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Carborane-BODIPY Dyads: New Photoluminescent Materials
Through an Efficient Heck Coupling

Chiara Bellomo,®® Mahdi Chaari,” Justo Cabrera-Gonzalez,™ Marco Blangetti,[® Chiara Lombardi,®?!
Annamaria Deagostino, Clara Vifias,’? Nerea Gaztelumendi,”! Carme Nogués,® Rosario Nufiez,*!

and Cristina Prandi'@

Abstract: a small library of carborane-BODIPY/aza-BODIPY dyads
have been efficiently synthesized by means of a novel convergent
synthetic approach where the key step is a Pd-catalyzed Heck
coupling reaction. The  structural characterization  and
photoluminescence properties of the newly synthesized dyads have
been evaluated. The presence of the carborane does not alter
significantly the photophysical patterns of the BODIPY or aza-
BODIPY in the final fluorophores, but it produces a decrease of the
emission fluorescent quantum yields that is in the range from 1.4% for
aza-BODIPY to 48% for BODIPY-dyads. The carborane-BODIPY
dyads are successfully internalized by the cells, especially
compounds 2, 4 and 13, demonstrating their cytoplasmic localization.
The fluorescent and biocompatibility properties make these
compounds good candidates for in vitro cell tracking.

Introduction

Carborane clusters are fascinating chemical species part of the
boron cluster chemistry, which has been the subject of intense
and attractive research over the last 60 years.!! Carboranes are
very robust compounds characterized by a three-dimensional
(3D) structure,@ high stability (chemical, thermal and
photochemical),®!  electron-withdrawing  properties  low
nucleophilicity, high hydrophobicity, and low toxicity in biological
systems.®> ¢ 81 Many new synthetic procedures have been
developed to functionalize these cluster and the physico-chemical
properties of carborane-derivatives have been analyzed, showing
that they can act differently even when compared to electronically
similar organic species, such as phenyl rings.l Their physico-
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chemical properties, together with their versatility toward
functionalization,! makes them suitable building blocks easily
linkable to other molecules.®l Thanks to their unique
characteristics, carboranes have been exploited in varied fields,
such as medicine,® 9 where they are used in boron neutron
capture therapy (BNCT) and drug delivery, ¢ 19 catalysis,**! non-
linear optical materials,*? liquid crystals,** among other.
Dicarba-closo-dodecarboranes differ on the position of the two
carbon atoms in the cluster, making the electronic properties of
the ortho-, meta-, and para-isomer different, especially between
the ortho- and the other two isomers.*) Moreover, the electron
withdrawing ability through the Ceuser (Co) atoms,? and the
distortion of the cage are crucial features, because they permit to
choose between the three different isomers in order to tune the
properties of the substituents attached to the cluster.

Since our seminal work in 2007, where the first example of a
fluorescent molecules containing carboranyl moieties was
reported,*3 our groupl® P 50181 gand others [1%¢ 171 have developed
new fluorescent materials incorporating carboranes. As a result,
the interest in studying the photoluminescent (PL) properties of
these compounds in view of new applications has noticeably
increased; they can find applications as luminescent materials,
organic field-effect transistors (OFETS), phosphorescent organic
light emitting diodes (PHOLEDS), or in biomedicine.8 Moreover,
the carboranyl cage can directly influence the PL properties of the
final material and gives an additional thermal stability, which is
crucial in tuning the final properties of a certain material.[® 5°I
Owing to their unique spectroscopic properties and their easiness
of functionalization, BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene) dyes*® have emerged as an interesting new class of
fluorophores for boron clusters functionalization, especially for
solid state luminescent devices and BNCT applications.? This
class of fluorophores, together with their aza-analogues, are well
known especially for their biological applications,?!! because of
their excellent features such as good photochemical stability, high
quantum yield, and narrow absorption/emissions bands.?2

Only in the last few years, some families of carboranyl-BODIPY
dyads with unique PL properties have been synthesized,
exploiting the reactivity of appropriately functionalized BODIPYs
toward Sonogashira cross-coupling,?® alkyne insertion into
decaborane¥ and Pd-catalyzed Suzuki cross coupling
reactions.”%! However, to the best of our knowledge, a Heck
coupling approach between carboranes and halogenated
BODIPY dyes has not been reported yet.

The Heck reaction on BODIPY dyes is nowadays an established
synthetic procedure for the post-functionalization of the
dipyrromethene core.?®! As part of our studies aimed at tagging
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biological relevant compounds using fluorescent probes for live-
cell imaging applications,?®! we exploited the excellent photo-
features of BODIPYs as optical probes and we recently reported
the optimization of a Heck coupling reaction on an asymmetric
aza-BODIPY core.l Likewise, styrene-containing carborane
derivatives have demonstrated to be excellent starting molecules
to achieve different fluorescent materials via Heck coupling
reaction.3& 162dl Therefore we envisaged that the latter might
represent a very suitable coupling partner for Heck reaction with
halogenated BODIPY fluorophores and their aza-analogues.
Additionally, the n-conjugated styrene moiety spacer might confer
unique photoluminescent properties to the final dyes making them
very attractive in this research field.

On the basis of these considerations, and motivated by our
ongoing interest in extending the feasibility of functionalization of
the carborane core with fluorescent scaffolds, we herein report
the synthesis of a small library of carborane-BODIPY/aza-
BODIPY dyads by means of an efficient convergent synthetic
approach where the key step is a Pd-catalyzed Heck coupling
reaction (Figure 1).

Previous works

Linker—CB = carborane derivative

Linker-CB
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X \\N N N\ x Linker=CB  cp_ | inker X N\\ Linker-CB  or
. 5
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X=R,I Sonogashira or Suzuki coupling

This work: Heck coupling

Styrenyl-CB

Heck coupling

aza-DIPY

Figure 1. Aim of the work.

In fact, the rationale of this work focuses on the following key
points: 1) extending the scope of different Pd-catalyzed cross
coupling reactions to widen the array of photoluminescent
carborane derivatives obtainable according to friendly synthetic
pathways and 2) studying the properties of the new molecules
whose applications in many research fields, from pharmaceutics
to fluorescent materials, is a cutting edge-topic.

To this purpose, the Heck coupling between a set of styrenyl-
carboranes (ortho- and meta-) and either BODIPY or aza-DIPY
dyes has been successfully accomplished. The spectroscopic
and photophysical properties of these new compounds, together
with their visualization by confocal microscopy in HelLa cancer
cells, are also discussed.
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Results and Discussion
Synthesis and characterization of the compounds.

