Tuning the excited state properties of [2.2]paracyclophane-based
antennas to ensure efficient sensitization of lanthanide ions or singlet
oxygen generation.
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ABSTRACT The multi-step synthesis of original antennas incorporating substituted [2.2]paracyclophane (pCp) moieties in the
n-conjugated skeleton is described. These antennas, functionalized with electron an donor alkoxy fragment (A?) or with a fused
coumarin derivative (A?) are incorporated in a triazacyclonane macrocyclic ligand L* or L?, respectively for the design of
Eu(111), Yb(l11) and Gd(I11) complexes. A combined photophysical/theoretical study reveals that A! presents a charge transfer
character via the through-space paracyclophane conjugation, whereas A? presents only local excited states centered on the
coumarin-paracyclophane moiety, strongly favoring triplet state population via intersystem crossing. The resulting complexes
EuL! and YbL? are fully emissive in the red and near infrared, respectively whereas the GdL? complex acts as photosensitizer

for the generation of singlet oxygen.

Introduction

Since the discovery of the “red phosphor”, i.e. the red emission
of europium(l1) diluted in solid matrix (Eu.Y.03) by George
Urbain in the early 1900’s, the luminescence of the f-elements
has always held a real fascination for the scientific community.*
This one-century old enthusiasm is still justified by the very
particular photophysical properties of these elements which
show very narrow emission lines originated by the forbidden
intra-atomic f-f transitions spread from the visible to the near
infra-red with long excited state lifetimes in the ps-to-ms
range.!2 These characteristics have been widely investigated in
many application areas ranging from material sciences for
lightning,® multicolor barcoding* or displays, to biology for
imaging®® or immuno-assay.®** From a more fundamental point
of view, the high resolution luminescence, characteristic of the
symmetry of the coordination sphere (crystal-field splitting),
can be correlated with other related properties like magnetism
for instance.*>* However, due to the forbidden character of f-f
transitions, the extinction coefficients are generally very low (1-
10 L.molt.cm?) precluding direct excitation in these
transitions, in particular for molecular compounds diluted in
solution. To overcome this drawback, Weissman discovered in
the early 40’s an indirect sensitization mechanism mediated by

a coordinated ligand able to absorb efficiently light and transfer
the energy to the emitting metal ion.*®

This intramolecular energy transfer is referred to as the
“antenna effect”, following Lehn and Sabbatini studies on the
tris-bipyridine  cryptate europium complex.’®  Several
sensitization photophysical mechanisms have been proposed
involving either the triplet excited state of the antenna or a direct
energy transfer from the singlet one.*” The optimization of the
antenna effect for a given lanthanide ion consists of
simultaneously optimizing the sensitization process (¢) and the
absorption at the wavelength of interest (¢), leading in fine to
the highest possible brightness BY = ¢.¢. This quest strongly
stimulates the researchers’ creativity as illustrated by the
exceptional variety of polydentate or macrocyclic ligands
published each year, where large brightness has been achieved
using very different structures. As selected examples, record
brightness has been obtained for (i) Eu(lIl) using macrocyclic
triazacyclononane platform functionalized by a n-conjugated
chromophore,®® (ii) To(I11) thanks to a cryptate ligand*®?° and
(iii) Yb(I1I) using a sandwich complex between a porphyrin and
a Klaui's tripodal ligand.?* A large variety of chromophores
have been tested as antenna among which polyaromatic dyes
(anthracene,  pyrene),?*%  xanthene®® and  coumarin
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derivatives,?2 n-conjugated chromophores (Michler ketone,?
tetra-thiafulavalene,® dipolar dyes®**), coordination or
organometallic complexes,®*2 porphyrins,?* dithienylethene,®
murexide,*** bodipy dyes*** etc...
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Figure 1. Structure of lanthanide complexes featuring the pCp-
based picolinate antennas.

