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Abstract:

Aza-BODIPYs are an increasingly studied class of fluorophores. They can be seen as an "aza-DIPY" ligand
rigidified by a metalloid, a boron atom. Based on this idea, a series of complexes of group 13 metals
(aluminum and gallium) have been synthesized and characterized. Impact of the metal and of the
nature of the substituents of aza-DIPY core were investigated. The photophysical and electrochemical
properties were determined and an X-ray structure of an azaGaDIPY was obtained. These data reveal
that azaGaDIPY and azaAlIDIPY exhibit significant red-shifted fluorescence compared to their analogue
aza-BODIPY. Their emission can go up to 800 nm for the maximum emission length and up to NIR-Il for
the emission tail. This, associated with their electrochemical stability (no metal release whether
oxidized or reduced) make them a promising class of fluorophores for optical medical imaging.
Moreover, X-ray structure and molecular modeling studies have shown that this red shift seems to be
more due to the geometry around the boron/metal than to the nature of the metal.

Introduction

In a few years, aza-BODIPYs have gone from being simple nitrogen analogues of the famous BODIPY
fluorophores to becoming essential contrast agents for optical imaging. Indeed, these compounds are
fast to synthesize at the gram scale, are chemically and photochemically stable, have good
fluorescence quantum yields, and are easily functionalized.™* What makes the difference between
aza-BODIPYs against BODIPY dyes is their excitation and emission maximum wavelengths, which are
significantly red-shifted and consequently located in the so-called biological transparency window
(650-900 nm). This area of the electromagnetic spectrum corresponding to the NIR-I1 (Near Infra-Red I)
is particularly interesting when the targeted application is ex vivo or in vivo fluorescence imaging,
which is the case for example of fluorescence guided surgery (FGS). Indeed, the absorption, the
scattering, and the auto-fluorescence of the biological tissues are strongly reduced in this spectral



range.>® This makes it possible to go from tissue thicknesses of less than one millimeter to almost one
centimeter. More recently, research in optical imaging has also focused on a second window of optical
transparency, called NIR-Il or SWIR for Short-Wave Infrared Region, and extends between 1000 and
1700 nm. Several biological tissues (e.g. tendons), which are still auto-fluorescent in NIR-I, are no
longer so in the NIR-Il optical window.””® Moreover, scattering phenomena are also considerably
reduced at these wavelengths, hence resulting in a much better image resolution.®’

The tetraphenyl-aza-BODIPYs already emitting beyond 650 nm.%%° Thus, they are a particularly suitable
basis for the development of new NIR-I and even NIR-II fluorophores. In the last few years, several
works have been carried out in order to modulate and to increase the value of the absorption and
emission wavelengths of aza-BODIPYs. Several strategies have been employed by us among others
such as modifying the substituents on the aromatics surrounding the aza-BODIPY core,*! extending the
ni-system,?%3 or rigidifying the structure.'*® In particular, we have shown that the creation of

“push->pull<-push” or “push-pull” systems allowed us to obtain emission partly in the NIR-II (Figure
1).11,19

“Push->Pull<-Push” system “Push-Pull” system
780/990 nm (A, /em) [DMSO] 895/990 NM (Aype/em) [CH,Cl,]
€=132,000 Mt.cm™? € =78,000 Mt.cm

Figure 1: examples of “push-pull-push” and “push-pull” NIR-1l emitting systems that we developed previously.

While most studies focus on the modification of the carbon skeleton, only a few studies concern
modifications at the boron position. One of the possible explanations lies in the fact that replacing one
or two fluorines by alkyl chains, alkenes or alcohols does not modify significantly the maximum
absorption and emission wavelengths of the aza-BODIPYs, but lowers their fluorescence quantum yield
and affects their stability.22%?! In the case of substitution of boron-bearing fluorines by alkynes, the
brightness of aza-BODIPYs is preserved and their stability is increased.>*! This is why some of us have
taken advantage of these positions to water-solubilize these fluorophores and introduce different
groups allowing the grafting onto vectors, the design of bimodal probes, and the conception of
theranostics.'?22> The only cases where the substitution of the fluorines present on the boron
enabled the increase of the maximum absorption and emission wavelengths are when hydroxyls are
present in ortho position of the aromatic rings.?73! In this case, the phenols chelate the boron, which
stiffens the structure and significantly increases the maximum absorption and emission wavelengths.

In the present study, we are interested in the boron center itself. The presence of this atom is, indeed,
justified by its capacity to rigidify the aza-DIPY core, but its electronic impact is little mentioned. We
therefore wondered if its replacement by a metal could allow us to modify advantageously the
photophysical properties of the fluorophore. AzaMetalDIPYs, or more simply azaMDIPYs, have already
been synthesized over the last decade.3?2® Homoleptic complexes are relatively stable, but most of
azaMDIPY involving a single aza-DIPY ligand display limited stability. Moreover, their very low
luminescence did not allow their use for fluorescence imaging. However, it is worth noting that



Zatsikha, Nemykin and coll. have proposed an original azaDIPY structure to obtain Zn, Ni and Cu
complexes with interesting photophysical properties.**! In our case, to increase the chance to obtain
an emissive compound, we focused on aluminum and gallium because they belong to the same column
as boron and should behave closer to it than other metals. This hypothesis is reinforced by the fact
that the few works that have obtained complexes with good luminescence in the case of BODIPY
analogues are Al(Ill) and Ga(lll) complexes.*>* To avoid the problem of stability of the complexes, we
opted for an aza-DIPY substituted at the 5,5’ positions by two phenate moieties. In addition to
stabilizing and rigidifying the species formed, this Xs;L-type ligand according to Green's formalism will
be particularly suitable for chelating Al(lll) and Ga(lll) ions.

In this study, the impact of the metal center on the photophysical and electrochemical properties will
be compared with the corresponding boron derivative. Then, the impact of the substituents carried by
the phenyl groups will be investigated.