Since its discovery in the ‘70s, Heck coupling has become a
straightforward method for functionalizing olefins with aryl
substituents, and it finds wide applications in the field of natural
product synthesis, bioorganic chemistry and material science.®
Transition metal-catalyzed cross coupling reactions represent a
straightforward strategy for the post functionalization of the
BODIPY core, since boron-chelated dipyrromethene starting
materials are less sensitive to Pd-catalyzed reaction conditions
compared to their aza-analogues. This would allow to obtain an
array of symmetrical and asymmetrical BODIPY compounds with
tunable physical and spectroscopic properties.”s! However, as
mentioned before, a Heck coupling between a styrenyl-containing
carborane (Styrenyl-CB) and a dipyrromethene-based dye has
never been reported yet. To this purpose, we identified the two
Heck coupling partners to start our investigation and optimize our
target reaction, as: a) a properly functionalized carborane bearing
a styrene moiety (0-Me-CB, 0-Ph-CB, m-Me-Cb and m-Ph-Cb)
and b) the high fluorescent BODIPY dye 1 (Scheme 1) that
exhibits a maximum Aws = 502 nm. The 1,35,7-
tetramethylBODIPY derivative 1 has been synthesized by acid
catalyzed condensation of 2,4-dimethylpyrrole with p-
bromobenzaldehyde,??! while the styrenyl-containing carborane
derivatives have been successfully synthesized by lithiation of the
parent closo-carborane cluster followed by the addition of 4-
vinylbenzyl chloride, as described in the literature. 269 d

Styrenyl-CB
Heck coupling

Pd catalysts

Styrenyl-CB:

R
Ny

o-Me-CB (R = Me)
0-Ph-CB (R =Ph)

Py SN
B

m-Me-CB (R = Me)
m-Ph-CB (R = Ph)

Scheme 1. Selected coupling partners for the Heck reaction optimization.

Based on our recent results concerning the functionalization of
asymmetric aza-BODIPY derivatives by Heck reaction,?”l we
tested our previously reported coupling procedure on carborane-
containing olefins using a simple commercially available coupling
partner. The o-Me-CB and bromobenzene were thus reacted
using the Pd(OAc)./(o-Tol)sP (10% and 20% respectively)
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catalytic system, in the presence of TBAB (tetrabutyl ammonium
bromide) as an additive, BusN as base and dimethylformamide
(DMF) as solvent at 100 °C. Under these conditions, no reaction
was observed and the starting materials were recovered
unchanged. Puzzled by this unexpected negative result, we
speculated that the peculiar reactivity of the carborane cage might
hamper the coupling reaction, since the challenging step of the
Heck catalytic cycle is the coordination and transmetalation of the
alkene. The connection of the styrenyl moiety to a strong electron
withdrawing carboranyl cage might deactivate the olefin sterically
and electronically, therefore we directed our efforts on finding a
different procedure that could be more suitable for the styrenyl-
CB Heck coupling reaction. Littke and Fu described in 2001 the
Pd,(dba)s/Pd(P(t-Bu)s). catalytic system in the presence of
dicyclohexylmethylamine (Cy.NMe) as an effective tool for the
Heck reactions on aryl chlorides and aryl bromides, both in
extreme and mild conditions.” The unusual effectiveness of the
base, which was proven to provide a more active catalyst
compared to other bases (such as Cs,COs3), made this versatile
procedure also efficient to introduce a variety of functional groups
either on brominated and iodinated silicate cages (possessing
similar characteristics with the carborane cluster) and on the
carboranyl substrates of our interest. 32 16b-d.31]

On these grounds, these conditions for the Heck coupling were
applied to our substrates. Brominated BODIPY 1 was then
reacted with 0-Me-CB in the presence of Pd,(dba)s/Pd(P(t-Bu)s).
(1.2% and 1.6% respectively) as catalyst, using Cy,NMe as base
in 1,4-dioxane at 100 °C. To our delight, the reaction proceeded
smoothly in 12 h with full conversion of the starting materials to
give 2 (Scheme 2) with 46% of final yield. The procedure has been
successfully applied to m-Me-CB and m-Ph-CB affording the
corresponding coupling products 3 and 4 in moderate yields
(Scheme 2 and Table 1, entries 1-3). More details of the synthetic
procedures are in the ESI.

Styrenyl-CB
[Pd(dba)s)/[Pd(P(t-Bu)s),]

Cy,NMe, dioxane, rfx, o.n.

2 (46%)

Scheme 2. Heck coupling for the synthesis of carborane-BODIPY dyads 2-4.
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Nowadays, there is a great interest in the development of bright
and stable fluorophores emitting in the red spectral region
(wavelength >650 nm), owing to the advantages of this kind of
radiation for sensing and bioimaging purposes.4 Several
synthetic strategies have been developed with the aim to modify
the BODIPY and shift the spectral bands;®3 one example is the
replacement of the meso-carbon atom by nitrogen to achieve aza-
BODIPYs,?2d or the extension of the conjugation via aromatic
frameworks at 3,5-positions, such as thienyls, resulted in further
bathochromic shift in SO—S1 transition. This is probably due to
further enhancement of conjugation in BODIPY unit because of
the presence of aryl substituents at 3,5-positions.

Ph Styrenyl-CB Ph Ph
BF3-OEt, N
S

Ny { [Pd,(dba)s}/[Pd(P(t-Bu)s);] N, <
NoNH N Cy,NMe, dioxane, rfx, 0.n. N NH N DIPEA, DCM N\ N.g-N
Ph Ph Ph Ph Ph FF Ph
5 6-8 9-11

Ph

N,
.

Ph Ph

7 (88%)

9 (56%)

10 (24%)

11 (70%)

Scheme 3. Synthesis of aza-BODIPY-carborane derivatives 6-8 by Heck
coupling reaction and subsequent complexed final products 9-11.

As a further application of this methodology, we envisaged to
extend the synthetic approach switching from the green emitting
BODIPY dyes 2-4 to red/NIR emitting aza-BODIPY fluorophores,
which exhibit a longer wavelength fluorescence emission more
suitable for deep tissues penetration and bioimaging purposes. 3
Since aza-BODIPYs have a remarkable tendency to dechelation
under the cross coupling conditions,?”: 3% we chose their parent
asymmetrically brominated 3,3’,5,5'-tetraarylazadipyrromethene
dye aza-DIPY 5 (the precursor of aza-BODIPY derived of the BF;
ligand) as the substrate for the Heck functionalization. This
coupling partner was prepared starting from the corresponding
chalcones derivatives according to the reported procedure by
O’'Shea and co-workers.B¥ The Heck coupling has been
subsequently attempted in the presence of Pd,(dba)s/Pd(P(t-
Bu)s), catalytic system on 5 with different styrenyl-containing
carboranes (0-Me-CB, m-Me-CB and o0-Ph-CB), giving the
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corresponding coupling products 6-8 with high yields (Scheme 3
and Table 1, entries 4-6). Products 6-8 have been then subjected
to the final complexation step, and BF, was introduced using
boron trifluoride diethyletherate and DIPEA affording the final
compounds 9-11 in high yields (Scheme 3).

m-Me-CB
[Pd,(dba)s]/[Pd(t-Bu3P),]

NCy,Me, 1,4-dioxane, rfx, o.n.

