compound 4. Yield: 76%; green viscous oil; *H NMR (400 MHz, CDCls) compound
exists as a mixture of two rotamers, major rotamer is designated by * and minor by °: § 1.03
(t, 6H, J45 = 7.5 Hz, H-5), 1.57-1.68 (m, 4H, H-12, H-13), 1.68 (s, 12H, CH3), 1.81-1.92 (m,
6H, H-7, H-4), 2.19 (app qt, 2H, Jog = Jo10 = 6.5 Hz, H-9), 2.36 (t, 2H, J = 7.0 Hz, H-117),
2.43 (t, 2H, J = 7.0 Hz, H-11°), 2.55 (bt, 4H, J = 6.0 Hz, H-6), 3.01 (s, 3H, N-CH5°), 3.11 (s,
3H, N-CH5%), 3.27 (t, 2H, J = 7.0 Hz, H-14), 3.63 (t, 2H, J = 7.5 Hz, H-10%), 3.67 (t, 2H, J =
7.5 Hz, H-10%), 3.98-4.06 (m, 6H, H-8", H-3), 4.10 (t, 2H, J = 7.2 Hz, H-8%), 5.98 (d, 2H, J =
13.5 Hz, H-1°*, H-7°%), 6.01 (d, 2H, J = 13.5 Hz, H-1°°, H-7"%), 7.09 (d, 2H, J = 7.5 Hz, HAr),
7.19 (t, 2H, J = 7.5 Hz, HAr), 7.30-7.40 (m, 4H, HAr), 8.00 (d, 2H, J = 13.5 Hz, H-2"°, H-
6°°), 8.03 (d, 2H, J = 13.5 Hz, H-2"", H-6""). *C NMR (100.6 MHz, CDCls): & 11.7 (2C-5),
20.7 (2C-4), 21.0 (C-7), 22.2 (C-12), 24.7 (2C-6), 28.4 (ACH3"), 28.5 (4CH3"), 28.6 (C-13),
29.0 (C-9), 32.9 (C-11), 33.7 (N-CHs°), 36.2 (N-CHs"), 45.1 (C-10%), 45.9 (2C-3), 47.0 (C-
10%), 48.9 (2C-2°), 49.0 (2C-2%), 51.1 (C-14%), 51.3 (C-14%), 75.9 (C-8°), 75.9 (C-8"), 99.4 (C-
1"* and C-7°%), 99.7 (C-1°° and C-7°%), 110.5 (2CAr*), 110.6 (2CAr°), 122.3 (2CAr), 122.4
(2CAr*), 123.3 (C-3>* and C-5°%), 123.4 (C-3’° and C-5°%), 124.9 (2CAr"), 125.0 (2CArd),
128.7 (2CAr*), 128.8 (2CAr°), 140.6 (C-2’° and C-6°), 140.7 (C-2"* and C-6’"), 141.0
(2CgAr), 142.4 (2CgAr), 171.3 (C-4°%), 171.4 (C-4’%), 1715 (2C-1), 172.6 (C=0). HRMS
(ESI): [M™] calcd for [CasHeiNgO2'] 717.4851, found 717.4856. IR (b (cm™)): 2919.83,
2090.50, 1554.10, 1505.68, 1365.84, 1247.99, 1150.00, 1038.94, 920.04, 793.81, 511.76.
2.2.3. Compound 6. Yield: 79%:; green solid; Mp = 90°C. 'H NMR (400 MHz, CDsCN)
compound exists as a mixture of two rotamers, major rotamer is designated by * and minor by
%5 1.00 (t, 6H, J45 = 7.5 Hz, H-5), 1.60-1.71 (m, 2H, H-12), 1.67 (s, 12H, CHs), 1.76-1.87
(m, 6H, H-7, H-4), 2.02-2.10 (m, 2H, H-13),2.17 (app qt, 2H, Jgg = Jo.10 = 7.0 Hz, H-9%), 2.21
(app qt, 2H, Jog = Jo10 = 7.0 Hz, H-9%), 2.29 (t, 2H, Ji11, = 7.5 Hz, H-11%), 2.38 (t, 2H, Ji1.1»
= 7.5 Hz, H-11"), 2.56-2.63 (m, 4H, H-6), 2.94 (s, 3H, N-CH5’), 3.02 (s, 3H, N-CH3"), 3.57
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(t, 2H,H-10%), 3.62 (t, 2H, H-10°), 3.98-4.06 (m, 6H, H-8, H-3), 4.89-5.02 (m, 2H, H-15),
5.76-5.87 (m, 1H, H-14), 6.09 (d, 2H, J = 14.0 Hz, H-1"*, H-7°%), 6.10 (d, 2H, J = 14.0 Hz, H-
1°°, H-7°%), 7.20-7.27 (m, 4H, HAr), 7.38 (t, 2H, J = 7.5 Hz, HAr), 7.46 (d, 2H, J = 7.5 Hz,
HAr), 8.07 (bd, 2H, J = 14.0 Hz, H-2""°, H-6""?). 1*C NMR (100.6 MHz, CDsCN): & 11.6
(2C-5), 21.3 (2C-4), 22.0 (C-7), 25.0 (2C-12"), 25.2 (2C-6), 25.4 (2C-12°), 28.5 (4CHs), 29.7
(C-9%), 30.6 (C-9°), 32.8 (C-11"), 33.1 (C-117), 33.6 (N-CH3°), 34.0 (C-13%), 34.0 (C-13?),
35.9 (N-CH3"), 45.3 (C-10%), 46.3 (2C-3), 47.5 (C-10°), 49.9 (2C-2°), 49.9 (2C-2"), 75.8 (C-
8%, 76.8 (C-8"), 100.3 (C-1°* and C-7°%), 100.4 (C-1°° and C-7°°), 111.8 (2CAr"), 111.9
(2CAr), 115.3 (C-15%), 115.4 (C-15°%), 123.2 (2CAr), 123.7 (C-3’° and C-5°%), 123.7 (C-3""
and C-5""), 125.0 (2CAr"), 125.1 (2CAr®), 129.5 (2CAr), 139.5 (C-14°), 139.6 (C-14%), 141.5
(C-2°° and C-6°°), 141.7 (C-2>* and C-6’%), 142.0 (2CgAr), 143.7 (2CgAr), 171.3 (C-4%),
171.7 (C-4’"), 172.8 (2C-1), 173.0 (C=0°), 173.4 (C=0%). HRMS (ESI): [M'] calcd for
[CasHe2N30,"] 688.4837, found 688.4832. IR (b (cm-1)): 3406, 2965, 2927, 1637, 1556,
1508, 1452, 1396, 1369, 1251, 1165, 1091, 1047, 1001, 929.