Synthesis of the azaMDIPY complexes

The aza-DIPY biphenol pro-ligand was synthesized in three steps on several hundred milligrams scale
by adapting procedures reported in the literature (Scheme 1).3° This synthesis consists of a
crotonization step between ortho-hydroxyacetophenone and benzaldehyde, followed by a 1,4-
addition of nitromethane and formation of the aza-DIPY core in the presence of ammonium acetate.
It is noted that the synthesis of chalcone 1 shows almost three times lower yield than in the absence
of hydroxyl group in ortho of the ketone. This is explained by the possibility of a cyclization reaction by
a nucleophilic addition of the deprotonnated phenol onto the enone.
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Scheme 1: synthetic pathway of the pro-ligand aza-DIPY biphenol 3.

Initially, azaBODIPY-H was synthesized to serve as a reference compound in order to study the impact
of the metal. It is obtained by reaction of aza-DIPY 3 with an excess of BFs.Et;O in basic medium
(Scheme 2). In the case of complexation with metals, two strategies were used for the deprotonation
of the pro-ligand 3. In the case of aluminum, the AlMes precursor acts both as a strong basis (reaction
between methylides and phenols releasing methane) and as a source of aluminum (Scheme 2). In the
case of gallium, we opted for GaCls as salt. Its use implies a preliminary step of deprotonation of the
pro-ligand by addition of NaH in THF. The obtained solution was then added by filtering cannula into a



solution of GaCls in THF (Scheme 2). The expected complexes were obtained in good vyields after
purification by precipitation with a mixture dichloromethane/pentane (v/v, 1/4).
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Scheme 2: Synthesis of the azaBODIPY-H and azaMDIPY-H analogues (it has to be noted that a molecule of solvent — THF in
these cases — completes the coordination sphere of Al(lll) and Ga(lll) as an “L” ligand).

IH-NMR analysis allows following easily the progress of the chelation of B, Al, and Ga. It has been found
that all signals of the ligand are up-field shift in the case of the Al and Ga complexes, whereas it is not
true or less significant in the case of boron. It is worth noting that the aza-BODIPY is red-brown in
solution in DMSO, whereas the azaAIDIPY-H and azaGaDIPY-H complexes are green. Moreover, it
appears, that contrary to azaBODIPY derivative, the aluminum and gallium complexes exhibit a good
stability of at least two weeks in wet DMSO (see Figure S62).
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Figure 2: 'H-NMR spectra of 3, azaBODIPY-H, azaAIDIPY-H, and azaGaDIPY-H in DMSO-ds at 298 K.

Single crystals were obtained by slow diffusion of pentane in a THF solution of azaGaDIPY-H. The
structure of the THF adduct of azaGaDIPY-H was elucidated by X-ray diffraction. This structure reveals
that the complex exists as a dimer bridged by one of the two phenate oxygen atoms of each ligand to
form a four-membered Ga,0, ring (Figure 3). The gallium ion has a pseudo-octahedral first
coordination sphere, where both nitrogen atoms, N1 and N3, and both oxygen, O1 and 02, form the
base of the coordination sphere (maximum plane deviation for 02 01 N1 N3 Gal plane was found for
02 (0.147 A)). The coordination sphere of the metal was completed by an oxygen atom O3 from a
solvent molecule in apical position and an oxygen atom O2' from another ligand. These both octahedra
share a common edge formed by oxygen atoms 02 and 02'.

Figure 3: on left: view of azaGaDIPY-H complex. Disordered parts and H atoms are omitted for clarity. Thermal ellipsoids are
drawn at 50% probability plot. Symmetry operation used i = (1-x, 1-y, -z). Selected bond lengths (A) and angles (°): Ga1-01
=1.879(2), Gal-02i = 2.063(2), Gal - 02 = 1.962(2), Ga1-03 = 2.219(2), Gal - N1 = 1.957(2), Ga1-N3 = 1.961(2), 01-Ga1-02
=90.15(8), 01-Gal-02i=94.52(8), 01-Gal-03 = 83.76(8), 01-Gal-N1 = 2.53(9), 01-Gal-N3 = 171.16(9), 02-Gal-Oi =



77.97(8), 02i -Gal-03 = 168.33(7), 02-Ga1-03 = 90.47(7), N1-Ga1-02 = 171.24(9), N1-Ga1-02i = 93.50(8), N1-Ga1-03 =
98.11(8), N1-Gal-N3 = 89.46(10), N3-Ga1-02 = 89.15(9), N3-Ga1-02i = 93.95(8), N3-Gal-03 = 87.43(8). on right: view of
both octahedron around Gallium.

This structure is similar to that described by Nabeshima et al. in 2019 in the case of a GaDIPY.** The
authors had shown that in the presence of pyridine, it was possible to obtain crystals of the
mononuclear complex where two pyridines completed the coordination sphere at the apical position.
In DMSO, this solvent molecule is exchanged and the adduct azaGaDIPY.DMSO should be formed (such
an adduct can be seen on HR-MS analysis for azaGaDIPY-OMe and azaAIDIPY-H). Thus, taking in
consideration the H-NMR spectrum of azaGaDIPY-H, it is likely that the monometallic species is
present in solution, especially in coordinating solvents. This was confirmed by a DOSY experiment
performed in DMSO-d¢ (see supporting information S48-550).

Following the successful synthesis of these complexes, we chose to synthesize other aza-DIPY ligands
by varying the substituent in the para position of the aromatic rings to the north of the aza-DIPY. With
this purpose, on the basis of Hammett’s constant (c),* we have chosen a rather electron-withdrawing
substituent (Br, o = 0.23), an electron-donating substituent (OMe, ¢ = -0.27) and a very electron-
donating substituent (NMe,, o = -0.83). The synthesis of the aza-DIPY as well as the synthesis of the
corresponding gallium (Ill) complexes were carried out following the same procedures presented
previously (Scheme 3).

o} H 0 MeNO, 0 NO3
KOH _ DEA
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OH R OH R OH R
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R R R R NH,0Ac
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O 00
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azaGaDIPY-OMe: R = OMe (96%) 11 : R = OMe (33%)
azaGaDIPY-NMe,: R = NMe, (60%) 12 : R = NMe;, (26%)

Scheme 3: synthesis of Ga(lll) complexes azaGaDIPY-Br, azaGaDIPY-OMe, and azaGaDIPY-NMe;.
Photophysical properties

The photophysical characterization including absorption, excitation, and emission spectra of the
presented compounds was studied in a diluted DMSO solution. Additionally, the fluorescence quantum
yield and the radiative lifetimes were measured to further describe the excited states of the cited
compounds. The main photophysical properties are summarized in Table 1 and depicted in Figure 4.