13 (55%)

Scheme 4. Synthesis of the BODIPY-carborane derivative 13 by Heck coupling
reaction.

Furthermore, in order to compare the spectroscopic properties of
fluorescent carboranes dyads which absorb and emit in the
therapeutic window range, we envisaged the possibility of
functionalize the carborane scaffold with a highly conjugated
strongly fluorescent BODIPY dye emitting in the red visible light
region. To this purpose, the brominated 3,5-dithienylBODIPY 12
(Aabs = 622 nm) has been synthesized starting from the parent 3,5-
dichloroderivative by Suzuki-Miyaura cross coupling as previously
described.B7I38 A satisfactory result was then achieved using
brominated BODIPY 12 and m-Me-CB as coupling partners,
which were subjected to Heck coupling conditions, giving
compound 13 in 55% vyield (Scheme 4 and Table 1, entry 7).

Table 1. Summarized results of Heck reaction between brominated 1, 5, 12
and styrenyl-containing carborane derivatives (styrenyl-CB).

Entryfal (BO)DIPY-Br Styrenyl-CB Compound  Yield (%)
1 1 o0-Me-CB 2 46
2 1 m-Me-CB 3 51
3 1 m-Ph-CB 4 67
4 5 o-Me-CB 6 93
5 5 m-Me-CB 7 88
6 5 0-Ph-CB 8 86
7 12 m-Me-CB 13 55

[a] Reaction conditions: Styrenyl-CB (1.0 eq.), (BO)DIPY-Br (1.1 eq.),
Pdz(dba)s (0.012 eq.), Pd(P(t-Bu)s)2 (0.016 eq.), Cy2NMe (1.34 eq.), dioxane
(3 mL), 100 °C, 12 h. [b] Isolated yields.
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Final compounds 2-4, 9-11 and 13 were fully characterized by *H,
13C{*H}, 1'B{*H} and !B NMR spectroscopy, together with ESI-
HRMS and FTIR analyses. The *H NMR spectral data confirmed
the complete (E)-stereoselectivity of the Heck coupling reaction?”]
for all the compounds, as established by coupling constants
analyses of the characteristic olefinic proton signals. The *H NMR
spectra of compounds 2-4, 9-11 and 13 feature the characteristic
benzylic proton signals of the spacer in the 3.00-3.50 ppm range,
while the 'H NMR spectra of BODIPY derivatives 2-4 show the
peculiar pyrrolic CH signals of the dipyrromethene core at & 6.00
ppm. Additionally, protons from the Ph-carborane derivatives are
identified in the aromatic region, whereas the o-Me derivatives 2
and 9 show the resonance corresponding to the C.-CHznear 2.20
ppm, which is shifted upfield to 1.65 ppm for the m-Me derivatives
(3, 10 and 13). The *B{*H} NMR spectra of all the compounds
exhibit a triplet attributed to -BF, unit, centered at 0.61 ppm for the
aza-BODIPYs and at 0.45 ppm for BODIPY derivatives. In
addition to the -BF, resonance, those compounds bearing o-
carborane clusters show the typical 1:1:8 or 2:8 distribution,
whereas for m-isomers the pattern was 1:1:6:2 or 2:6:2, all of
them in the region from -3.63 to -13.70 ppm.[% The 3C{*H} NMR
spectra of all the compounds show a resonance in the range 41.0-
43.0 ppm attributed to the benzylic carbon, and also for the Me-
carborane derivatives the C.-CH3 can be identified from 23.0 ppm
to 25.0 ppm.

Photophysical properties

The photophysical behavior of the final compounds was
investigated, and the most significant spectroscopic properties
are collected in Table 2. Figure 2 shows UV/Vis and fluorescence
spectra of the dyads in THF solution. As expected, the absorption
and emission spectra of 1,3,5,7-tetramethyl-BODIPY derivatives
2-4 are dominated by the BODIPY moiety, showing the typical
narrow bands with maxima at A;s=501 nm and A.n=511 nm,
respectively (Table 2, entries 2-4). A very small redshift (6 nm) is
observed in the emission when these carborane-BODIPY
derivatives are compared with their parent meso-phenyl-1,3,5,7-
tetramethylBODIPY (Ph-TMBDP, entry 1). Therefore, despite the
Heck coupling leads to extend the conjugation, the emission
maxima and Stokes shifts are not significantly influenced in this
case because of the orthogonal orientation of the meso
substituent.

Among the red-emitting dyes series, compounds 9-11 show the
characteristic absorption and emission maxima of the aza-
BODIPY core centered at Aas = 665 nm and Aem = 700 nm,
respectively (Table 2, entries 6-8), exhibiting a noticeable
bathochromic shift when compared to their parent tetraphenyl-
aza-BODIPY (aza-BDP, entry 5),1! thanks to the higher degree
of m-conjugation induced by the stilbenic moiety. Compound 13
shows absorption and emission maxima centered at Aaps = 618 nm
and Aem = 641 nm, respectively (entry 10), showing no
bathochromic shift compared to meso-phenyl-3,5-
dithienylBODIPY (Ph-THBDP, entry 9), which is attributed to the
presence of the stilbenic moiety on the meso position, as
previously described for the green emitting probes 2-4.
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All the compounds show molar extinction coefficients in the range
from 67000 to 83000 M-*cm?, comparable to the typical values of
BODIPY and aza-BODIPY dyes,??! although in all cases below
the values of their respective parents Ph-TMeBDP, aza-BDP and
Ph-THBDP.

Remarkably, substitution of BODIPY's with styrenyl-CB produces
an increase of their Stokes shifts with respect to the non-
substituted parents. Compounds 2-4 show Stokes shifts of 10-11
nm in front of 4 nm for Ph-TMBDP, which indicate larger dipole
moments for our compounds in the excited state with respect to
the ground state. Compounds 9-11 have Stokes shifts of 40-42
nm (entries 6-8), around 10 nm larger than aza-BDP (32 nm),
while compound 13 shows the same Stokes shift as Ph-THBDP.