2.2.4. Compound 8. Yield: 50%:; green solid; Mp = 74°C. *H NMR (400 MHz, CDCls)
compound exists as a mixture of two rotamers, major rotamer is designated by * and minor by
% §1.01 (t, 6H, J45 = 7.5 Hz, H-5), 1.66 (s, 12H, CH3), 1.75-1.90 (m, 9H, H-12, H-7, H-4, H-
15), 2.17 (app qt, 2H, Jo s = Jo.10 = 6.5 Hz, H-9), 2.23 (td, 2H, Ji312 = 7.5 Hz, Ji315 = 2.5 Hz,
H-13), 2.43 (t, 2H, Ji112 = 7.5 Hz, H-11%), 2.51 (t, 2H, J1112 = 7.5 Hz, H-11°%), 2.54 (bt, 4H,
J6.7 = 6.0 Hz, H-6), 3.00 (s, 3H, N-CH3?), 3.10 (s, 3H, N-CHs"), 3.61 (t, 2H, Jiog = 7.5 Hz, H-
10%), 3.67 (t, 2H, Jio9 = 7.5 Hz, H-10%), 3.99-4.06 (m, 2H, H-8), 4.01 (t, 4H, J,3 = 7.5 Hz, H-
3), 5.96 (d, 2H, J = 14.0 Hz, H-1°*, H-7°%), 5.99 (d, 2H, J = 14.0 Hz, H-1°°, H-7°%), 7.08 (d,
2H, J = 7.5 Hz, HAr), 7.17 (t, 2H, J = 7.5 Hz, HAr), 7.29-7.36 (m, 4H, HAr), 7.98 (d, 2H, J =
14.0 Hz, H-2°°, H-6%), 8.01 (d, 2H, J = 14.0 Hz, H-2"", H-6’"). *C NMR (100.6 MHz,
CDCls): § 11.7 (2C-5), 17.9 (C-13°), 18.0 (C-13"), 20.7 (2C-4), 20.9 (C-7), 23.7 (C-12°), 24.0
(C-12"), 24.6 (2C-6), 28.4 (4CHs"), 28.4 (ACH3"), 28.9 (C-9), 31.8 (C-11%), 32.8 (C-11%), 33.7
(N-CH3%), 36.0 (N-CH3"), 45.0 (C-10%), 45.9 (2C-3), 46.0 (C-10°), 48.9 (2C-2°), 48.9 (2C-2%),
69.0 (C-15"), 69.1 (C-15%), 74.9 (C-8%), 75.8 (C-8"), 83.5 (C-14°), 83.8 (C-14"), 99.3 (C-1"*
and C-7°%), 99.6 (C-1"° and C-7°%), 110.5 (2CAr’), 110.6 (2CAr°), 122.2 (2CAr°), 122.3
(2CAr*), 123.2 (C-3>* and C-5°%), 123.3 (C-3’° and C-5°%), 124.8 (2CAr"), 124.9 (2CAr),
128.7 (2CAr"), 128.8 (2CAr’), 140.5 (C-2°° and C-6°), 140.6 (C-2* and C-6’"), 140.9
(2CgAr), 142.3 (2CqAr), 170.7 (C-4°), 171.3 (C-4"), 171.3 (2C-1°), 171.4 (2C-1%), 172.3
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(C=0% 175.4 (C=0°. HRMS (ESI): [M*] calcd for [CssHeoN30,"] 686.4680, found
686.4708. IR (D (cm™)): 2962, 2924, 2872, 2183, 1734, 1647, 1554, 1450, 1363, 1275, 995.

2.2.5. Compound 10. Yield: 39%:; green viscous oil; *H NMR (400 MHz, CDCls) compound
exists as a mixture of two rotamers, major rotamer is designated by * and minor by °: & 1.06
(t, 6H, J45 = 7.5 Hz, H-5), 1.71 (s, 12H, CHa), 1.85-1.95 (m, 6H, H-7, H-4), 1.94 (t, 1H, J1413
= 2.5 Hz, H-14), 2.22 (app qt, 2H, Jog = Jg.10 = 7.0 Hz, H-9%), 2.26 (app qt, 2H, Jog = Jg10 =
7.0 Hz, H-9%), 2.49-2.54 (m, 2H, H-12), 2.56-2.67 (m, 6H, H-11, H-6), 3.06 (s, 3H, N-CH3°),
3.14 (s, 3H, N-CH5"), 3.67 (t, 2H, Jioo = 7.5 Hz, H-10%), 3.69 (t, 2H, Ji0g = 7.5 Hz, H-10°),
4.02-4.15 (m, 6H, H-8, H-3), 6.02 (d, 2H, J = 14.0 Hz, H-1"*, H-7"), 6.07 (d, 2H, J = 14.0
Hz, H-1°°, H-7°%), 7.09 (d, 2H, J = 7.5 Hz, HAr), 7.21 (t, 2H, J = 7.5 Hz, HAr), 7.33-7.40 (m,
4H, HAr), 8.02 (d, 2H, J = 14.0 Hz, H-2"°, H-6°%), 8.05 (d, 2H, J = 14.0 Hz, H-2"", H-6""). *°C
NMR (100.6 MHz, CDCls): & 11.8 (2C-5*), 14.6 (C-12%), 14.8 (C-12°%), 20.9 (2C-4), 21.1 (C-
7), 24.8 (2C-6), 28.5 (4CH3), 28.6 (C-9%), 29.1 (C-9°), 32.6 (C-11), 33.9 (N-CHs°), 36.1 (N-
CH3"), 45.3 (C-10%), 46.1 (2C-3), 46.2 (C-10°), 49.1 (2C-2°), 49.1 (2C-2), 68.8 (C-14), 76.0
(C-8), 83.7 (C-13), 99.7 (C-1"* and C-7°%), 100.0 (C-1°° and C-7°%), 110.6 (2CAr*), 110.7
(2CArP), 122.4 (2CAr°), 1225 (2CAr*), 123.7 (C-3’* and C-5>%), 123.8 (C-3’° and C-5%),
125.0 (2CAr’), 125.1 (2CAr°), 128.8 (2CAr’), 128.9 (2CAr°), 140.6 (C-2’° and C-6%), 140.9
(C-2>* and C-6"*), 141.1 (2CgAr), 142.6 (2CgAr), 170.6 (C-4°°), 171.1 (C-4>*), 171.4 (2C-1%),
171.5 (2C-1%), 171.5 (C=0). HRMS (ESI): [M*] calcd for [C4sHssN3O,"] 672.4524, found
672.4499. IR (b (cm™)): 2964, 2920, 2872, 2189, 1734, 1647, 1554, 1452, 1363, 1151, 916.

2.3. Synthesis of compounds 25 and 26.

To a solution of 10 or 11 (0.042 mmol) in ACN (1 mL), 12 mg of 2 (0.046 mmol, 1.1 eq.), 40
uL of sodium ascorbate (1M in water, 0.042 mmol), and 14 pL of copper (I1) acetate (0.3 M
in water, 0.038 mmol, 0.9 eq.) were added, and the mixture was stirred at room temperature
for 24 h. The mixture was diluted with EtOAc and washed with brine (3x10 ml). The organic
solvent was dried over MgSO, and removed under vacuum. The crude product was purified
using a flash chromatography on silica gel (eluent: DCM/MeOH 100/0 to 90/10) to afford
compound 25 or 26.