Table 1: Summary of the main spectroscopic and photophysical data for all studied AzaMDIPY derivatives in diluted DMSO
solution.

Compounds Aabs(ra) ¢ Aem (OF Tovs Ass
(nm) (L.Molt.cm™) (nm) (ns) (em™)
azaBODIPY-H 728 52,000 756 0.282 4.31 509
azaAIDIPY-H* 732 87,000 787 0.132 2.39 955
azaGaDIPY-H* 728 81,000 782 0.11° 2.22 949
azaGaDIPY-Br* 744 32,000 802 0.08? 2.05 972
azaGaDIPY-OMe* 734 110,000 782 0.14%,0.17° - 836
azaGaDIPY-NMe,* 754 75,000 796 0.10° - 700

a. Using “bismethoxy” azaBODIPY (Figure S1) as reference (®f = 0.36 in chloroform) with Aeyc = 650 nm. 1046
b. Using IR 125 as reference (®r = 0.132 in ethanol) with Aexc = 680 nm.*7
*for the calculation of epsilon of these complexes, one molecule of THF was added to the M of the complexes.

The absorption spectra of the parent azaBODIPY-H and the azaMDIPYs derivatives are comparable,
with a main broad absorption band around 730 nm corresponding to the So = S: transition (Figure 4).
By contrast, the molar absorptivity is higher for the Al and Ga analogues, as pointed out by TD-DFT
calculations (vide infra). The emission spectra of the azaMDIPYs derivatives show a redshift of around
30 nm of the main fluorescence band in comparison to the analogue azaBODIPY-H, thus, indicating
the direct effect of the metal substitution on the photophysical properties in agreement with the NMR
results. Therefore, the Stokes Shifts of the Al and Ga derivatives are much enhanced. Interestingly, the
fluorescence quantum yield of the metal analogues remains relatively high as for a NIR emitter. The
same behavior was found in the case of the excited states lifetimes.

When moving to the substitution of the phenyl ring of the Ga analogue with either electron-
withdrawing or electron-donating groups, the photophysical properties were very little modified, thus,
suggesting that both HOMO and LUMO are little modified by the substituents and therefore, the
energy gap almost maintained. This effect will be further studied by cyclovoltammetry. It is worth
highlighting the relative high quantum vyields measured for all derivatives independently of the
substituents. These observations are interesting for the development of future fluorescent probes. It
suggests that it would be possible to functionalize the molecule — e.g. adding a biovector - via one of
these positions without significantly affecting the photophysical properties of the molecule.
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Figure 4. Absorption (full lines) and emission (dotted lines) spectra of the studied compounds.

(TD-)DFT calculations

To give more insights into the photophysical properties, (TD-)DFT calculations have been carried out
on the azaXDIPY-H complexes (see computational details in experimental section). The ground state
geometries of the azaXDIPY-H compounds mainly differ in the coordination of X (B/Al/Ga). The B
center in AzaBODIPY-H is close to a tetrahedral configuration,3 while the Al and Ga centers are
midway between a tetrahedral and a plane square environment (see Figure S60 for a representation).
In all three azaXDIPY-H compounds, the computed absorption profile is dominated by an intense Sp ->
S: excitation, corresponding to a m -> m* electronic transition localized on the arms, with no
contribution of the B/Al/Ga center (See Figure 5 for transition densities and Figure S61 for
representation of the corresponding frontier orbitals involved). The emission is described by a very
similar electronic transition, with the S; relaxed geometries showing very small reorganization of the
molecule, in agreement with the small and similar Stokes shifts within the series (Figure 5). TD-DFT
Stokes Shifts are slightly overestimated as this value is highly difficult to reproduce quantitatively as
already shown for BODIPY/cyanine derivatives.*®



azaBODIPY-H

azaAIDIPY-H

azaGaDIPY-H

Absorption Emission

Figure 5: Density difference between the ground and excited state for absorption (left) and emission (right) (isovalue of
0.0005 au) for azaXDIPY-H compounds in DMSO. Red and green surfaces represent respectively a gain and a loss of
electronic density.

To investigate the possible coordination of a solvent molecule on the metal center, the geometries of
azaX(DMSO),DIPY-H molecules (n=1 or 2) have been relaxed, where the DMSO are explicitly placed on
the axial positions and coordinate the metal through their oxygen atom (Figure S60). On the one hand,
for AzaBODIPY-H, the presence of one DMSO strongly disturbs the binding situation of the boron
center and leads to the de-coordination of one the O-Ph arm. In addition, no stable structure is found
for azaB(DMSO),DIPY-H. The boron derivative is therefore considered as not being coordinated with
additional DMSO in the following. One the other hand, both azaAIDIPY-H and azaGaDIPY-H molecules
are predicted to be able to accept either one or two DMSO units as additional ligands on the metal
center. This difference in the ability to tolerate the presence of one or two solvent molecules may
explain the difference in stability in the presence of water observed between azaBODIPY vs azaAlIDIPY
and azaGaDIPY. The azaAl(DMSO)DIPY-H and azaGa(DMSO)DIPY-H exhibit a square-based pyramid
like and the original pseudo plane square is only slightly disturbed. The azaAl(DMSO).DIPY-H and
azaGa(DMSO).DIPY-H present an octahedral configuration.