Figure 2. Absorption and normalised emission spectra in THF of (a) BODIPY-
carborane (Aexe=501nm) and (b) aza-BODIPY-carborane derivatives (Aexc = 665

nm).
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It is worth noting that our systems show very different fluorescent
quantum vyields (®r) depending on the type of BODIPY core;
BODIPY derivatives 2-4 exhibit the highest values with ®¢ around
40-42%, though weaker than Ph-TMBDP (56%), whereas aza-
BODIPY derivatives 9-11 show low ®¢ (1.4-1.5%), that is also
slightly lower, but similar, than the aza-BDP (1.9%). It is known
from the literature that not all the 3,5-dithienyl BODIPYs are
strongly fluorescent;“! most of them functionalized at their meso-
positions were reported to have low fluorescence efficiencies,
nevertheless the meso-phenyl-3,5-dithienylBODIPY (Ph-THBDP)
represents an exception with a 84% of quantum yield. Noticeably,
it seems that the substitution at the meso-position with the
stilbene moiety ended with CB induces a strong knocking down

10.1002/chem.201802901
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of the ®f, which was largely diminished to 48%, as measured in
THF. Therefore, we can conclude that for all the synthesized
dyads the presence of the styrenyl-CB moiety seems to produce
a decrease of the fluorescence efficiency when compared to the
non-substituted BODIPYs. Besides, no significant differences
were observed in the photophysical data for the different
substituted-carborane isomers; the only difference is that o-Me-
CB and o0-Ph-CB derivatives show lower molar extinction
coefficients when compared to their meta-CB analogous.

We have also calculated the brightness of these dyes, which is
the product of the molar extinction coefficient at the excitation
wavelength and the fluorescence quantum vyield [e(L)-Dg]. The
higher value of brightness was found for BODIPY derivative 4
(36105 M cm), followed by 3 and 13 that surprisingly exhibit the
same values (32562 M* cm?), and 2 (31512 M* cm?). As
expected, aza-BODIPY derivatives display much lower
brightness, for 9 it was about 1800 M cm, whereas for 10 and
11 it was about 1148 M cm™.

Table 2. Selected photophysical data for compounds the final
compounds.d The photophysical properties of meso-phenyl-1,3,5,7-
tetramethylBODIPY Ph-TMBDP (entry 1), tetraphenyl-aza-BODIPY
aza-BDP (entry 5),“9 and meso-phenyl-3,5-dithienylBODIPY Ph-
THBDP (entry 9)1*Y were added for comparison.

entry  Compound Aabs / Nem € (o=U)] Stokes

(nm) (Mtcm) (%) shift

(nm)
1 Ph-TMBDP 501/505 91200 56.0 4
2 2 501/512 78000 40.4 11
3 3 501/511 81000 40.2 10
4 4 501/511 83000 43.5 10
5 aza-BDP 650/682 84600 1.9 32
6 9 665/705 72000 15 40
7 10 665/706 82000 1.4 41
8 11 665/707 82000 1.4 42
9 Ph-THBDP 622/645 72000 84l 23
10 13 618/641 67000 48.6 23

[a] Measured in THF at room temperature [b] Fluorescence guantum
yields were determined using a solution of Rhodamine 6G in ethanol as
standard (®r =0.94).19 [c] Data for Ph-THBDP are reported in the
literature in CHCl3 (see ref.[*Y)

Bioimaging by confocal microscopy

Fluorescence imaging technigues have been used to visualize
bio-components and bio-processes by transforming the chemical
and biological information into detectable signals. In the context
of bioimaging, fluorescent BODIPY dyes with absorption and
emission located in the far-red and near-infrared (NIR) (650-900
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nm), although not visible to the human eye, have arised as
promising fluorescent probes and labelling for bio-imagingin living
systems, since fluorescence in the long-wavelength region
generates minimum phototoxicity to biological components,
minimal auto-fluorescence by bio-molecules and deep tissue
penetration.[*!l To analyze the potential use of of compounds 2-4,
9-11 and 13 as fluorescence probes for biological systems, cell
internalization was assessed by confocal microscopy using Hela
cells, a human cancer cell line. Remarkably, all the compounds,
except 9, can penetrate into cells being accumulated in the
cytoplasm (Figures 3 and S1).

According to their emission spectra, compounds 2-4 were
detected in the range of green fluorescence, compounds 10 and
11 in the range of far-red (NIR region, which is outside the visible
spectra of human eye), and compound 13 shows a width emission
range, from red to far-red of the spectral region. To visualize the

Compound 2

Compound 4
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increasing the laser power to 65%. This lack of signal is probably
due to the incapacity of cells to internalize compound 9 and
cannot be attributed to the Me-o-carborane moiety, as its
counterpart 10 was easily observed. The difference of the
fluorescence intensities observed after cell incubation by confocal
microscopy for compounds derived from the same type of
BODIPY indicates that carboranes are tagged to the
(aza)BODIPY during the cell cutures, since if the clusters were
not linked to the (aza)BODIPY, all the cell cultures would show
the same fluorescence intensity due to the (aza)BODIPY itself,
but this is not the case.

Conclusions

A set of new carborane-BODIPY dyads has been successfully
synthesized by a versatile Heck coupling, starting from a styrenyl-

Compound 13

Figure 3. Cellular uptake of BODIPY-derivatives by confocal microscopy. Orthogonal projections of compounds 2, 4 and 13 demonstrating their cytoplasmic
localization. (Scale bar: 50 um). Plasma membrane (red); nucleus (blue); compounds 2 and 4 (green); compound 13 (grey).

far-red light emitted by compounds 9-11 and 13, we arbitrarily
assigned the grey color.

The percentage of the laser power used (usually between 10-20%
of its maximum) was in accordance to the quantum yield and
brightness calculated for each compound. Higher percentages
(50, 30 and 7%) were needed to detect internalization of
compounds 10, 11 and 3, respectively, whereas only 1% of the
laser power was sufficient to easily detect compounds 2, 4 and
13, which show an exceptional fluorescence intensity. The
orthogonal projections (Figure 3), optical sections in the XZ and
YZ axis of the merged images from each sample, definitively
demonstrated that the compounds were located inside the cells
and not adhere to the cell surface.