2.3.1. Compound 25. Yield: 50%. green viscous oil. *H NMR (400 MHz, CDCls) compound
exists as a mixture of two rotamers, major rotamer is designated by * and minor by °: & 0.98-
1.05 (m, 48H, H-27, Si-isopropyl), 1.34 (app qt, 2H, J17.18 = J1716 = 6.5 Hz, H-17), 1.58-1.65
(m, 2H, H-18), 1.66 (s, 12H, CH3), 1.80-1.96 (m, 10H, H-2, H-16, H-26, H-29), 2.11-2.21 (m,
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2H, H-21), 2.29 (t, 2H, Jig15 = 7.5 Hz, H-19"), 2.35 (t, 2H, J101s = 7.5 Hz, H-19°%), 2.54 (ht,
4H, Jag20 = 6.0 Hz, H-28), 2.98 (s, 3H, N-CHs®), 3.06 (s, 3H, N-CH3"), 3.56-3.64 (m, 4H, H-
20, H-1), 3.95-4.10 (m, 7H, H-25, H-22, H-6), 4.13-4.21 (m, 1H, H-3), 4.21-4.32 (m, 4H, H-
4, H-5, H-15), 4.31 (s, 2H, H-8 or H-11), 4.33-4.46 (m, 1H, H-7a), 4.40 (s, 2H, H-8 or H-11),
4.40-4.57 (m, 1H, H-7b), 4.52-4.60 (m, 2H, H-14), 5.98 (d, 2H, J = 14.0 Hz, H-1"*, H-7"%),
6.02 (d, 2H, J = 14.0 Hz, H-1°%, H-7°%), 7.07 (d, 2H, J = 8.0 Hz, HAr), 7.18 (t, 2H, J = 8.0 Hz,
HATr), 7.30-7.37 (m, 4H, HAr), 7.56 (s, 1H, H-triazole), 7.98 (d, 2H, J = 14.0 Hz, H-2*°, H-
6°%), 8.01 (d, 2H, J = 14.0 Hz, H-2"", H-6""). *C NMR (CDCls, 100.6 MHz): & (ppm) = 11.1
(3C, Si-CH-(CHs),), 11.1 (3C, Si-CH-(CHa),), 11.7 (2C-27), 18.5 (6C, Si-CH-(CHa),), 18.6
(6C, Si-CH-(CHs3)y), 20.8 (2C-26), 21.0 (C-29), 24.3 (C-18), 24.6 (2C-28), 26.3 (C-17), 28.4
(4CHs3), 28.9 (C-217), 29.7(C-21°), 30.1 (C-2), 30.2 (C-16), 32.7 (C-19%), 33.2 (C-197), 33.6
(N-CH3), 35.8 (N-CH3"), 45.1 (C-20), 45.8 (2C-25), 49.0 (2C-24), 50.1 (C-15), 58.5 (C-8 or
C-11), 59.0 (C-8 or C-11), 64.6 (C-14), 67.4 (C-1), 74.8 (C-22°), 75.8 (C-22", C-4), 77.6 (C-
3), 77.8 (d, Jes.F = 6.0 Hz, C-5), 78.5 (d, Jes.r = 18.0 Hz, C-6), 82.8 (d, Jc7.F = 173.0 Hz, C-
7), 88.6 (C-10 or C-13), 88.8 (C-10 or C-13), 99.4 (C-1"*, C-7°%), 99.7 (C-1"°, C-7°%), 103.2
(C-9 or C-12), 103.0 (C-9 or C-12), 110.5 (2CAr’), 110.6 (2CAr°), 122.3 (2CAr), 122.4 (CH-
triazole), 122.5 (2Car®), 123.3 (C-3*, C-5°%), 123.4 (C-3’°, C-5"%), 125.0 (2CAr"), 125.1
(2CAr®), 128.8 (2CAr’), 128.8 (2CAr®), 140.6 (C-2°°, C-6°°), 140.7 (2CgAr), 140.9 (C-2°*, C-
6°"), 142.4 (2CqAr), 145.4 (Cg-triazole), 170.8 (2C-23°), 171.3 (2C-237), 171.5 (C=0), 172.3
(C-4°%), 172.7 (C-4"").F NMR (CD3sCN, 376 MHz): & -231.0 (td, Jen7 = 47.0 Hz, Jens =
27.0 Hz). HRMS (ESI): [M+H]** calcd for [CgoH123FNsO6Siz]>" 669.4508, found 669.4530.
IR (o (cm™)): 3387, 3005, 2958, 2939, 2864, 2169, 1637, 1556, 1508, 1394, 1365, 1228,
1163, 1151, 1085, 1043, 929.

2.3.2. Compound 26. Yield: 95%. green viscous oil. *H NMR (400 MHz, CDCls) compound
exists as a mixture of two rotamers, major rotamer is designated by * and minor by % & 0.98-
1.07 (m, 57H, H-27, Si-isopropyl, Si-tert-butyl), 1.32-1.40 (m, 2H, H-17), 1.61-1.68 (m, 2H,
H-18), 1.70 (s, 12H, CHs), 1.75-1.89 (m, 10H, H-2, H-16, H-26, H-29), 2.20 (app qt, 2H,
Jo120 = o122 = 7.5 Hz, H-21"), 2.23 (app qt, 2H, J2120 = Ja122 = 7.5 Hz, H-21%), 2.31 (t, 2H,
Jio1s = 7.5 Hz, H-19"), 2.39 (t, 2H, Jig1s = 7.5 Hz, H-19%), 2.58 (bt, 4H, J = 6.0 Hz, H-28),
3.00 (s, 3H, N-CH3®), 3.09 (s, 3H, N-CH3"), 3.59-3.77 (m, 6H, H-20, H-1, H-7), 3.97-4.08 (m,
7H, H-25, H-22, H-6), 4.13-4.33 (m, 7H, H-3, H-4, H-5, H-15, H-8 or H-11), 4.41-4.60 (m,
4H, H-8 or H-11, H-14), 5.99 (d, 2H, J = 13.5 Hz, H-1"*, H-7"%), 6.01 (d, 2H, J = 13.5 Hz, H-
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1%, H-7°%), 7.08 (d, 2H, J = 7.5 Hz, HAr), 7.20 (t, 2H, J = 7.5 Hz, HAr), 7.31-7.42 (m, 10H,
HATr), 7.46 (s, 1H, H-triazole), 7.62-7.69 (m, 4H, HAr), 8.01 (d, 2H, J = 13.5 Hz, H-2"®, H-
6°%), 8.05 (d, 2H, J = 13.5 Hz, H-2"", H-6""). *C NMR (CDCls, 100.6 MHz): & (ppm) = 11.2
(3C, Si-CH-(CHs),), 11.2 (3C, Si-CH-(CHa),), 11.6 (2C-27), 18.6 (6C, Si-CH-(CHa),), 18.6
(6C, Si-CH-(CHa),), 19.3 (C, Si-C), 20.8 (2C-26), 21.1 (C-29), 24.3 (C-18), 24.7 (2C-28),
26.9 (C-17), 26.9 (3C, Si-C(CHs)3), 28.5 (2CHs), 28.6 (2CHs), 29.0 (C-21), 30.2 (C-2), 30.3
(C-16), 32.9 (C-19%), 33.3 (C-19°), 33.7 (N-CH5%), 36.2 (N-CH3"), 45.1 (C-20), 45.9 (2C-25),
49.0 (2C-24), 50.1 (C-15), 58.5 (C-8 or C-11), 59.0 (C-8 or C-11), 64.6 (C-14), 64.6 (C-7),
67.8 (C-1), 76.0 (C-22), 77.0 (C-3 and C-4), 79.0 (C-5), 81.2 (C-6), 87.9 (C-10 and C-13),
99.5 (C-1"*, C-7°%), 99.8 (C-1°°, C-7°%), 103.1 (C-9 or C-12), 103.4 (C-9 or C-12), 110.5
(2CAr), 122.2 (CH-triazole), 122.3 (2CAr®), 122.4 (2CAr"), 123.4 (C-3°*, C-5"*), 123.5 (C-
3% C-5"%), 125.0 (2CAY), 127.7 (2CAr), 127.7 (2CAr), 128.8 (2CAr), 129.7 (CAr), 129.7
(CAY), 133.4 (CgAr), 133.5 (CgAr), 135.6 (2CAr), 135.7 (2CAr), 140.6 (C-2°, C-6%), 140.7
(2CgAr), 141.1 (C-2°*, C-67%), 142.2 (2CqAr), 145.6 (Cg-triazole), 171.5 (2C-23), 171.5 (C-
4%), 172.7 (C=0). HRMS (ESI): [M+H]*" calcd for [CosH14NgO-Sis]** 787.5118, found
787.5082. IR (b (cm™)): 2928, 2891, 2862, 2359, 2341, 1637, 1554, 1506, 1452, 1431, 1396,
1367, 1263, 1226, 1165, 1153, 1089, 999, 920.