Upon addition of the DMSO ligands on azaAIDIPY-H and azaGaDIPY-H, the computed absorption and
emission profile show no clear change in the transition densities (Figure 6). Nevertheless, this results
in a red-shift of the electronic transitions and an increase in their oscillator strengths, as detailed in
Table 2. When comparing the measured absorption and emission characteristics to the computed
ones, considering that one DMSO coordinates azaAIDIPY-H and azaGaDIPY-H, along with a DMSO-free
azaBODIPY-H allows recovering the trends in the series. Indeed, only this situation leads to very similar
absorption wavelengths for B, Al and Ga derivatives (648/643/648 nm respectively), with a greater
oscillator strength (to correlate with a greater ¢ value) for the two latter. At the same time, this allows
to retrieve the non-negligible red-shift of the emission of Al and Ga compounds (827/826 nm)
compared to their boron counterpart (787 nm).



Table 2: Computed absorption and emission properties for azaXDIPY-H compounds in DMSO. See Computational Details
section for additional information.

Compound /}”E:;(r(]:\‘l)) fabs  statesaps xé’:ﬂf?:\‘l))/ fem Ass (cm”?)
azaBODIPY-H 648 /1.91 0.56 S1 787/ 1.58 0.73 2662
azaAIDIPY-H 626/1.98 0.78 S1 780/1.59 0.92 3146
azaAl(DMSO)DIPY-H 643 /1.93 0.69 S1 827 /1.50 0.81 3468
azaAl(DMSO),DIPY-H 657/1.89 0.61 S1 814/1.52 0.84 2984

azaGaDIPY-H 628 /1.97 0.75 S1 770/1.61 0.94 2904
azaGa(DMSO)DIPY-H 648 /1.91 0.67 S1 826/ 1.50 0.81 3307
azaGa(DMSO),DIPY-H 659/1.88 0.60 S1 814/1.52 0.84 2904

azaAl(DMSO)DIPY-H

azaAl(DMSO),DIPY-H

azaGa(DMSO)DIPY-H

azaGa(DMSO),DIPY-H

Absorption

Emission

Figure 6: Density difference between the ground and excited state for absorption (left) and emission (right) (isovalue of
0.0005 au) for azaAl(DMSO)nDIPY-H and azaGa(DMSO)nDIPY-H compounds (n=1, 2) in DMSO. Red and green surfaces
represent respectively a gain and a loss of electronic density.






Electrochemical characterization

The electrochemical signature of the B, Al and Ga complexes was investigated to better highlight the
impact of the metal and of the substituents on the properties of the azaMDIPY complexes. These
analyses were performed in DMF in the presence of tetra-n-butylammonium used as an electrolyte
(0.1 M). All measurements were carried out under N, (glovebox) in a home-made three electrodes cell
including an AgNO3 (102M in CH3CN)/Ag reference electrode and a vitreous carbon disk (& =3 mm) as
a working electrode. The potential values measured by cyclic voltammetry (CV) in these experimental
conditions are collected in Table 3.

Table 3: Half wave and peak potential values (in Volts) measured by Cyclic Voltammetry (CV).

Entry Compound E3¢ E?*c Elc E'® E?a
1 azaAIDIPY-H -2.105¢ -1.921¢@ -1.403¢ 0.075* 0.556 ¢
2 azaGaDIPY-H - -1.890¢ -1.310¢ 0.169¢ 0.292¢
3 azaBODIPY-H - -1.555b -0.740 b 0.674¢ -

4 azaGaDIPY-Br - -1.783¢ -1.244 ¢4 0.189¢ 0.016¢
5 azaGaDIPY-OMe - -1.983 @ -1.331¢@ 0.107 0.561¢
6 azaGaDIPY-NMe; - - -1.470¢@ 0.032° 0.0271%
7 azaDIPY-H - -1.515¢ -1.118¢ 0.536¢

Measured by CV at 1 x 10-3 M in DMF + TBAP (0.1 M), vitreous carbon working electrode @ = 3
mm, 298 K, v = 0.1 V-s-1; Potential values are given in Volts vs. Ef{Ag*(AgNO3 0.01 M in
MeCN)/Ag]; @ peak potential (irreversible waves); o half-wave potential values (E1/2=(Epa+Epc)/2

These key figures reveal that each compound undergo several oxidation and reduction processes
within the accessible potential window. We first found that the CV curve of the free ligand exhibits one
fully irreversible multi-electron oxidation wave and two irreversible reduction waves. The
irreversibility of all the observed waves is moreover consistent with the existence of chemical steps
coupled to the transfer of electrons most likely involving intra or inter molecular proton transfer
between the “acidic” and “basic” sites involved in the molecule.*® One driving force for such proton-
coupled electron transfer (PCET) is that the oxidation and reduction of the aza-DIPY 3 core strengthen
the acidity of the phenol and the basicity of the “imine/amidine-type” subunits, respectively.

In agreement with this hypothesis, we found that the replacement of the three inner hydrogens by
boron, gallium or aluminum has drastic effects on the shape and position of the observed waves (Figure
7 and Table 3). In the azaXDIPY-H series (with X = Al, B, Ga), each compound undergoes two consecutive
one-electron reduction processes yielding successively [azaXDIPY-H]*~ and [azaXDIPY-H]?") (see figures
$56-559). Both reduction waves appear fully reversible at low scan rate (100 mV/s) when X = B only.
The CV curves recorded in the same conditions with the gallium and aluminium analogues indeed
feature two irreversible reduction waves demonstrating the poor stability of the intermediate radical
anion [azaXDIPY-H]*". The existence of a coupled chemical step is then readily demonstrated by the
observation on an additional re-oxidation wave on the reverse scan attributed to the oxidation of the
in-situ generated EC product (Figure 7). Further studies revealed that the reversibility of the first
reduction wave can be recovered, and at the same time the intensity of the additional wave can be
significantly decreased, upon shortening the time scale of the measurement from 100 to 500 mv/S.
This is consistent with the conclusion that the chemical reaction coupled to the first reduction of



azaGaDIPY-H and azaAIDIPY-H is quite slow (see figures S53 and S54). Moreover, the fact that the
additional reoxidation wave is not observed at the same potential on the CV curves recorded with
azaGaDIPY-H and azaAIDIPY-H suggest that Ga and Al remains coordinated to the ligand in the final EC
product.