Herein, we report the use of [2.2]-paracyclophane (pCp)
chromophore for the design of tunable antennas. pCp is a
sandwich-like molecule that features two phenyl rings linked
together by two ethylene bridges at their para position.®-% The
strong =w-rt electronic interactions occurring between the two
aromatic “decks” of pCp ensure an efficient “through-space”
delocalization that can be employed to develop original -
conjugated chromophores as illustrated for instance by Bazan’s
work in nonlinear optics.“>* More recently, some of us*? and
others researchers*® have taken advantage of the intrinsic planar
chirality of these scaffolds* to design chiral dyes for circularly
polarized luminescence applications. Surprisingly, the literature
briefly reports only one example of a p-diketonate ligand
substituted by a pCp moity for the sensitization of Eu(lll)
luminescence.®® In the course of our ongoing study on the
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design of donor- n-conjugated picolinate charge transfer
antennas to optimize the brightness of various lanthanide
ions,“¢* we have focused our attention on the synthesis of new
antennas incorporating pCp chromophores substituted by either
an alkoxy donor group or a fused coumarin moiety. With the
two pCp-based antennas in hand, the corresponding tri-
azacyclononane (TACN) macrocyclic ligands have been
prepared and employed to access Eu(lll), Yb(Ill) and Gd(I1l)
complexes (Figure 1). The combined spectroscopic/theoretical
study described in the next sections allowed us to fully
rationalize the photophysics of the pCp-based chromophores, as
well as their related antennas and Ln complexes. It appears that
the alkoxy substituted antenna is highly efficient for Eu(lIl)
sensitization, whereas the coumarin-based antenna is better
suited for sensitizing Yb(I1I), or photoactivating singlet oxygen
when associated with Gd(llI).

Results and discussions

Synthesis. The synthesis of the desired Ln(Ill) complexes
began with the preparation of the two antenna chromophores
containing the pCp conjugated scaffold. The first compound,
substituted with an electro-donating OHex group ((z)-5), was
prepared in four steps starting from commercially available
4,16-dibromo[2.2]paracyclophane 1 (Scheme 1). A bromine-
lithium exchange, followed by the addition of trimethylborate,
and in situ oxidation of the resulting boronic ester with H,0,
and NaOH readily afforded phenol (+)-2 in 85% yield.*-5

) n-BuLi, B(OMe)3
Br 2) NaOH, H,0, O OH
O Er——— O
THF, ~78 °Cto rt, 20 h K,COs
BrR
1 2 (85%) DMF,
25°C
OR OR  48h
O O n-BuLi, DMF O O
R
one THF, 25 °C, 16 h

()-4 (77%) (%)-3 (75%)

’ Bestmann-Ohira reagent

OR
K,COs O O

MeOH, 25 °C, 48 h

(£)-5 (83%)

Scheme 1. Synthesis of pCp-based chromophore (+)-5.
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Scheme 2. Synthesis of coumarin fused pCp-based chromophore (+)-11.
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Scheme 3. Synthesis of antenna chromophores A2, macrocyclic ligands L2 and related lanthanide complexes.

Note that dissymetrically substituted pCp such as 2 are chiral
molecules (planar chirality) and (%) indicates the formation of
the racemic mixture. Etherification of ()-2 with 1-
bromohexane in the presence of K,COj3 generated product (z)-
3 in 75% vyield. A second bromine-lithium exchange and
subsequent formylation with DMF led to the formation of
aldehyde (+)-4 in 77% yield. Treatment of this compound with
Bestmann-Ohira reagent® finally allowed us to isolate alkyne
(x)-5 in 83% yield. The second pCp-based chromophore
incorporates a fused coumarin moiety. It was synthesized in six
steps starting from phenol (x)-2 (Scheme 2). The reactive
hydroxy! group of this molecule was first protected as silyl ether
through a reaction with tert-butyldimethylsilyl chloride
(TBSCI) in the presence of a base (DIPEA). The resulting
compound (+)-6 was successfully engaged in a bromine-lithium
exchange and formylation with DMF to provide product (+)-7
in 64% vyield. After cleavage of the TBS protecting group with
NaH, phenol ()-8 was submitted to esterification with 2-
butynoic acid, N,N'-dicyclohexylcarbodiimide (DCC), and 4-
dimethylaminopyridine (DMAP) to afford ester (+)-9 in 67%
yield. This o,B-unsaturated derivative underwent a gold- and
silver-catalyzed intramolecular cyclization, under microwave
irradiation, to generate the desired coumarin product (x)-10 in
58% vyield.*? The aldehyde function of this compound was
finally converted into a triple bond via Seyferth-Gilbert
homologation.°