2.4. Synthesis of compounds 27 and 28.

To a solution of 25 or 26 (0.023 mmol) in THF (1 mL), 54 pL of tetrabutylammonium
fluoride (1 M in THF, 0.054 mmol, 2.4 eq.) was added at 0 °C under an inert atmosphere, and
the mixture was stirred at 0 °C for 1h or overnight for 25 and 26 respectively. The organic
solvent was removed under reduced pressure, and the residue was solubilized in CH,Cl, (10
mL). The organic layer was washed with 0.1 M HCI solution (5 mL) and with brine until pH
= 7. The organic layer was dried over MgSQy,, and the solvent was removed under vacuum.
The crude product was purified using a flash chromatography on silica gel (eluent:
DCM/MeOH 100/0 to 90/10) to afford compound 27 or 28.

2.4.1. Compound 27. Yield: 75%. green foam. *H NMR (400 MHz, CDCls3) compound exists
as a mixture of two rotamers, major rotamer is designated by * and minor by % § 1.04 (t, 6H,
Jas27 = 7.5 Hz, H-27), 1.36 (app qt, 2H, J1718 = J1716 = 6.5 Hz, H-17), 1.60-1.67 (m, 2H, H-
18), 1.69 (s, 12H, CH3), 1.82-1.97 (m, 10H, H-2, H-16, H-26, H-29), 2.15-2.22 (m, 2H, H-
21), 2.31 (t, 2H, Jig15 = 7.5 Hz, H-19"), 2.37 (t, 2H, Ji915 = 7.5 Hz, H-19%), 2.45 (t, 1H, J =
2.5 Hz, H-10 or H-13), 2.50 (t, 1H, J = 2.5 Hz, H-10 or H-13), 2.51-2.61 (m, 4H, H-28), 3.00
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(s, 3H, N-CH;3®), 3.08 (s, 3H, N-CH3"), 3.58-3.66 (m, 4H, H-20, H-1), 3.96-4.11 (m, 7H, H-
25, H-22, H-6), 4.15-4.21 (m, 3H, H-3, H-4, H-5), 4.27 (d, 2H, H-8 or H-11), 4.35 (t, 2H,
Jis16 = 7.5 Hz, H-15), 4.38 (d, 2H, H-8 or H-11), 4.38-4.51 (m, 1H, H-7a), 4.51-4.63 (m, 1H,
H-7b), 4.55-4.61 (m, 2H, H-14), 6.03 (bs, 2H, H-1°%", H-7°®"), 7.09 (bd, 2H, J = 8.0 Hz,
HAr), 7.21 (bs, 2H, HAr), 7.31-7.40 (m, 4H, HAr), 7.67 (s, 1H, H-triazole), 8.02 (bs, 2H, H-
27" H-6""?). 13C NMR (CDCls, 100.6 MHz): & (ppm) = 11.8 (2C-27), 20.8 (2C-26), 21.1 (C-
29), 24.4 (C-18), 24.7 (2C-28), 26.3 (C-17), 28.5 (4CHs3), 29.0 (C-21"), 29.5 (C-21%), 29.8 (C-
2), 30.3 (C-16), 32.8 (C-19°), 33.3 (C-19"), 33.7 (N-CH3?), 35.9 (N-CH3"), 45.1 (C-20), 45.9
(2C-25), 49.0 (2C-24), 50.2 (C-15), 58.4 (C-8 or C-11), 58.6 (C-8 or C-11), 64.5 (C-14), 67.3
(C-1), 74.9 (C-22°), 75.0 (C-22), 75.6 (C-4), 75.9 (C-10 or C-13), 76.5 (C-10 or C-13), 77.7
(C-3), 78.3 (d, Jes.r = 18.0 Hz, C-6), 79.1 (d, Jcs.r = 6.0 Hz, C-5), 79.3 (C-9 or C-12), 79.9
(C-9 or C-12), 82.7 (d, Je7.r = 173.0 Hz, C-7), 99.5 (C-1°*, C-7°%), 99.8 (C-1°°, C-7%), 110.6
(2CAr"), 110.6 (2CAr°), 122.4 (2CAr"), 122.8 (CH-triazole), 123.5 (2Car®), 123.4 (C-3"*, C-
5°"), 123.5 (C-3°%, C-5°%), 125.1 (2CAr’), 125.1 (2CAr°), 128.8 (2CAr’), 128.9 (2CAr°), 140.6
(C-27°, C-6%), 140.8 (2CgAXr), 141.0 (C-2°*, C-6°"), 142.5 (2CqAYr), 145.2 (Cg-triazole), 170.8
(2C-23%), 171.4 (2C-23"), 171.5 (C=0), 172.5 (C-4’%), 172.8 (C-4""). **F NMR (CD4CN, 376
MHz): & -232.0 (td, Jpn7 = 49.0 Hz, Jens = 28.0 Hz). HRMS (ESI): [M+H]** calcd for
[Cs2HgsFNsOs]** 513.3174, found 513.3175. IR (v (cm™)): 3286, 3005, 2987, 2924, 2856,
2318, 1735, 1635, 1556, 1508, 1452, 1396, 1363, 1311, 1224, 1163, 1082, 927.

2.4.2. Compound 28. Yield: 82%. green foam. *H NMR (400 MHz, CD3sCN) compound exists
as a mixture of two rotamers, major rotamer is designated by * and minor by % & 1.01 (t, 6H,
Jos27 = 7.5 Hz, H-27), 1.26-1.33 (m, 2H, H-17), 1.51-1.64 (m, 2H, H-18), 1.68 (s, 12H, CHs),
1.76-1.90 (m, 10H, H-2, H-16, H-26, H-29), 2.13-2.24 (m, 2H, H-21), 2.28 (t, 2H, J1915 = 7.5
Hz, H-19"), 2.37 (t, 2H, Ji91s = 7.5 Hz, H-19°), 2.59 (bt, 4H, J = 6.0 Hz, H-28), 2.72 (t, 1H, J
= 2.5 Hz, H-10 or H-13), 2.75 (t, 1H, J = 2.5 Hz, H-10 or H-13), 2.93 (s, 3H, N-CH3°), 3.01
(s, 3H, N-CH3"), 3.34-3.64 (m, 6H, H-20, H-1, H-7), 3.72-3.77 (m, 1H, H-6), 3.97-4.07 (m,
8H, H-25, H-22, H-4, H-3), 4.08-4.13 (m, 1H, H-5), 4.22-4.36 (m, 6H, H-15, H-8, H-11),
4.41-4.53 (m, 2H, H-14), 6.07 (d, 2H, J = 13.5 Hz, H-1"*, H-7°%), 6.09 (d, 2H, J = 13.5 Hz, H-
1°°, H-7°%), 7.21-7.27 (m, 4H, HAr), 7.39 (t, 2H, J = 7.5 Hz, HAr), 7.47 (d, 2H, J = 7.5 Hz,
HATr), 7.74 (s, 1H, H-triazole), 8.07 (d, 2H, J = 13.5 Hz, H-2*%, H-6%), 8.08 (d, 2H, J = 13.5
Hz, H-2"", H-6""). ¥C NMR (CD4CN, 100.6 MHz): & 11.6 (2C-27), 21.3 (2C-26), 22.0 (C-
29), 25.0 (C-18), 25.1 (2C-28), 26.8 (C-17), 28.5 (2CHs), 28.6 (2CH3), 29.7 (C-21"), 30.0 (C-
21°%), 30.3 (C-2), 30.8 (C-16), 32.6 (C-19°%), 33.3 (N-CH3), 33.6 (C-19°), 35.9 (N-CH3"), 45.3
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(C-20%), 46.3 (2C-25), 47.5 (C-20°), 49.9 (2C-24), 50.6 (C-15), 58.7 (C-8 or C-11), 59.1 (C-8
or C-11), 62.8 (C-7), 64.7 (C-14), 67.7 (C-1), 75.7 (C-10 or C-13), 76.0 (C-22), 76.9 (C-3),
77.9 (C-9 or C-12), 78.6 (C-4), 80.8 (C-5), 81.0 (C-9 or C-12), 81.1 (C-10 or C-13), 81.4 (C-
6), 100.2 (C-1°%, C-7°%), 100.3 (C-1°%, C-7°%), 111.7 (CAr), 111.8 (CAr), 123.2 (C-3°*, C-5°%),
123.3 (C-3°°, C-5°%), 123.7 (2CAr®), 123.7 (2CAr*), 124.0 (CH-triazole), 125.6 (2CAr*), 125.7
(2CAr), 129.5 (2CAr), 1415 (C-2°°, C-6°), 141.7 (C-2”", C-6""), 142.0 (2CqgAr), 143.7
(2CgAr), 145.7 (Cg-triazole), 171.4 (C-4°°), 171.8 (C-4""), 172.8 (2C-23), 173.4 (C=0).
HRMS (ESI): [M+H]?* calcd for [CeHgaNgO7]** 512.3195, found 512.3216. IR (¥ (cm™)):
2929, 2863, 2350, 2335, 1637, 1554, 1506, 1452, 1431, 1396, 1367, 1263, 1226, 1165, 1153,
1089, 999, 920.