On the anodic side, the electrochemical response varies quite significantly with the complexed atom.
The reversible one electron oxidation wave observed with the Al complex indicates that the cation
radical [azaAIDIPY-H]** is stable at the CV time scale. The Boron and Ga —based analogs were
conversely found to be quite unstable, as evidenced by the observation of irreversible waves
(azaBODIPY-H) and of quite complex signatures including many superimposed waves (azaGaDIPY-H).
As a general statement, the relative position of the first oxidation and reduction waves recorded in the
same conditions with azaBODIPY-H, azaAlDIPY-H, and azaGaDIPY-H were found to follow the
electronegativity of the central atom, with s >yca >y In agreement with this order, the reduction of
the boron complex is observed at a much less negative potential value than the two other ones
(E1c[X=B] > E1c[X=Ga] > E1[X=Al] ) while the Al complex is easier to oxidize than the B and Ga complexes
(E1a[X=B] > E1a[X=Ga] > E1.[X=Al] ). It should be mentioned that this simple interpretation seems
relevant despite the irreversible character of most oxidation waves and despite the presence of
additional ligands on the gallium atom.

azaAlIDIPY-H

azaGaDIPY-H _

azaBODIPY-H
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Figure 7: Voltammetric curves of DMF (0.1M TBAP) solutions of azaBODIPY-H, azaGaDIPY-H and azaAIDIPY-H (v = 0.1 V 571,
VC @ =3 mm, E (volt) vs Err[Ag*(10-2 M)/Ag]).

Further analyzes performed on the azaGaDIPY-R series, with R = H, Br, OMe and NMe;, confirmed our
assignment of the observed waves to ligand-centered electron transfers. As can be seen in Figure 8
and Table 3, replacing the para-hydrogen atom with electron-donating or electron-withdrawing
substituents results in quite large shifts in the potential values associated to the first oxidation and
reduction processes. These effects are best revealed by the shift of the first reversible reduction wave
(Figure 8). Here again, the shift (amplitude, sign) is consistent with the electronic effect of the
substituents, i.e. the Br atom facilitates the reduction, while the electron-donating groups like -OMe
or -NMe; shift the reduction potential toward more negative values. It should be mentioned that the
introduction of NMe; not only leads to the expected cathodic potential shift but also to an apparent
splitting of the wave, which is most likely attributed to the instability of the reduced species.



azaGaDIPY-R
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Figure 8: Voltammetric curves of DMF (0.1M TBAP) solutions of azaGaDIPY-R with R = Me;N, OMe, H and Br (v=0.1 Vs, VC
@ =3 mm, E (volt) vs Er[Ag*(10-2 M)/Ag]).

On the anodic side, the CV curve recorded with azaGaDIPY-OMe exhibits similar features to that
obtained with azaGaDIPY-H, with two successive one-electron oxidations observed in the [0-1] volt
range (Figure 9). This “standard” signature contrasts with that obtained in the same conditions with
the azaGaDIPY-NMe; analog incorporating two redox-active dimethylaniline subunits. As can be seen
in Figure 9, the CV curve obtained with azaGaDIPY-NMe; displays at least three successive one-
electron oxidation processes including two first one-electron reversible waves attributed to the
oxidation of the aza-DIPY core. This specific pattern, observed only when R= NMe,, make us propose
that the dimethylaniline units are involved in the irreversible processes observed at E>0.5 V, a
hypothesis which was finally confirmed by showing that the dimethylaniline subunits are oxidized in
the same experimental conditions at about 0.45 V (Figure S55).

azaGaDIPY-OMe
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azaGaDIPY-NMe,
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Figure 9: Voltamperometric curves of DMF solutions of azaGaDIPY-OMe and azaGaDIPY-NMe; (1x10-3 M + 0.1M in TBAP)
recorded at a vitreous carbon working electrode (full line, @ = 3 mm, 0.1 V.s-1) and at a rotating disk electrode (dashed lines,
@ =3 mm, 0.01 V.s-1, 500 rd.min-1).

Spectroelectrochemical (SEC) analyses have then been conducted with azaGaDIPY-OMe to gain
further insights into the stability and into the spectroscopic signature of the oxidized and reduced
species. Those measurements were carried out upon collecting time-resolved UV/Vis spectra during
the electrochemical reduction/oxidation of azaGaDIPY-OMe carried out at a platinum gauze electrode
placed in a thin layer SEC cell (0.5 mm). The one-electron oxidation of azaGaDIPY-OMe led to a large
decrease in the intensity of the absorption centered at 729 nm at the expense of two less intense
signals developing at Amax = 850 and 982 nm. This conversion was found to be chemically reversible, as
proved by the fact that the initial absorption band could be recovered by subsequent reduction of the
solution. Observation of a clean isobestic points at 594 and 768 nm also confirmed that no secondary



reactions occurred over the time scale of the experiment. Similar measurements were carried out
focusing on the first reduction wave. Setting the electrode potential at -1.5 V led to a large decrease
in the intensity of the initial waves at Amax =729 and 476 nm at the expense of a weak band at 870 nm
and of a more intense one at 400 nm. Here again, these changes were seen to proceed through at least
two isosbestic points at 436 and 813 nm. Most surprisingly, we found that the starting molecule
azaGaDIPY-OMe can be fully recovered after reoxidation of the sample, which includes the reoxidation
of [azaGaDIPY-OMe]*~ (* in Figure 10) followed by the oxidation of the side product (** in Figure 10).
These results thus demonstrate that the transformation undergone by [azaGaDIPY-OMe]* is
reversible at the SEC time scale.

Taken together, these (spectro)electrochemical studies demonstrate the stability of the reduced and

oxidized forms of azaGaDIPY-OMe, which is very promising from the perspective of in vivo
applications.
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Figure 10: UV-vis spectra recorded during the oxidation (A) and reduction (B) of azaGaDIPY-OMe in DMF (0.1M TBAP) at a
platinum gauze working electrode (I = 0.5 mm, v = 10mV/s). The current potential curves recorded at the working electrode
are shown as insets.