Starting from the pCp-based chromophores (£)-5 and (£)-11,
antennas A! and A? were prepared through Sonogashira cross-
coupling reactions with iodo-picolinic ester 12 as previously
exemplified in our group (Scheme 3).#” Compounds A and A?
were finally linked to TACN after a mesylation step, leading to
the formation of the ligands L and L2 after purification by
column chromatography. The antennas and the corresponding
ligands were all obtained as mixtures of enantiomers and
diastereoisomers, respectively. All the synthetized compounds
have been fully characterized by *H and *C NMR spectroscopy

as well as mass spectrometry (see Sl for details). The
complexation with the desired lanthanide ion was finally
achieved by in situ saponification and addition of the hydrated
lanthanide chloride salt at pH = 6 in a THF/H,O mixture
(Scheme 3). The final complexes EulL!, YbL? GdL? were
yields after

obtained in quantitative extraction in

dichloromethane (DCM).

Figure 2. DFT optimized [YL!] structure. Hydrogen atoms are
omitted for clarity, C are represented in gray, O in red, N in blue
and Y in aqua blue.

In our hand, it was impossible to grow crystal suitable for X-ray
diffraction certainly due to the large number of isomers present



arising from both the racemic pCps (R, or S, configurations),
and the wrapping of the picolinate around the metal with A or
A stereochemistry. Therefore, a computed optimized structure
using Y(II) as the metallic center and simplified L ligands
featuring -OMe instead of -OHex end-groups, was performed
by DFT as previously done for similar complexes.*” The
resulting optimized structure, presented in Figure 2, highlights
that despite the pCp-based chromophore's size, steric hindrance
does not seem to interfere with the expected Dsn complex
symmetry. Investigation of some other possible isomers reveals
that the stabilization energy is almost constant (within +1
kcal.mol?) confirming the racemic character of the prepared
complexes.

Photophysical and theoretical study of the pCp-based
chromophores and antennas. The photophysical properties
of the pCp chromophores (+)-5 and (%)-11, and the
corresponding antennas A! and A? were thoroughly
investigated. Absorption, emission spectra (fluorescence and
phosphorescence), fluorescence quantum yields, as well as
singlet oxygen generation were measured for all derivatives in
different organic solvents (toluene, dichloromethane, and
acetonitrile). The main photophysical data recorded in
dichloromethane at room temperature and 77K are compiled in
Table 1.

The experimental absorption and emission spectra of the
chromophore (£)-5 are similar to those of the unsubstituted
commercially available pCp in the same solvent.’® Indeed, a
strong absorption band with a maximum at 250 nm and two
weak absorption bands centered around 300 and 313 nm were
observed together with an emission maximum at 367 nm
(Figure S1). This derivative presents a subtle bathochromic
shift for both absorption and emission in comparison to the
unsubstituted pCp, which could be explained by the electron-
donating effect from the -OHex fragment. In sharp contrast, the
main absorption band of A!located around 315 nm is strongly
enhanced with an extinction coefficient 20 times higher than
that observed for (x)-5 (Figure 3). In addition, the emission
spectrum of this antenna shows a broad structureless band
centered at 497 nm. Compared to (+)-5, A! therefore displays a
considerably red-shifted luminescence (+ 130 nm) and a
strongly increased Stokes shift (11325 cm™vs 4700 cm™ for ()-
5, Figure S2). Interestingly, a significant positive
solvatochromism was observed for A! when moving from
toluene to acetonitrile. This behavior is more pronounced in
emission, as confirmed from the positive linear tendency of the
Lippert-Mataga plot (Figure S3). All these features are
consistent with the assignment of this transition to a through-
space charge transfer (CT) transition from the electron-donating
-OHex fragment to the picolinate group acting as the electron-
withdrawing group via the pCp conjugated skeleton (vide
infra). The maximum emission intensity corresponds to the
relaxed CT excited state, E(CT*) = 20100 cm™. In order, to
complete the simplified Jablonsky energy diagram, the
localization of triplet excited state was investigated using low
temperature emission spectroscopy. The emission spectra of
(#)-5 and A! were recorded in frozen DCM solutions at 77K
(Figure 3) with and without a delay (0.1 ms) to suppress short
lived fluorescence. In the case of (£)-5 (Figure S1), the 77K
fluorescence is comparable to the RT one, and is accompanied