As the absorption and emission maxima of aza-BODIPY
derivatives (9, 10 and 11) are almost identical, they were excited
using the same laser wavelength. Compounds 10 and 11 were
successfully detected, but compound 9, despite showing the
highest brightness among the aza-BODIPY derivatives was not
detected; no fluorescence signal was observed even after

containing carborane and a brominated (aza)dipyrromethene
fluorophore. The procedure has been fruitfully applied to different
types of carborane derivatives and dyes finely tuned in their
spectroscopic properties. The reaction showed moderate yields
with the BODIPYs and high yields using the aza-BODIPY as
precursor. The final compounds have been fully characterized
and their photophysical behaviour investigated. After
functionalization with the carborane cage, the absorption and
emission patterns of the fluorophore are preserved. Noticeably, a
bathochromic shift of the aza-BODIPY derivatives is observed
because of the effective extension of conjugation, while for all the
compounds a considerable decrease of fluorescence quantum
yield was observed. Moreover, substitution of (aza)BODIPYs with
styrenyl-CBs produces an increase of their Stokes shifts with
respect to the non-substituted parents. However, despite the
decrease in the quantum yield values, the compounds preserve
an appreciable fluorescence which allows their use as fluorescent
probes for confocal microscopy preliminary studies. All the
compounds were successfully internalized by HelLa cells except
0-Me-CB aza-BODIPY dyad 9. Moreover, compounds 2, 4 and
13 possess the best fluorescence characteristics for cell imaging
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purposes, being 2 and 4 (and 13 when detected in the visible red
wavelength) the first choice when a simple or double labelling is
necessary. NIR emission of compound 13 could also be very
useful to avoid overlapping emission, mainly when multiple
fluorochromes are used in the same sample.

Experimental Section
General procedure for Heck coupling reaction

A round-bottomed flask equipped with a condenser was charged with 3 mL
of dry 1,4-dioxane, and the solvent was degassed with nitrogen for 15
minutes. The appropriate carborane (1 equiv.) and (BO)DIPY (1.1 equiv.)
derivatives were added, followed by Pdz(dba)s (1.2 mol%), Pd(P(t-Bu)s)2
(1.6 mol%) and Cy2NMe (1.34 equiv.). The reaction mixture was heated at
reflux overnight. After complete conversion of the starting material (as
monitored by TLC analysis), the mixture was filtered over celite, washed
with THF and concentrated to dryness. The crude residue was purified by
flash column chromatography on silica gel.

Biological assays

Products 2-4, 9-11 and 13 were first dissolved in pure DMSO
(Sigma/Aldrich) and then, diluted in 2 ml of Minimum Essential Medium
(MEM) supplemented with 10% of Fetal Bovine Serum (FBS) (both from
Gibco) and 1% (200 mM) of L-glutamine (Biowest), obtaining a final
compound concentration of 10 uM and 0.5% of DMSO. Compounds were
sterilized through a syringe filter (0.2 um diameter. Fisher Scientific) to
maintain sterile conditions and kept at 4 °C until use. HelLa cells were
routinely cultured using MEM + 10% FBS + 1% L-glutamine as culture
medium.

Cellular uptake

Cell internalization of the compounds was assessed by confocal laser
scanning microscopy. HelLa cells (1x10° cell/ml) were seeded into glass
bottom culture dishes (MatTek) and after 24 h in standard culture
conditions (37°C and 5%COz) to allow cell attachment, were exposed to 1
ml of each compound for 4 h. Then, compounds were removed, and the
cell cultures were rinsed twice with sterile 1X phosphate buffered solution.
Finally, nuclei and plasma membrane were counterstained with 1 pl/ml of
Hoescht (10 mg/ml. Thermo Fisher) and Cell Mask (5 mg/ml. Thermo
Fisher), respectively. Cell membrane of cultures incubated with
compounds 9-11 and 13 (emission spectra in far red) were counterstained
with Cell Mask Orange, whereas Cell Mask Deep Red was used in cell
cultures exposed to compounds with green emission (2-4) to avoid signal
overlapping. Serial images of each sample (20-32 optical sections of 1um)
were obtained by confocal laser scanning microscope (CLSM, Olympus)
and the 3D orthogonal projections were generated using the ImageJ
software. Experiments were performed in triplicate for compound 9 and in
duplicate for the rest of compounds.

Supporting Information Available

Electronic. Supporting Information (ESI) including the synthesis of
compounds, as well as *H, H{#'B}, 3C{*H}, 1B NMR, and ESI-HR MS is
available free of charge on the WWW under http http://www.chemeurj.org/
or from the author.

10.1002/chem.201802901

WILEY-VCH

Acknowledgements

We acknowledge the italian MIUR and the Cassa di Risparmio di
Torino for support. Prof. Claudio Medana (UNITO) for HR-MS.
The work was also supported by Spanish Ministerio de Economia
y Competitividad, MINECO, (CTQ2016-75150-R, MAT2017-
86357-C3-3-R and “Severo Ochoa” Program for Centers of
Excellence in R&D (SEV- 2015-0496)) and Generalitat de
Catalunya (2017-SGR-1720, 2017-SGR-503). The authors wish
to thank the Servei de Microscopia at the UAB.

Conflict of interest
The authors declare not competing finantial interest

Keywords: Carborane « BODIPY* bioimaging ¢
photoluminescent materiale Heck coupling

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.201802901

WILEY-VCH

[1] @) R. N. Grimes, Carboranes (3rd edition), Academic Press, US, 2016; b) J. Zhang, Z. Xie, Acc. Chem.
Res. 2014, 47, 1623-1633; ¢) Z.-J. Yao, G.-X. Jin, Coord. Chem. Rev. 2013, 257, 2522-2535; d) A.
M. Spokoyny, Pure Appl. Chem. 2013, 85, 903-919; e) F. Teixidor, C. Vifas, A. Demonceau, R.
Nunez, Pure Appl. Chem. 2003, 75, 1305-1313.

[2] @) J. Poater, M. Sol3, C. Vifias, F. Teixidor, Angew. Chem. Int. Ed. 2014, 53, 12191-12195; b) J. Poater,
M. Sola, C. Vifias, F. Teixidor, Chem. Eur. J. 2013, 19, 4169-4175.

[3] @) J. Cabrera-Gonzalez, A. Ferrer-Ugalde, S. Bhattacharyya, M. Chaari, F. Teixidor, J. Gierschner, R.
Nunez, J. Mater. Chem. C 2017, 5, 10211-10219; b) A. Ferrer-Ugalde, E. J. Juarez-Pérez, F. Teixidor,
C. Vifias, R. Nafiez, Chem. Eur. J. 2013, 19, 17021-17030; c) A. Gonzélez-Campo, B. Boury, F.
Teixidor, R. Nufiez, Chem. Mater. 2006, 18, 4344-4353.

[4] R. NUfez, P. Farras, F. Teixidor, C. Vifias, R. Sillanpad, R. Kiveké&s, Angew. Chem. Int. Ed. 2006, 45,
1270-1272.

[5]a) Z. J. Lesnikowski, J. Med. Chem. 2016, 59, 7738-7758; b) A. Gonzalez-Campo, A. Ferrer-Ugalde,
C. Vifas, F. Teixidor, R. Sillanpé4, J. Rodriguez-Romero, R. Santillan, N. Farfan, R. Nufiez, Chem.
Eur. J. 2013, 19, 6299-6312; c) M. Scholz, E. Hey-Hawkins, Chem. Rev. 2011, 111, 7035-7062; d)
J. J. Peterson, A. R. Davis, M. Werre, E. B. Coughlin, K. R. Carter, ACS Appl. Mater. Interfaces
2011, 3, 1796-1799.