Conclusion

A series of N,0;-azaDIPY-based complexes of group 13 elements was firstly synthesized and
characterized. This study shows the potential of the aza-DIPY-biphenate ligands to design and obtain
a new class of NIR-emitting fluorophores. The replacement of the boron by aluminum or gallium enable
to redshift the emission of fluorescence of 30 nm in the NIR, while keeping a good brightness. One
complex even displays a tail of its emission in the NIR-Il area. This increase of the maximum emission
wavelength is likely to be due to the ability of the metallic center to coordinate an additional molecule
(e.g. coordinating solvent), which induces an increased planarity of the azaMDIPY core, more than the
nature of the metal. The different complexes appeared to be air stable, even in solution, and did not
release their metal ion even when reduced or oxidized. Their redox properties can be easily tuned by
introducing electron-withdrawing or electron-donating groups on the backbone of the azaDIPY. Such
a modification of the azaMDIPY substituents leads to a redshift of the maximum absorption and
emission wavelengths in the case of the introduction an electron-withdrawing group and in the case
of the introduction of a strong electron-donating group. All these results let think that this new class
of compounds will be promising for the development of innovative fluorescent probes for medical
imaging or other applications.



Experimental section
Materials

Reactions were carried out in analytical reagent grade solvents from Carlo Erba under normal
atmosphere. Dry solvents were non-stabilized, purchased from Carlo Erba and dried using a MB-SPS-
800 (MBraun™) or PureSolv-MD-5 (Inert™). All reagents were purchased from SigmaAldrich™, Thermo
Fisher Scientific™ or ACROS Organics™ and used as received without further purification. Reactions
were monitored by thin-layer chromatography and NMR H. Analytical thin-layer chromatography was
performed with Merck 60 F254 silica gel (precoated sheets, 0.2 mm thick). Column chromatography
was carried out using silica gel (SigmaAldrich, 40-63 pm 230-400 mesh 60A).

Instrumentation
NMR Spectroscopy:

(*H, 13C, 1'B) were recorded at 298 K on Bruker spectrometers Avance Neo 500 MHz equipped witha 5
mm BBOF iProbe and Avance Ill HD 600 MHz equipped with a 5 mm BBOF N; cryoprobe. NMR
spectroscopy chemical shifts are quoted in parts per million (8) relative to TMS (for *H, *3C), BF3*Et,0
(for 11B), calibration was made by using residual signals of the partially deuterated solvent summarized
in 2010 by Fulmer et al.® For all other nuclei, SR value obtained after zero-calibration of the
corresponding reference was applied.

Mass Spectrometry:

High-resolution mass spectrometry analyses were recorded on a LTQ Orbitrap XL mass spectrometer
(Thermo Scientific) equipped with an electrospray ionization source (HESI 2).

Typical conditioning: A stock solution of the analyte was prepared by dissolving 1 mg of the analyte in
1 mL of a HPLC-grade solvent MeOH or in RPE-grade DMSO. For small molecules (MW < 1000 Da) a
1/100 dilution was performed using 10.0 pL of the stock solution completed to 1.0 mL by a HPLC-grade
solvent. For high weight molecules (MW> 1000 Da) a 1/10 dilution was performed using 100.0 pL of
the stock solution completed to 1.0 mL by a HPLC-grade solvent.

Additional information is available the supplementary information document.
Analytical HPLC:

HPLC-MS analyses were obtained on a on a ThermoFisher Vanquish instrument (pump + autosampler
at 20 °C + column oven at 25 °C) equipped with a UV-visible DAD and ISQ-EM single quadrupole mass
spectrometer. RP-HPLC-fluorescence (Phenomenex Kinetex Cig column, 2.6 pm, 2.1 x 50 mm) with MeCN
+ 0.1% formic acid (B) and H;0 + 0.1% formic acid (A) as eluents [5% B (2 min) followed by linear gradient
from 5% to 100% (5 min) of B, then 100% B (1.55 min)] at a flow rate of 0.5 mL/min. UV-visible detection
was achieved at 214, 254, 280 and 650 nm (+ diode array detection in the range of 220-500 nm). Low
resolution ESI-MS detection in the positive/negative mode (full scan, 100-2000 a.m.u., data type:
centroid, source CID voltage: 20 V, vaporizer temperature: 282 °C, ion transfer tube temperature:
300°C, source voltage positive ions: 3 kV, source voltage negative ions: -2 kV and sheet gas pressure:
49.9 psig.

Photophysical studies:

UV-Visible absorption spectra of aza-MDIPY (B, Al, Ga) were recorded on a Varian Cary 50 scan (single-
beam). Data are reported as absorption maximum wavelength ([Amax] = nm) and molar absorption
coefficient at the absorption maximum wavelength ([e] = Mt.cm™). The steady-state fluorescence



emission spectra of aza-MDIPY were obtained using a HORIBA Jobin Yvon fluorolog spectrofluorometer
(software FluoEssence). The steady-state fluorescence emission spectra of aza-MDIPY were obtained
using a HORIBA Jobin Yvon Fluorolog spectrofluorometer (software FluorEssence). All fluorescence
spectra were corrected for apparatus response. Quartz cuvettes (1.5 mL) with an optical path of 1 cm
were used. The sample concentrations were chosen to obtain a maximum absorbance between 0.3
and 1.0 for UV spectra and between 0.035 and 0.1 at excitation wavelength for quantum yield
measurements. Relative quantum yields were obtained by comparing the areas under the corrected
emission spectrum. All measurements were performed in DMSO (Sigma Aldrich, spectroscopic grade
>99.9 %) and DCM at 298 K. “bismethoxy” AzaBODIPY (see ESI Figure S1) (O = 0.36 in CHCls, A«
=670 nm)* and IR 125 (®f = 0.132 in ethanol)*” with Ae = 680 nm were used as the standard.

Computational details

All (TD-)DFT calculations presented in this work have been obtained with the Gaussian16 software,*!
using the PBEO>? functional and a 6-311+G(d,p) basis set. The ground and excited state geometry
optimizations of the compounds were followed by a frequencies calculation to identify the structures
as minima of energy. Absorption profiles were obtained by computing the 15 first electronic
excitations, and the emission energies were deduced form the first excitation at the excited state
relaxed geometry. In all steps, solvent effects (dimethylsulfoxyde) were included through a Polarizable
Continuum Model (PCM),>® and the Linear-Response formalism of PCM was used for TD-DFT
calculations.