by an intense phosphorescence band centered at 494 nm. For
Al 77K fluorescence is strongly blue shifted compared to the
RT signal and now correspond to that of (£)-5. This behavior
can be rationalized by the fact that at low temperatures, in the
glassy solid matrix the increased medium viscosity associated
with the suppression of molecular motions avoid solvent
reorganization around the excited chromophore resulting in the
increase of the CT energy level 5% Application of a delay,
allows to observe a less intense phosphorescence centered at
515 nm from which we could assigned the lowest triplet state
emission at 20000 cm™,

)

~1.04

o o o
~ o ©
1 1 1

norm. absorption and emission (a.u
o
N
1

°
=}
1

T T T T T T |
300 350 400 450 500 550 600 650
A (nm)

Figure 3. Normalized absorption (black bold) and emission
(red bold) of Al in dichloromethane at room temperature, 77K
emission (red dashed) and phosphorescence spectrum (blue)
after application of a 0.1 ms delay.
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Figure 4. Normalized absorption (black) and emission (red) of
AZ in dichloromethane at room temperature, 77K emission (red
dashed) and phosphorescence spectrum (blue) after application
of a 0.1 ms delay.



Table 1. Main photophysical properties of the pCp chromophores and corresponding antennas in diluted DCM at RT and 77K.

compounds Aabs € Aem Stokes shift E(T.)?
oL ®,°
(nm) (L.molt.cm™) (nm) (cm™®) (cm™)
RT 313 1,000 367 4,701 - 0.02
(x)-5
77K - - 364 - 21,600 -
RT 317 17,700 497 11,325 - 0.09
Al -
77K - - 365 - 20,000 -
(#)-11 RT 326 9,500 430 9,211 - 0.01 0.70
77K - - 420 - 19,600
RT 322 25,750 425 7,720 - 0.02 0.60
AZ
77K - - 410 - 19,500

a. Assigned to the first deconvoluted band of the phosphorescence spectrum after a 0.1 ms delay as marked in the
corresponding figures. b. Measured by comparative method using coumarin-153 ( ®;= 0.45 in methanol) as standard. c.

Measured by comparative method using phenalenone as standard (@ = 0.98 in dichloromethane

The same study performed on the fused coumarin derivatives
(#)-11 and the corresponding antenna A? reveals different
behaviors. In both cases, the photophysical properties are
governed by the coumarin-pCp chromophore, with the
characteristic t—7* absorption band centered at ca. 325 nm and
the localized emission band at ca. 430 nm (Figures 4 and S4).
Interestingly, no solvatochromism was observed for any
derivative (Figures S5), highlighting the localized nature of the
states involved in both the absorption and emission processes.
When the emission studies were performed at low temperature,
a more intense broad phosphorescence band appeared with a
maximum at ca. 550 nm whose character was confirmed by its
persistence when a 0.1 ms delay was applied (Figure 4). These
measurements allow the assignment of the lowest energy triplet
state at 19500 cm’?, significantly stabilized compared to the first
-OHex series. The intense phosphorescence band observed at
low temperature combined with the low emission quantum
yields for all derivatives (<0.02) suggests an easier intersystem
crossing to populate the triplet state for the fused coumarin
derivatives. These observations prompted us to study a possible
generation of singlet oxygen. As expected, the characteristic
phosphorescence band of ‘O, at 1270 nm was detected at room
temperature upon excitation of the coumarin containing
compounds. Contrarily, the -OHex derivatives (+)-5 and A!
failed to activate molecular oxygen. The efficiency of singlet
oxygen production, @, was estimated to be 0.70 and 0.60 for
(#)-11 and A?Z, respectively, by comparison with phenalenone
as the reference compound, all measurements being performed
in the same solvent (Table 1 and Figure S6).5 The observed ®,
values are quite remarkable, indicating that the coumarin-fused
pCp derivatives can be considered as efficient heavy atom free
sensitizers for singlet oxygen generation opening the way for
photodynamic therapy applications.®