2.5. Synthesis of compound 30

To a solution of 27 (6.3 mg, 5.5 umol, 1.0 eq.) in a mixture of DMF/H,0 (1/1 v/v) (1 mL), 23
mg of 29 (27.3 pmol, 4.2 eq.), 27 pL of copper (I1) sulphate (1 M in water, 27 pumol, 3.0 eq.),
and 55 pL of sodium ascorbate (1 M in water, 54.6 umol, 10 eqg.) were added, and the mixture
was stirred at 40 °C for 24 h. The solvent was removed under vacuum and the crude product
was purified using size-exclusion chromatography on Sephadex LH20 in methanol/H,O (1/1
v/v) to afford compound 30 in 15% yield as a green solid after freeze drying. HRMS (ESI):
[M1%* calcd for [C1zsH204FN30020]°>" 926.8442, found 926.8414.

2.6. Synthesis of compound 32

To a solution of 31 (18 mg, 0.016 mmol) in freshly distilled CH,Cl, (1.5 mL), 14 uL of
DIPEA (0.079 mmol, 5.0 equiv.) and 11 mg of methanesulfonic anhydride (0.063 mmol, 4.0
equiv.) were added under inert atmosphere. The mixture was stirred for 16 hours at room
temperature. The solution was diluted in CH,Cl, (20 mL) and the organic layer was washed
with saturated NH4CI (10 mL) and brine. The organic layer was dried over MgSO, and the
solvent was removed under vacuum. The crude product was purified by flash chromatography
on silica gel (eluent: DCM/MeOQOH 4/6) to afford compound 32 in 60% yield as a green foam.
'H NMR (400 MHz, CD3CN) compound exists as a mixture of two rotamers, major rotamer is
designated by * and minor by ®: § 1.01 (t, 6H, Js27 = 7.5 Hz, H-27), 1.28-1.33 (m, 2H, H-17),
1.51-1.64 (m, 2H, H-18), 1.68 (s, 12H, CHs), 1.76-1.90 (m, 10H, H-2, H-16, H-26, H-29),
2.14-2.23 (m, 2H, H-21), 2.28 (t, 2H, Jig15 = 7.5 Hz, H-19"), 2.37 (t, 2H, J1g15 = 7.5 Hz, H-
19%), 2.59 (bt, 4H, J = 6.0 Hz, H-28), 2.73 (t, 1H, J = 2.5 Hz, H-10 or H-13), 2.79 (t, 1H, J =
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2.5 Hz, H-10 or H-13), 2.94 (s, 3H, N-CH3°®), 3.01 (s, 3H, N-CH3), 3.03 (s, 3H, CH3-Ms),
3.46-3.66 (M, 4H, H-20, H-1), 3.92-4.12 (m, 10H, H-25, H-22, H-4, H-3, H-6, H-5), 4.18-4.39
(m, 8H, H-15, H-8, H-11, H-7), 4.42-4.50 (m, 2H, H-14), 6.07 (d, 2H, J = 13.5 Hz, H-1"*, H-
7, 6.09 (d, 2H, J = 13.5 Hz, H-1°, H-7°%), 7.20-7.27 (m, 4H, HAr), 7.39 (t, 2H, J = 7.5 Hz,
HAr), 7.47 (d, 2H, J = 7.5 Hz, HAr), 7.70 (s, 1H, H-triazole), 8.07 (d, 2H, J = 13.5 Hz, H-2"°,
H-6%), 8.09 (d, 2H, J = 13.5 Hz, H-2"", H-6""). 3C NMR (CDsCN, 100.6 MHz): 5 11.6 (2C-
27), 21.3 (2C-26), 22.0 (C-29), 25.1 (C-18), 25.2 (2C-28), 26.9 (C-17), 28.6 (4CHs3), 29.7 (C-
21%), 30.3 (C-21%), 30.6 (C-2), 30.8 (C-16), 32.6 (C-19°%), 33.6 (C-19), 34.3 (N-CH5®), 35.9
(N-CH3"), 37.7 (CH3-Ms), 45.3 (C-20"), 46.3 (2C-25), 47.5 (C-20°), 49.9 (C-15), 50.6 (2C-
24), 59.0 (C-8 or C-11), 59.3 (C-8 or C-11), 64.8 (C-14), 67.6 (C-1), 71.0 (C-7), 75.9 (C-10 or
C-13), 76.5 (C-22), 76.9 (C-6), 77.8 (C-9 or C-12), 78.1 (C-4), 78.5 (C-3), 80.6 (C-5), 80.8
(C-9 or C-12), 81.0 (C-10 or C-13), 100.3 (C-1°%, C-7°%), 100.3 (C-1"°, C-7°%), 111.7 (CA),
111.8 (CAr), 123.2 (C-3°*, C-5°"), 123.3 (C-3"°, C-5°%), 123.7 (2CAr®), 123.7 (2CAr"), 124.0
(CH-triazole), 125.7 (2CAr"), 125.7 (2Car®), 129.5 (2CAYr), 141.5 (C-2°°, C-6°°), 141.8 (C-2",
C-6"), 142.0 (2CqAr), 143.7 (2CgAr), 145.6 (Cg-triazole), 171.4 (C-4°), 171.8 (C-47),
172.9 (2C-23), 173.3 (C=0). *F NMR (CDsCN, 376 MHz): & -79.5. HRMS (ESI): [M+H]**
calcd for [CesHgsNsOgS]?* 551.3083, found 551.3065. IR (5 (cm™)): 2930, 2870, 2340, 2330,
1637, 1554, 1506, 1452, 1431, 1396, 1367, 1263, 1226, 1165, 1153, 1089, 998.