[6] F. Teixidor, G. Barbera, A. Vaca, R. Kivekés, R. Sillanpaa, J. Oliva, C. Vifias, J. Am. Chem. Soc.
2005, 127, 10158-10159.

[7] a) Q. Yangjian, Q. Zaozao, X. Zuowei, Chem. Eur. J. 2018, 24, 2795-2805; b) R. M. Dziedzic, L. M.
A. Saleh, J. C. Axtell, J. L. Martin, S. L. Stevens, A. T. Royappa, A. L. Rheingold, A. M. Spokoyny,
J. Am. Chem. Soc. 2016, 138, 9081-9084; c) B. J. Eleazer, M. D. Smith, A. A. Popov, D. V. Peryshkov,
J. Am. Chem. Soc. 2016, 138, 10531-10538; d) D. Olid, R. Nuiiez, C. Vifias, F. Teixidor, Chem. Soc.
Rev. 2013, 42, 3318-3336; €) A. Weller, Nat. Chem. 2011, 3, 577-578; f) A. M. Spokoyny, C. W.
Machan, D. J. Clingerman, M. S. Rosen, M. J. Wiester, R. D. Kennedy, C. L. Stern, A. A. Sarjeant,
C. A. Mirkin, Nat. Chem. 2011, 3, 590-596; g) F. Teixidor, C. Vifas in Science of Synthesis, Vol. 6,
Eds.: D. E. Kauffmann and D. S. Matteson, Thieme Chemistry, Stuttgart, 2005, p. 1235 and
references therein.

[8] a) S. Duttwyler, Pure Appl. Chem. 2018, 90, 733-744; b) V. I. Bregadze, Chem. Rev. 1992, 92, 209-
223.

[9] @) F. Issa, M. Kassiou, L. M. Rendina, Chem. Rev. 2011, 111, 5701-5722; b) C. Vifias, Future Med.
Chem. 2013, 5, 617-619; ¢) M. A. Soriano-Ursla, B. C. Das, J. G. Trujillo-Ferrara, Expert Opinion
on Therapeutic Patents 2014, 24, 485-500; d) J. Plesek, Chem. Rev. 1992, 92, 269-278; €) I. B. Sivaev,
V. V. Bregadze, Eur. J. Inorg. Chem. 2009, 2009, 1433-1450.

[10] a) G. Calabrese, A. Daou, A. Rova, E. Tseligka, I. S. Vizirianakis, D. G. Fatouros, J. Tsibouklis,
Med. Chem. Commun. 2017, 8, 67-72; b) H. S. Ban, H. Nakamura, Chem. Rec. 2015, 15, 616-635;
c¢) N. S. Hosmane, Boron Science: New Technologies and Applications, Taylor & Francis, Bosa Roca,
2012.

[11] Z. Yinghuai, N. S. Hosmane, J. Organomet. Chem. 2013, 747, 25-29.

[12] a) J. Wang, W.-Y. Wang, X.-Y. Fang, Y.-Q. Qiu, J. Mol. Model. 2015, 21, 1-10; b) X.-Q. Li, C.-H.
Wang, M.-Y. Zhang, H.-Y. Zou, N.-N. Mg, Y.-Q. Qiu, J. Organomet. Chem. 2014, 749, 327-334.

[13] a) B. Ringstrand, Liq. Cryst. Today 2013, 22, 22-35; b) P. Kaszynski in, Ed. N. S. Hosmane, Taylor
& Francis, Bosa Roca, 2012, p. 319.

[14] a) A. V. Okotrub, L. G. Bulusheva, V. V. Volkov, J. Mol. Struct. 2000, 520, 33-38; b) N. Tsuboya,
M. Lamrani, R. Hamasaki, M. Ito, M. Mitsuishi, T. Miyashita, Y. Yamamoto, J. Mater. Chem. 2002,
12, 2701-2705.

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.201802901

WILEY-VCH

[15] F. Lerouge, C. Vifias, F. Teixidor, R. Nufiez, A. Abreu, E. Xochitiotzi, R. Santillan, N. Farfan, Dalton
Trans. 2007, 0, 1898-1903.

[16] a) M. Chaari, J. Cabrera-Gonzalez, Z. Kelemen, C. Vifas, A. Ferrer-Ugalde, D. Choquesillo-Lazarte,
A. Ben Salah, F. Teixidor, R. Nufiez, J. Organomet. Chem. 2018, 865, 206-213; b) J. Cabrera-
Gonzélez, S. Bhattacharyya, B. Milian-Medina, F. Teixidor, N. Farfan, R. Arcos-Ramas, V. Vargas-
Reyes, J. Gierschner, R. NUfiez, Eur. J. Inorg. Chem. 2017, 2017, 4575-4580; ¢) A. Ferrer-Ugalde,
J. Cabrera-Gonzalez, E. J. Juarez-Perez, F. Teixidor, E. Perez-Inestrosa, J. M. Montenegro, R.
Sillanpaa, M. Haukka, R. Nunez, Dalton Trans. 2017, 46, 2091-2104; d) J. Cabrera-Gonzalez, C.
Vifias, M. Haukka, S. Bhattacharyya, J. Gierschner, R. NUfiez, Chem. Eur. J. 2016, 22, 13588-13598;
e) R. Nufiez, M. Tarrés, A. Ferrer-Ugalde, F. F. de Biani, F. Teixidor, Chem. Rev. 2016, 116, 14307-
14378; f) A. Ferrer-Ugalde, A. Gonzalez-Campo, C. Vinas, J. Rodriguez-Romero, R. Santillan, N.
Farfan, R. Sillanpaeae, A. Sousa-Pedrares, R. Nunez, F. Teixidor, Chem. Eur. J. 2014, 20, 9940-
9951; g) A. Ferrer-Ugalde, E. J. Juarez-Perez, F. Teixidor, C. Vinas, R. Sillanpaeae, E. Perez-
Inestrosa, R. Nunez, Chem. Eur. J. 2012, 18, 544-553.