Synthetic procedures

The compounds 1-9, 11, 12, and azaBODIPY-H were synthesized according to a modified reported
procedure (NMR data are in agreement with literature, see details in ESI).>*>> Concerning AzaMDIPY
complexes, “yield*” means that we have considered that one molecule of THF is included in the
molecular mass of the complex, when we calculated the yield.

Pro-ligand 10:

Compound 6 (7.56 g, 20.8 mmol, 1 eq) was dissolved in 130 mL of EtOH in a 500 mL round bottom
flask. NH,OAc (43.18 g, 560.3 mmol, 27 eq) was added and the suspension refluxed during 2 days.
Upon completion, the solvents were evaporated to the quarter of the initial volume. The supernatant
was filtered and the powder was washed with cold MeOH until the filtrate became blue and the solid
residue exhibits a clean glossy surface. The solid was transferred into a round bottom flask and dried
under vacuum to isolate the corresponding aza-dipyrromethene 10 as a green powder (2.28 g, 34 %
yield).

1H NMR (500 MHz, 298 K, DMSO-ds) & (ppm) = 7.02-7.05 (m, 2H), 7.12 (d, 3/ = 8.2 Hz, 2H), 7.36-7.38 (m,
2H), 7.66 (d, 3/ = 8.2 Hz, 4H), 7.75 (s, 2H), 7.96 (d, 3/ = 8.2 Hz, 4H), 8.02 (d, 3J = 8.2 Hz, 2H). 3C NMR (125
MHz, 298 K, DMSO-dg) 6 (ppm) = 117.0, 117.2, 117.4, 120.2, 121.6, 128.9, 130.8, 131.3, 132.0, 132.6,
139.4, 146.1, 154.7, 157.4. HR-MS (ESI): m/z calculated for C3;H»1Br,NsNaO, [M+Na]* 661.98723 Da,
found 661.98613 Da.

AzaAIDIPY-H:

In the glovebox, 3 (48 mg, 0.10 mmol, 1 eq) was dissolved in 3 mL of dry THF in a Schlenk tube. AlMe3
(50 pL, 0.10 mmol, 1 eq) was added and the blue mixture turned to brown. The reaction mixture was
stirred overnight under argon at room temperature and turned green. The crude product was
evaporated to dryness, precipitated upon the addition of pentane, and the supernatant was removed.
Pentane was added again and the supernatant removed (this operation was repeated three times).



The resulting solid was then transferred into a round bottom flask and dried under vacuum to isolate
the corresponding AzaAIDIPY-H as a black crystalline solid (47 mg, 81% yield*).

1H NMR (600 MHz, 298 K, DMSO-ds) 6 (ppm) = 6.56-6.58 (m, 2H), 6.70 (d, 3/ = 8.2 Hz, 2H), 7.10-7.17 (m,
2H), 7.32-7.35 (m, 2H), 7.40-7.43 (m, 6H), 7.72 (d, 3/ = 7.8 Hz, 2H), 8.04 (d, 3J = 7.6 Hz, 4H). 3C NMR
(150 MHz, 298 K, DMSO-ds) & (ppm) = 114.9, 115.3, 119.1, 121.1, 127.4, 128.1, 128.1, 128.9, 131.7,
134.2, 140.4, 147.1, 156.6, 163.9. HR-MS in DMSO (ESI): m/z calculated for CssH,sAIN3sNaOsS*
[M+DMSO+Na]* 606.14025 Da, found 606.14106 Da. LC-MS: Rt = 4.98 min.

AzaGaDIPY-H:

In the glovebox, compound 3 (40 mg, 0.08 mmol, 1 eq) and NaH (10 mg, 0.42 mmol, 5.2 eq) were
dissolved in 2 mL of dry THF in a Schlenk tube. The initially blue solution turned into green and the
reaction was stirred under argon at room temperature during 1 h. In the glovebox, GaCls (15 mg, 0.08
mmol, 1 eq) was dissolved in 2 mL of dry THF in another Schlenk tube. The deprotonated ligand was
then added using a filtering cannula into the GaCls solution. The reaction mixture was stirred at room
temperature during 2 h. The crude product was evaporated to dryness and solubilized with DCM. The
resulting solution was filtered over celite to remove NaCl and evaporated to dryness. The compound
was precipitated upon the addition of pentane and the supernatant was removed (this operation was
repeated three time). The resulting solid was transferred into a round bottom flask and dried under
vacuum to isolate the corresponding AzaGaDIPY-H as a green solid (36 mg, 73% yield*).

1H NMR (600 MHz, 298 K, DMSO-ds) 6 (ppm) = 6.58-6.61 (m, 2H), 6.74 (d, 3/ = 8.2 Hz, 2H), 7.12-7.14 (m,
2H), 7.34-7.36 (m, 2H), 7.41-7.43 (m, 4H), 7.51 (s, 2H), 7.75 (d, 3/ = 8.2 Hz, 2H), 8.04 (d, 3/ = 7.6 Hz, 4H).
13C NMR (150 MHz, 298 K, DMSO-ds) 6 (ppm) = 115.1, 115.6, 117.7, 122.0, 127.7, 128.2, 128.7 128.9,
131.7, 133.9, 140.5, 146.4, 157.2, 165.9. HR-MS (ESI): m/z calculated for C3;H»0GaNsNaO,* [M+Na]*
570.07035 Da, found 570.07200 Da. LC-MS: Rt = 5.21 min

AzaGaDIPY-Br:

In the glovebox, compound 10 (40 mg, 0.06 mmol, 1 eq) and NaH (10 mg, 0.41 mmol, 7 eq) were
dissolved in 2 mL of dry THF in a Schlenk tube. The initially blue solution turned into green and the
reaction stirred under argon at room temperature during 1 h. In the glovebox, GaCls (11 mg, 0.06
mmol, 1 eq) was dissolved in 2 mL of dry THF in another Schlenk tube. Then, the deprotonated ligand
was added using a filtered cannula into the GaCls solution. The reaction was stirred at room
temperature during 2 h. The crude was evaporated to dryness and solubilized with DCM. The solution
was filtered over celite to remove NaCl and evaporated to dryness. The compound was precipitated
upon the addition of pentane and the supernatant was removed (this operation was repeated three
time and then). The resulting solid was transferred into a round bottom flask and dried under vacuum
to isolate the corresponding AzaGaDIPY-Br as a black powder (40 mg, 82% yield*).