3. Results and discussion

3.1. Synthesis of novel meso-O-alkyl Cy7 derivatives ready for click coupling

The nature of the atom (Cl, N, S, O) on the meso-position of Cy7 affects the stability and
photophysical properties of the dye and, therefore, its potential as imaging agent.[9-11] While
N-alkyl, -S-alkyl or -O-aryl Cy7 are the most described in the literature, the meso-O-alkyl
Cy7 derivatives are known to exhibit greater stability.[10,12] Although direct nucleophilic
substitution on the meso-Cl of the commercial Cy7 derivative (IR780) with amine, thiol or
phenol derivatives is straightforward, it is far more challenging with alkyl alcohols and
explains the lower number of reports concerning meso-O-alkyl Cy7 compounds.[10]
Schnermann et al. reported an efficient method to access these compounds: meso-N-alkyl Cy7
derivatives obtained by nucleophilic substitution of the meso-Cl of IR780 are then
transformed into meso-O-alkyl Cy7 compounds via a N- to O-transposition with electrophiles,
notably exemplified with carboxylic acids activated in situ.[12,13]. We have extended this

reaction with various carboxylic acids to provide new meso-O-alkyl Cy7 derivatives bearing
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functional groups suitable for copper-catalyzed alkyne-azide cycloaddition (CuAAC),[24]
inverse electron demand Diels—Alder (IEDDA),[25] and thiol-ene reactions.[26]

The compound 1 was prepared by the reaction of commercial IR780 and 3-
(methylamino)propan-1-ol in acetonitrile (Scheme 1).[12] This key intermediate 1 was then
submitted to the N- to O-transposition under various conditions with different carboxylic
acids bearing an azide, an alkyne or an alkene (Scheme 1). Based on the report of
Schnermann et al., the first assay was performed using 6-azidohexanoic acid with HATU (7
equiv.) as activating agent and DIPEA (8 equiv.) in DMF at 35°C during 18h (Table 1, entry
1). Transposed meso-O-alkyl compound 2 was obtained in poor yield (13%), whereas the
meso-N-alkyl byproduct 3, resulting from O-acylation, was isolated in 53% yield.
Schnermann et al. reported the formation of these type of O-acylated compounds using an
electrophile such as AcCl.[12] The structure of compound 3 was confirmed by *H and *C
NMR spectra and mass spectrometry. Of note, for meso-O-alkyl Cy7 2, two rotamers formed
by the amide function were clearly recognizable on *H NMR spectra, which contrastingly was
not observed for the meso-N-alkyl 3. Compounds 2 (green powder) and 3 (blue viscous oil)
were separated by column chromatography (See ESI Fig S4, for optical spectra). EDC was
then used for preactivation (4 equiv) in a second experiment with DIPEA (1 equiv.) in DCM
at 40°C for 18h (Table 1, entry 2). The meso-O-alkyl Cy7 2 was then successfully obtained in
66% vyield along with meso-N-alkyl Cy7 3 in only 12% yield. In the same conditions, another
attempt was performed in a sealed tube (entry 3), which allowed to reach 82% vyield for the
desired meso-O-alkyl Cy7 2, the formation of 3 being limited to 8%. While optimizing this
protocol, different parameters have been changed: the number of equivalents of electrophile
(entry 4), the reaction temperature (entry 5) and also the use of another activating agent
(PyBop, entry 6), that yet failed at exceeding previous yield. The best protocol found in entry
3, was then successfully implemented with 5-azidopentanoic acid leading exclusively to
meso-O-alkyl 4 in 76% vyield. Other functionalized electrophiles were tested in these optimal
conditions, hex-5-enoic acid and hex-5-ynoic acid (Table 1, entries 8 and 9), which led to
meso-O-alkyl compounds 6 and 8 in 79 and 50% respectively. We can note that meso-N-alkyl
byproduct 9 was also produced in 5% vyield, whereas no meso-N-alkyl derivative was isolated
when the reaction was performed with hex-5-enoic acid. In the case of pent-4-ynoic acid, the
predominant compound was the meso-N-alkyl Cy7 11 obtained in 50% yield, the meso-O-
alkyl Cy7 10 being nevertheless isolated in 39% (Table 1, entry 10). Finally, we attempted to

use a carboxylic acid displaying a tetrazine moiety for IEDDA conjugation (entry 11),
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however no N- to O-transposition occurred, certainly due to the rigidity generated by the

phenyl spacer. The meso-N-alkyl Cy7 13 was the only compound formed in 81% yield.
0}

R
N- to O- transposition \NJ\Qn meso-O-alkyl Cy7

4,R=N;
3, R = HC=CH,
3,R=C=CH
=2,R=C=CH
=1,R=ArTz

Scheme 1. Reagents and conditions: i) 3-(methylamino)propan-1-ol, acetonitrile, rt, 15min,
96%.

Table 1. Scope and limitation of N- to O- transposition reaction

Product, isolated yield
Entry Electrophile Reaction conditions meso-O-alkyl meso-N-alkyl
Cy7 Cy7
o HATU (7 eq.), DIPEA
1 Ns\/\/\)J\OH (8 eq.), DMF, 35°C, 2,13% 3,53%
(8€d) | 18h, round bottom flask
o EDC (4eq), DIPEA
2 N \/\/\)J\ (leq), DCM, 2,66% 3,12%
* OH (4 eq) 40°C, 18h, round
bottom flask
o EDC (4eq), DIPEA
3 N~ (leg), DCM, 2, 82% 3, 8%
(4€d) | 40°C, 18h, sealed tube
o EDC (4eq), DIPEA
41 Neo~ A, (Leq), DCM, 2,64% 3, 7%
(2 eq) 40°C, 18h, sealed tube
o EDC (4eq), DIPEA .
5 N3\/\/\)J\OH (1eq), DCM, 2, 66% 3, 6%
(4 eq) 50°C, 18h, sealed tube
o PyBop (2 eq), DIPEA
6 Ng\/\/\)J\ (3 eq), rt, 20h, sealed 2,45% 3,20%
OH (4 eq) tube
. o EDC (4eq), DIPEA 4 769 -
N3/\/\)J\OH (4 eq) . (leq), DCM, ) 0 , traces
40°C, 18h, sealed tube
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0 EDC (4eq), DIPEA
8 /\/\)J\ (leq), DCM, 6, 79% 7, 0%
~ OH (4 eq) 40°C, 18h, sealed tube
0 EDC (4eq), DIPEA
9 \/\)J\OH (1f§q),q I)DCM, 8, 50% 9, 5%
(4 eq) 40°C, 18h, sealed tube
Q EDC (4eq), DIPEA . .
10 o (160), DCM. 10, 39% 11, 50%
7 (4 eq) 40°C, 18h, sealed tube
\r/N\N
L EDC (4eq), DIPEA . .
11 N o (1eq). DOM, 12, 0% 13, 81%
OH (4 eq) 40°C, 18h, sealed tube

®degradation products was observed

3.2. Synthesis of the multimodal probe

Having in hand meso-O-alkyl derivatives ready for click coupling, we then focused on the
synthesis of the targeted multimodal PET/PAI/FLI imaging probe. To this end, we used a
properly functionalized C-glycosyl central platform for enabling the regioselective grafting of
both imaging and targeting entities. C-glycosyl compounds have a stable C-C bond on the
pseudo-anomeric carbon, making them resistant to enzymatic hydrolysis which is crucial for
in vivo applications.[27] We recently developed a clickable C-glycosyl scaffold, designed
with free and temporarily masked triple bonds which is ideal for their activation at the
appropriate synthetic step, thus allowing the sequential introduction of a fluorine atom via
nucleophilic substitution and also a fluorophore and targeting moieties via CUAAC.[21,22] A
similar multi-step synthetic strategy was used to access both the non-radioactive probe (with a
9F) and the radiolabelling precursor bearing a leaving group required for subsequent *°F-
radiolabelling process. Briefly, compound 14 was synthesized as previously reported[28] and
further fluorinated with DAST or protected with a TBDPS (Scheme 2). The reduction of
methyl ester on compounds 15 and 16 followed by propargylation of the resulting alcohol led
to compounds 19 and 20 in high yields. In order to sequentially introduce by CUAAC first the
photoactive dye and then the targeting entities in a later stage, two TIPS-protected alkynes
were introduced after removal of the 4,5-isopropylidene protecting group. Ethers 23 and 24
were obtained in 94% and 78% vyields, respectively. The azido cyanine 2 was selected for
CuAAC coupling with alkyne 23 and 24, resulting in the formation after purification by
column chromatography of cycloadducts 25 and 26 in 50% and 95% yields respectively. The
temporary TIPS and TBDPS protecting groups were then removed with tetrabutylammonium

fluoride, then providing compounds 27 and 28 in high yields.