[17] a) H. Naito, K. Nishino, Y. Morisaki, K. Tanaka, Y. Chujo, Angew. Chem. Int. Ed. 2017, 56, 254-
259; b) S. Mukherjee, P. Thilagar, Chem. Commun. 2016, 52, 1070-1093; c) J. Park, Y. H. Lee, J. Y.
Ryu, J. Lee, M. H. Lee, Dalton Trans. 2016, 45, 5667-5675; d) D. Tu, P. Leong, Z. Li, R. Hu, C. Shi,
K. Y. Zhang, H. Yan, Q. Zhao, Chem. Commun. 2016, 52, 12494-12497; e) L. Bohling, A.
Brockhinke, J. Kahlert, L. Weber, R. A. Harder, D. S. Yufit, J. A. K. Howard, J. A. H. MacBride, M.
A. Fox, Eur. J. Inorg. Chem. 2016, 2016, 403-412; f) S.-Y. Kim, A.-R. Lee, G. F. Jin, Y.-J. Cho, H.-
J. Son, W.-S. Han, S. O. Kang, J. Org. Chem. 2015, 80, 4573-4580; g) J. Guo, D. Liu, J. Zhang, J.
Zhang, Q. Miao, Z. Xie, Chem. Commun. 2015, 51, 12004-12007; h) M. Tominaga, H. Naito, Y.
Morisaki, Y. Chujo, New J. Chem. 2014, 38, 5686-5690; i) H. J. Bae, H. Kim, K. M. Lee, T. Kim, Y.
S. Lee, Y. Do, M. H. Lee, Dalton Trans. 2014, 43, 4978-4985; j) Y. Morisaki, M. Tominaga, T.
Ochiai, Y. Chujo, Chem. Asian J. 2014, 9, 1247-1251; k) L. Weber, J. Kahlert, R. Brockhinke, L.
Bohling, J. Halama, A. Brockhinke, H.-G. Stammler, B. Neumann, C. Nervi, R. A. Harder, M. A.
Fox, Dalton Trans. 2013, 42, 10982-10996; 1) K.-R. Wee, Y.-J. Cho, J. K. Song, S. O. Kang, Angew.
Chem. Int. Ed. 2013, 52, 9682-9685; m) G. F. Jin, J.-H. Hwang, J.-D. Lee, K.-R. Wee, I.-H. Suh, S.
0. Kang, Chem. Commun. 2013, 49, 9398-9400; n) Y. Morisaki, M. Tominaga, Y. Chujo, Chem. Eur.
J. 2012, 18, 11251-11257; o) K.-R. Wee, W.-S. Han, D. W. Cho, S. Kwon, C. Pac, S. O. Kang,
Angew. Chem. Int. Ed. 2012, 51, 2677-2680; p) P. A. Jelliss in Boron Science: New Technologies
and Applications, Ed. N. S. Hosmane, Taylor & Francis, 2012, p. 355; q) K. Kokado, Y. Chujo,
Dalton Trans. 2011, 40, 1919-1923; r) B. P. Dash, R. Satapathy, E. R. Gaillard, K. M. Norton, J. A.
Maguire, N. Chug, N. S. Hosmane, Inorg. Chem. 2011, 50, 5485-5493; s) B. P. Dash, R. Satapathy,
E. R. Gaillard, J. A. Maguire, N. S. Hosmane, J. Am. Chem. Soc. 2010, 132, 6578-6587.

[18] a) J. Li, C. Yang, X. Peng, Y. Chen, Q. Qi, X. Luo, W.-Y. Lai, W. Huang, J. Mater. Chem. C 2018,
6, 19-28; b) I. Nar, A. Atsay, A. Altindal, E. Hamuryudan, Inorg. Chem. 2018, 57, 2199-2208; c) H.
Naito, K. Nishino, Y. Morisaki, K. Tanaka, Y. Chujo, J. Mater. Chem. C 2017, 5, 10047-10054; d)
J. Wang, L. Chen, J. Ye, Z. Li, H. Jiang, H. Yan, M. Y. Stogniy, I. B. Sivaev, V. |. Bregadze, X.
Wang, Biomacromolecules 2017, 18, 1466-1472; €) A. Wu, J. L. Kolanowski, B. B. Boumelhem, K.
Yang, R. Lee, A. Kaur, S. T. Fraser, E. J. New, L. M. Rendina, Chem. Asian J. 2017, 12, 1704-1708;
f) K. Tanaka, Y. Chujo, ACS Symp. Ser. 2016, 1226, 157-174; g) X. Li, H. Yan, Q. Zhao, Chem. Eur.
J. 2016, 22, 1888-1898; h) Z. Ruan, P. Yuan, L. Liu, T. Xing, L. Yan, Int. J. Polym. Mater. Polym.
Biomater. 2017, 10.1080/00914037.2017.1376199, 1-7; i) K. O. Kirlikovali, J. C. Axtell, A.
Gonzalez, A. C. Phung, S. I. Khan, A. M. Spokoyny, Chem. Sci. 2016, 7, 5132-5138; j) X. Li, X.
Tong, Y. Yin, H. Yan, C. Lu, W. Huang, Q. Zhao, Chem. Sci. 2017, 8, 5930-5940.

[19] A. Loudet, K. Burgess, Chem. Rev. 2007, 107, 4891-4932.

[20] a) S. Xuan, N. Zhao, Z. Zhou, F. R. Fronczek, M. G. H. Vicente, J. Med. Chem. 2016, 59, 2109-
2117; b) J. H. Gibbs, H. Wang, N. V. S. D. K. Bhupathiraju, F. R. Fronczek, K. M. Smith, M. G. H.

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.201802901

WILEY-VCH

Vicente, J. Organomet. Chem. 2015, 798, Part 1, 209-213; c) M. Chaari, N. Gaztelumendi, J.
Cabrera-Gonzalez, P. Peixoto-Moledo, C. Vifias, E. Xochitiotzi-Flores, N. Farfan, A. Ben Salah, C.
Nogues, R. Nufiez, Bioconjugate Chem. 2018, 29, 1763-1773.

[21] a) M. Blangetti, A. Fraix, L. Lazzarato, E. Marini, B. Rolando, F. Sodano, R. Fruttero, A. Gasco, S.
Sortino, Chem. Eur. J. 2017, 23, 9026-9029; b) A. Fraix, M. Blangetti, S. Guglielmo, L. Lazzarato,
N. Marino, V. Cardile, A. C. E. Graziano, I. Manet, R. Fruttero, A. Gasco, S. Sortino, ChemMedChem
2016, 11, 1371-1379; c) N. Boens, V. Leen, W. Dehaen, Chem. Soc. Rev. 2012, 41, 1130-1172; d) S.
H. Lim, C. Thivierge, P. Nowak-Sliwinska, J. Han, H. van den Bergh, G. Wagniéres, K. Burgess, H.
B. Lee, J. Med. Chem. 2010, 53, 2865-2874; e) M. S. T. Gongalves, Chem. Rev. 2009, 109, 190-212;
f) T. Yogo, Y. Urano, Y. Ishitsuka, F. Maniwa, T. Nagano, J. Am. Chem. Soc. 2005, 127, 12162-
12163; g) Y. Gabe, Y. Urano, K. Kikuchi, H. Kojima, T. Nagano, J. Am. Chem. Soc. 2004, 126,
3357-3367.