1H NMR (600 MHz, 298 K, DMSO-ds) & (ppm) = 6.58 (m, 2H, Hy), 6.74 (d, 3/ = 8.3 Hz, 2H), 7.12-7.15 (m,
2H), 7.56 (s, 2H), 7.63 (d, 3/ = 8.2 Hz, 4H), 7.74 (d, 3/ = 8.3 Hz, 2H), 7.96 (d, 3/ = 8.2 Hz, 4H). 13C NMR (150
MHz, 298 K, DMSO-ds) & (ppm) = 116.0, 116.1, 118.0, 121.6, 122.5, 129.2, 131.2, 131.6, 132.4, 133.5,
139.6, 146.8, 157.8, 166.4. HR-MS (ESI): m/z calculated for CsH1sGaBroNsNaO,* [M+Na]* 727.88933
Da, found 727.89069 Da. LC-MS: Rt = 5.83 min

AzaGaDIPY-OMe:

In the glovebox, compound 11 (100 mg, 184 umol, 1 eq) and NaH (22 mg, 920 umol, 5 eq) were
dissolved in 10 mL of dry THF in a Schlenk tube. The initially blue solution turned into green and the
reaction was stirred under argon at room temperature during 1 h. In the glovebox, GaCl; (32 mg, 180



pumol, 1 eq) was dissolved in 2 mL of dry THF in an another Schlenk tube. Then, the deprotonated ligand
was cannulated using a filtering cannula into the GaCls solution. The reaction was stirred at room
temperature during 30 min. The crude product was evaporated to dryness and solubilized with DCM.
The solution was filtering over celite to remove NaCl and evaporated to dryness. The compound was
precipitated upon the addition of pentane and the supernatant was removed (this operation was
repeated three time). The resulting solid was transferred into a round bottom flask and dried under
vacuum to isolate the corresponding AzaGaDIPY-OMe as a dark purple solid (107 mg, 85% yield*).

1H NMR (500 MHz, 298 K, DMSO-ds) & (ppm) = 3.84 (s, 6H), 6.58 (ddd, 3/ = 8.0 Hz, 3/ = 6.9 Hz, 3/ = 1.3
Hz, 2H), 6.73 (dd, 3/ = 8.4 Hz, %/ = 1.3 Hz, 2H), 7.00 (d, 3J = 8.8 Hz, 4H), 7.11 (ddd, 3/ = 8.4 Hz, 3/= 6.9 Hz,
4)=1.7 Hz, 2H), 7.40 (s, 2H), 7.73 (dd, 3/ = 8.0 Hz, %/ = 1.7 Hz, 2H), 8.00 (d, 3/ = 8.8 Hz, 4H). 13C NMR (125
MHz, 298 K, DMSO-d¢) 6 (ppm) = 55.2, 113.5, 113.7, 115.4, 117.8, 121.8, 126.6, 128.6, 130.2, 131.5,
140.3, 146.2, 156.9, 159.1, 165.8. HR-MS in DMSO (ESI): m/z calculated for C3gH3oN30sS [M+DMSO]*
685.11620 Da, found 685.11876 Da. LC-MS: Rt = 5.16 min.

AzaGaDIPY-NMe;:

In the glovebox, compound 12 (100 mg, 176 umol, 1 eq) and NaH (21 mg, 880 umol, 5 eq) were
dissolved in 10 mL of dry THF in a Schlenk tube. The initially blue solution turned into purple and
gradually to green and the reaction was stirred under argon at room temperature during 1 h. In the
glovebox, GaCls; (31 mg, 176 umol, 1 eq) was dissolved in 2 mL of dry THF in another Schlenck tube.
Then, the deprotonated ligand was cannulated using a filtered cannula into the GaCls solution. The
reaction was stirred at room temperature during 30 min. The solution was filtered over celite to
remove NaCl and evaporated to dryness. The compound was precipitated upon the addition of
pentane and the supernatant was removed (this operation was repeated three time). The solid was
transferred into a round bottom flask and dried under vacuum to isolate the corresponding
AzaGaDIPY-NMe; as a dark purple solid (68 mg, 55% yield*).

1H NMR (500 MHz, 298 K, DMSO-ds) & (ppm) = 3.00 (s, 12H), 6.57-6.60 (m, 2H), 6.69-6.71 (m, 2H), 6.77
(d, 3/ = 8.3 Hz, 4H), 7.07-7.10 (m, 2H), 7.26 (s, 2H), 7.70 (d, 3/ = 8.0 Hz, 2H), 7.96 (d, 3/ = 8.3 Hz, 4H).
13C NMR (125 MHz, 298 K, DMSO-ds) & (ppm) = 40.1, 111.3, 111.7, 115.2, 118.0, 121.8, 122.1, 128.1,
129.9, 131.1, 143.3, 146.6, 149.8, 154.9. LC-MS: Rt = 5.07 min

Crystallograhy

All experimental data procedure and refinement are detailed in Supplementary Information. Data
CCDC-2178000 contain the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data request/cif
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azaMDIPY-R
M: group 13 (B, Al, Ga)
R:H, Br, OMe, NMe,

A series of group 13 (B, Al, Ga) azaMDIPY complexes have been synthesized and characterized. The
impact on the properties of the azaMDIPY of the metal and of the substituents was investigated.
Thanks to a more planar conformation azaAlIDIPY and azaGaDIPY display maximum emission
wavelength red-shifted compared to azaBODIPY. Moreover, they appeared to be air stable and no
metal released was observed when reduced or oxidized.