15



462

463
464

465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483

R CO,Me R //OR R\@J/O\/é
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s - s L 6 o

14,R = OH R=H TIPS TIPS

17,R=F
i iv|:18,R OTBDPS, R' = H 23, R=F
- 24, R = OTBDPS
; 15,R=F 19, R=F, R' = H,C—=
16, R = OTBDPS 20, R = OTBDPS, R'= Hzc_E

R=F, R =TIPS, 25 ' N’
R = TBDPSO, R' = TIPS, 26 -
Vil

6 0o
R=F,R =H, 27
R=OH,R'=H, 28 %/ \\
R

Scheme 2. Reagents and conditions: i) DAST, diglyme, 0 °C to 110 °C, 2 h, 85%; ii)
TBDPSCI, imidazole, DMF, 0 °C to rt, 16 h, 95%; iii) LiAlH;, THF, 0 °C tort, 2 h, 17: 82%,
18: 80%; iv) propargyl bromide, NaH, 0 °C to rt, 16 h, 19: 95% in DMF, 20: 70% in THF; v)
TFA/H,0, rt, 3 h, 21: 84% or AcOH/H,0, 80 °C, 4 h, 22: 54%; vi) TIPS-propargyl bromide,
NaH, 0 °C to rt, 5 h, 23: 94% in DMF, 24: 78% in THF. vii) Cu(OAc), (0.1 equiv.), sodium
ascorbate (0.2 equiv.), ACN/H,O (1/1 v/v), 12 h, rt, 25: 50%, 26: 95%; viii) TBAF (1 M,
THF), THF, 0°C, 1 hor 0°C to rt, 12 h, 27: 75%, 28: 82%.

3.3. Coupling of the probe with targeting entities

Conjugation with targeting vectors in the final step allows versatility in receptor targeting and
therefore facilitates further change of vectors for their facile adaptation to imaging another
biological target. Herein, the feasibility of CUAAC coupling with peptide vectors was
demonstrated by reaction with a model peptide c(RGDfK), known for selectively binding to
ayvPs integrins and widely used as model for cancer diagnosis and tumor imaging.[29] A
c(RGDfK) analog previously modified with an alkyne-PEG, 29[21] selected to increase the
hydrophilicity of the platform, was reacted with the photoactive probe 27. This reaction took
place at 40°C during 24 h in a mixture of DMF/H,0 1/1 using excess of copper(ll) sulfate and
sodium ascorbate (Scheme 3). Purification by steric exclusion gel filtration afforded the
conjugate 30 in 15% vyield after freeze drying. Importantly, because two vacant positions

remain on the C-glycosyl platform, coupling with two c(RGDfK) peptides would provide
16
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access to divalence which has been suggested as an attractive option to enhance targeting
efficiency.[21,22,30] This proof of concept with RGD derivatives thus paves the way for
peptide-divalent probes relevant for in vivo imaging applications.

30 [e)

+ |
o} ST
(0]
AP SO
(0] 1 '\
0 N N

'//4 N r\\l
° HN —( |
7 NH PEG,-c(RDGfK) PEG4-c(RDGfK)
o 50
HO HN \\\
NH H N3
N
o ﬂ
HN— NH2
29 : ¢(RDGfK)-PEG,-N3 ®
TFAO NH2

Scheme 3. Reagents and conditions: (i) CuSO,4 (3 equiv.), sodium ascorbate (10 equiv.),
DMF/H,0 1/1 viv, 40°C, 24 h, 15%.

3.4. Synthesis of radiolabelling precursor and ‘®F-radiolabelling

The synthesis of the radiolabelling precursor was then implemented. In this context, because
the iodide counter anion of cyanine 28 can compromise the subsequent *®F-fluorination by
competitive nucleophilic substitution, it was exchanged with a triflate anion (non-nucleophilic
anion). The anion metathesis of compound 28 was carried out using an Oasis® MCX cartridge
with a solution of silver triflate (0.2 M) to afford compound 31. A leaving group was then
introduced to allow subsequent *®F-radiolabelling (Scheme 4). The reaction was carried out at
room temperature with methane sulfonic anhydride and DIPEA during 12 h and mesylated

compound 32 was obtained in 60% yield.
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Scheme 4. Reagents and conditions: i) Ms,O, DIPEA, DCM, 0°C to rt, 12 h, 60%; ii)
K[*®F]F-Ka2, acetonitrile, 95°C, 15 min, 19%.

The radiolabelling of mesylated precursor 32 with fluorine-18 was investigated using an
AllInOne synthesizer. Building upon our previous successful radiosynthesis of a cyanine-5
(Cy5) based probe via direct radiofluorination for formation of a [**F]F-C bond,[21,22] the
same conditions were employed herein, namely using the K[°F]F-Ky complex in
acetonitrile at 95°C. Optimization of the reaction time (5, 10 and 15 min) showed that 15
minutes provided the best yield. Analysis of the crude mixture by radio-HPLC showed the
formation of [*®F]27 with an incorporation yield of 19%, which is a good yield for this type of
radiolabelling involving the formation of [**F]F-C bond. The structure of [**F]27 was
confirmed by comparison with the non-radioactive compound 27, both displaying identical
retention times in HPLC (see ESI, Fig S2 and S3). We thus proved the successful extension of
this radiofluorination approach from a Cy5-based probe to the more challenging Cy7-based
compound. Automated peptide coupling on [**F]27 is currently in progress to perform
preclinical PET imaging.

3.5. Optical and photoacoustic properties

To explore the influence of functional groups on the photophysical characteristics of meso-O-
alkyl heptamethine cyanines (Table 1), we studied the properties of the representative meso-
O-alkyl Cy7 derivatives bearing an azide (compound 2), an alkene (compound 6), and an
alkyne group (compound 8). Moreover, the photophysical characteristics of the C-glycosyl
central platform functionalized by the meso-O-alkyl Cy7 derivative 2 (compound 27) were
also evaluated. Thus, the optical properties (absorption and emission wavelengths, relative
fluorescence quantum yield @y, and molecular brightness B) of compounds 2, 6 and 8, as
well as the multimodal imaging probe 27 were characterized by steady-state one photon
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absorption/emission measurements in DMSO and compared to commercial IR780 and ICG
(Table 2, Fig 1). More precisely, the cyanine derivatives 2, 6 and 8 display one major
absorption band with a maximum located at 772 nm and an emission band characterized by a
small Stokes shift (AL =13-18 nm, Table 2). All studied derivatives exhibited high molar
absorption coefficients in DMSO that are comparable with the parent dye IR780 (Table 2).
The fluorescence quantum vyields are relatively high (®qy >15%) and do not vary
significantly among derivatives of meso-O-alkyl Cy7, thus no apparent effect of the
functional group was observed on their photophysical properties. Introduction of the C-
glycosyl platform by CUAAC on compound 2 leading to the probe 27 only had a small effect
on photophysical properties. Hypsochromically shifted absorption and emission profiles were
observed with sufficiently high molar absorptivity and improved fluorescence quantum yield
relative to the IR780 reference, indicating that 27 has excellent characteristics for optical
imaging purpose. Moreover, meso-O-alkyl cyanines compare favorably with the well-
established indocyanine green (ICG, Table 2) that is approved by both the FDA and EMA as
an intraoperative fluorescent agent, and granted NIR photoactivation albeit with a moderate
Stokes shift.