[22] a) Y. Ge, D. F. O'Shea, Chem. Soc. Rev. 2016, 45, 3846-3864; b) G. Ulrich, R. Ziessel, A. Harriman,
Angew. Chem. Int. Ed. 2008, 47, 1184-1201.

[23] a) E. Berksun, I. Nar, A. Atsay, I. Ozcesmeci, A. Gelir, E. Hamuryudan, Inorg. Chem. Front. 2018,
5, 200-207; b) D. Hablot, A. Sutter, P. Retailleau, R. Ziessel, Chem. Eur. J. 2012, 18, 1890-1895; c)
R. Ziessel, G. Ulrich, J. H. Olivier, T. Bura, A. Sutter, Chem. Commun. 2010, 46, 7978-7980; d) J.
Godoy, G. Vives, J. M. Tour, Org. Lett. 2010, 12, 1464-1467; e) D. Hablot, R. Ziessel, M. A. H.
Alamiry, E. Bahraidah, A. Harriman, Chem. Sci. 2013, 4, 444-453; f) T. Masato, N. Hirofumi, M.
Yasuhiro, C. Yoshiki, Asian J. Org. Chem. 2014, 3, 624-631.

[24] a) G. F. Jin, Y.-J. Cho, K.-R. Wee, S. A. Hong, I.-H. Suh, H.-J. Son, J.-D. Lee, W.-S. Han, D. W.
Cho, S. O. Kang, Dalton Trans. 2015, 44, 2780-2787; b) S.-Y. Kim, Y.-J. Cho, H.-J. Son, D. W. Cho,
S. O. Kang, J. Phys. Chem. A 2018, 122, 3391-3397.

[25] T. Rohand, W. Qin, N. Boens, W. Dehaen, Eur. J. Org. Chem. 2006, 2006, 4658-4663.

[26] a) B. Lace, C. Prandi, Mol. Plant 2016, 9, 1099-1118; b) M. Fridlender, B. Lace, S. Wininger, A.
Dam, P. Kumari, E. Belausov, H. Tsemach, Y. Kapulnik, C. Prandi, H. Koltai, Mol. Plant 2015, 8,
1809-1812; c) C. Prandi, G. Ghigo, E. G. Occhiato, D. Scarpi, S. Begliomini, B. Lace, G. Alberto, E.
Artuso, M. Blangetti, Org. Biomol. Chem. 2014, 12, 2960-2968; d) C. Prandi, H. Rosso, B. Lace, E.
G. Occhiato, A. Oppedisano, S. Tabasso, G. Alberto, M. Blangetti, Mol. Plant 2013, 6, 113-127; e)
C. Bhattacharya, P. Bonfante, A. Deagostino, Y. Kapulnik, P. Larini, E. G. Occhiato, C. Prandi, P.
Venturello, Org. Biomol. Chem. 2009, 7, 3413-3420.

[27] S. Parisotto, B. Lace, E. Artuso, C. Lombardi, A. Deagostino, R. Scudu, C. Garino, C. Medana, C.
Prandi, Org. Biomol. Chem. 2017, 15, 884-893.

[28] I. P. Beletskaya, A. V. Cheprakov, Chem. Rev. 2000, 100, 3009-3066.

[29] L. Jiao, C. Yu, J. Li, Z. Wang, M. Wu, E. Hao, J. Org. Chem. 2009, 74, 7525-7528.

[30] A. F. Littke, G. C. Fu, J. Am. Chem. Soc. 2001, 123, 6989-7000.

[31] S. Sulaiman, J. Zhang, T. Goodson, R. M. Laine, J. Mater. Chem. 2011, 21, 11177-11187.

[32] a) A. Kamkaew, S. H. Lim, H. B. Lee, L. V. Kiew, L. Y. Chung, K. Burgess, Chem. Soc. Rev. 2013,
42,77-88;b) S. G. Awuah, Y. You, RSC Advances 2012, 2, 11169-11183; ¢) K. Umezawa, A. Matsui,
Y. Nakamura, D. Citterio, K. Suzuki, Chem. Eur. J. 2009, 15, 1096-1106.

[33] N. Boens, B. Verbelen, W. Dehaen, Eur. J. Org. Chem. 2015, 2015, 6577-6595.

[34] a) B. Jorge, Chem. Rec. 2016, 16, 335-348; b) H. Lu, J. Mack, Y. Yang, Z. Shen, Chem. Soc. Rev.
2014, 43, 4778-4823.

[35] Q. Bellier, S. Pégaz, C. Aronica, B. L. Guennic, C. Andraud, O. Maury, Org. Lett. 2011, 13, 22-25.

[36] M. J. Hall, S. O. McDonnell, J. Killoran, D. F. O'Shea, J. Org. Chem. 2005, 70, 5571-5578.

[37] S. Rihn, P. Retailleau, N. Bugsaliewicz, A. D. Nicola, R. Ziessel, Tetrahedron Lett. 2009, 50, 7008-
7013.

[38] Since neither NMR nor mass spectroscopy data are reported in the literature, the full characterization
for this compound has been included in the Supporting Information.

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.201802901

WILEY-VCH

[39] M. Baruah, W. Qin, N. Basari¢, W. M. De Borggraeve, N. Boens, J. Org. Chem. 2005, 70, 4152-
4157.

[40] A. Karatay, M. C. Miser, X. Cui, B. Kii¢iikdz, H. Yilmaz, G. Seving, E. Akhiiseyin, X. Wu, M.
Hayvali, H. G. Yaglioglu, J. Zhao, A. Elmali, Dyes and Pigments 2015, 122, 286-294.

[41] S. Saino, M. Saikawa, T. Nakamura, M. Yamamura, T. Nabeshima, Tetrahedron Lett. 2016, 57,
1629-1634.

[42] A. L. Nguyen, P. Bobadova-Parvanova, M. Hopfinger, F. R. Fronczek, K. M. Smith, M. G. H.
Vicente, Inorg. Chem. 2015, 54, 3228-3236.

[43] M. Fischer, J. Georges, Chem. Phys. Lett. 1996, 260, 115-118.

[44] a) T. Kowada, H. Maeda, K. Kikuchi, Chem. Soc. Rev. 2015, 44, 4953-4972; b) Y. Ni, J. Wu, Org.
Biomol. Chem. 2014, 12, 3774-3791.

This article is protected by copyright. All rights reserved.