Table 2. Selected photophysical properties of meso-O-alkyl Cy7 derivatives, IR780 and ICG measured in

DMSO.
Compound ()r;?;S) (ﬁ‘?;”) Av (Sctrﬁli)e s} SAhyif(tnm) (M‘lim'l) q)(f%[b] (M'I?E:Cin'l)
2 773 786 214713 226 600 23 52 100
6 773 786 214/13 250 000 15 37 500
8 773 789 260/ 16 214000 22 47 100
27 772 790 295/18 202 400 19 38 500
IR780 794 815 325/21 228 200 g 18 300
ICG 795 g2old 383/25 224000  16.71% 37 400

[a] relative to dq,, = 8% of IR780 in EtOH[31], [b] Ay = 750 nm, [c] Fluorescence brightness =
exDsyyo, [d] from reference [32]
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Figure 1. Molar absorption coefficients (full line) and emission (dotted line) spectra recorded
at 298 K for compound 27 in DMSO, Aex = 750 nm.

Next, we performed phantom imaging to investigate the PA contrast produced by probe 27.
A photoacoustic tomograph using a curved transductor was operated as previously described
[33] with selected samples loaded in PTFE tube and mounted on a rotating holder immerged
into deionized water. Under NIR irradiation at its maximal absorbance wavelength, i.e. 772
nm, compound 27 proved to display intense PA contrast (Figure 2). Its PA amplitude is found
to linearly increase along to concentration (see ESI, Figure S5), which is expected due to its
correlation with the agent’s absorbance.[34-36] Of note, calibration of PA tomograph is a
challenging task,[37] hence instead an internal standard is used for ensuring repeatability
among imaging sessions and for accurate quantification of PA signal. CuSO, was selected as
the internal standard because it absorbs between 650-1000 nm, showing an intense absorption
at the selected wavelength of 772 nm, and neither suffers photobleaching nor
photodegradation. Compound 27 displayed significant PA amplitude with a detection limit
below the tens of micromolar (Figure S5), and its PA amplitude compared favorably with two

well-established cyanine-7 derivatives, i.e. ICG and IR780 (Figure 2).
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Figure 2. Phantom imaging in photoacoustic under irradiation at 772 nm of 27 and
comparison to golden standards ICG and IR780, diluted in DMSO at 40 puM. A)
Representative PA image of the samples and B) comparison of their PA amplitude normalized
to IR780.

Because PA imaging relies on a photophysical process that is competitive with fluorescence,
and both modalities are looked after herein, we aimed at reasonably boosting the fluorescence
quantum vyield of our dyes for achieving a greater signal-to-noise ratio in FLI, while
maintaining sufficient PA amplitude. This balance between radiative and non-radiative
deexcitation pathways is well demonstrated by weighting out the absorption properties (e
values at the irradiation wavelength) together with fluorescence properties (quantum vyield of
fluorescence) of IR780 and 27. As previously shown in Table 2, Cl- to O-substitution of
IR780 has an important impact on the ®g,, values (8% and 19% for IR780 and 27,
respectively) hence boosting the emissive desexcitation pathway. These results show that 27
displayed a higher fluorescence quantum yield together with a high PA contrast that is
comparable to IR780 at the same molar concentration. Both 27 and IR780 displayed
comparable PA amplitude at 772 nm probably because of the higher absorptivity of 27 at this
selected wavelength than IR780 (143000 and 202 400 M™'cm™ for IR780 and 27,
respectively).

The development of sophisticated probes competent for multimodal imaging is a daunting

challenge and further illustrated by the limited number of multimodal PET/PAI/FLI imaging

agents described in the literature.[20]. This task encompasses multiple challenges, including

synthesis, radiosynthesis, and the careful selection of a dye suitable for both FLI and PAI

applications. For probing the possibility of overcoming this synthetic challenge, we
21



596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629

previously, devised a synthetic strategy that permitted the introduction onto a C-glycosidic
platform of a fluorine-18 for forming a stable [**F]F-C bond together with a Cy5 dye.[21]
Building upon this successful synthetic proof of concept, we aimed herein at overcoming the
photophysical limitations of Cy5 for optical imaging by adapting this protocol to the more
suitable NIR active cyanine-7 while expanding the landscape of this synthetic approach.
Consequently, we selected herein the challenging meso-O-alkyl Cy7 derivatives that are more
compatible with FLI/PAI imaging owing to their appropriate balance between emissive and
non-emissive desexcitation pathways, for which only a limited number of synthetic routes was
described in the literature.[10,12] This work represents the first proof of concept of a
competent PET/PAI/FLI probe with well-balanced imaging properties, which can be coupled
to diverse vectors for in vivo targeting and thus possesses a strong potential toward clinical
translation. Importantly, because this approach was designed to grant the fast and modular
functionalization with vectors of the platform at a latest stage, which is crucial for versatile
diagnosis and personalized medicine, the present work reaches far beyond cancer diagnosis.
Furthermore, probe 27 that bears two anchoring points, also offered the advantage of
harnessing bivalency for a more specific targeting. Although 27 initially lacked aqueous
solubility, this was successfully overcome by incorporating vectors bearing a hydrophilic
spacer like PEG,4. The resulting agent 30 displayed a clogD- 4 of -3.12, hence making it more
likely for translation toward in vivo applications. To the best of our knowledge, the sole
example of a multimodal PET/PAI/FLI agent described in literature [20], constructed on a
croconium vector, capitalizes on its inherent photophysical properties and was radiolabeled
through a stable [**F]F-C bond. Compared to this croconium agent, the probe 27 displayed 1)
an appropriate photophysical balance for performing both FLI and PAI, 2) the possibility to
access divalence thanks to two vacant positions on the platform, which could be attractive for
enhancing its targeting efficiency, 3) the conjugation in the final step which should facilitate
the change of vectors to switch to another biological target (versatility in receptor targeting
and pathology to be diagnosed).

4. Conclusion

In this study, we present a synthetic route for accessing a multimodal imaging probe designed
for PET/PAI/FLI applications and evaluation of their optical properties. By exploiting a N- to
O-transposition reaction, we first synthesized a series of meso-O-alkyl cyanine-7 derivatives
bearing functional groups (azide, alkyne, alkene) of use for further conjugation. These meso-

O-alkyl cyanine 7 derivatives demonstrated excellent characteristics for fluorescence imaging
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compared to IR780, with high molar absorptivity and an improved fluorescence quantum
yield (>15%). The meso-O-alkyl Cy7 derivative bearing an azide was coupled to a highly
functionalized C-glycosyl platform and successfully *®F-radiolabelled via a [**F]F-C bond. Its
non-radioactive analog, the probe 27 proved to display excellent photophysical properties
well-balanced for concomitant fluorescence imaging and photoacoustic imaging. Finally, a
late-stage CUAAC coupling of 27 with two model peptides c(RGDfK) was successfully
performed, thus demonstrating the feasibility and the versatility of this conjugation step.
Altogether, compound 27 undeniably emerged as a promising multimodal PET/PAI/FLI probe
foreshadowing of its great potential across a broad spectrum of imaging modalities and

applications.
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