).54

The very different photophysical properties observed for the
two series of compounds are the signature of profound
modifications of the excited electronic structures and motivated
us to undertake a complete theoretical study by TD-DFT
(CAM-B3LYP/6-311+G(d,p) level). All computational details
are given in supplementary information while the main results
are highlighted below. Focusing on the lowest energy transition
(S1-So), a clear identifiable CT character is observed in the case
of (+)-5 and the related antenna A! (Figure 5) as characterized
by the large computed Dcr and Qcr values.>®*” For both
molecules, this CT happens between the two phenyl rings of
paracyclophane. These results agree with the large Stokes shift
measured for Al, that can be easily explained by the electron-
withdrawing character of the picolinate motif. On the other
hand, the nature of the S;-Sotransition for (+)-11 and A? seems
to be localized on one side of the paracyclophane, also in
agreement with the experimental data where no
solvatochromism was observed. To further investigate the
feasibility of the singlet oxygen sensitization of the four
molecules, the spin-orbit coupling (SOC) between the S; and
lowest triplet states was computed at the TD-DFT level using
the Douglas-Kroll Hamiltonian with the Dalton code (see
specifications in supplementary information). The electron
variation density of these transitions was also computed and is
presented in Figures S7 and S8. While for the molecules
substituted with an ether function, the SOC for Si-Ti is
relatively low (<0.5 cm™), this value is greatly increased in the
case of the coumarin based molecules, with coupling intensities
higher than 1 cm® for (#)-11 and A? respectively. The
computed lowest triplet state energies as well as the SOC
calculated from the S; state are summarized in Figure 6.



Figure 1. Computed electron variation density associated to the
So-S1 transition (blue and green correspond to the electron
density decrease and increase respectively, isovalue 0.001 a.u.).
Red arrows correspond to the Dcr vectors.
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Figure 6. Computed Spin-orbit Coupling for the (S, T1), (S1,
T2), (S1, T2) and (Si, T4) states along with their energy
differences and the experimental value of singlet oxygen
generation efficiency. In red, SOCs larger than 0.5 cm™.

In general terms, the computed variation of SOC of the two
families of compounds perfectly matches the experimental
results on the singlet oxygen generation, where no singlet
oxygen was observed in the case of the -OHex derivatives but
relatively high efficiencies (>60 %) were found in the case of
the coumarin-based compounds.

Photophysical characterization of the lanthanide
complexes. The previous sections highlighted how the nature
of the excited states of the paracyclophane antennas can be
modulated by selection of the right substituents. Consequently,
the sensitization mechanism of the lanthanide ion is expected to
be strongly affected by this nature. A' presents a strong through-
space CT character together with a weak ISC ability and both
energy levels (E(CT)* = 20100 cm™ and E(T?*) = 20000 cm)
seem to be appropriate for Eu(l11) sensitization (Eu®" accepting
levels: Eu(®D;) = 19,000 cm™? and Eu(®Dg) = 17,200 cm™,
respectively). The room temperature and 77K spectra of EulL!
are reported in Figure 7.
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Figure 7. Normalized emission (Aexc= 325 nm) spectra of EuL!in
dichloromethane at room temperature (red trace) and 77K (black
trace). The nature of the SDo—"Ftransition are indicated.

The characteristic emission profile of the Eu(lll) *Do—'F;
transitions is observed. Interestingly, no residual ligand
centered emission at higher energy is present which indicates a
very efficient energy transfer from the antenna to the excited
states of europium. The relative intensity of the different
*Do—'F; (J = 0 to 4) transitions is 0.05, 1, 10.3, 0.5, 1.8 at RT
using the magnetic dipole transition J=1 as internal standard.
This distribution is sensitive to ligand field splitting (LFS) and
a qualitative indicator of the complex symmetry in solution.%®
The hypersensitive J=2 transition is the most intense and
concentrates R? = 75.2 % of the total intensity and the ratio
between the intensity of the J=2 over the J=4 transitions r =5.7.
These values are close to that obtained for other related Cs
symmetric TACN complexes (R? = 79%, r = 10.9) but the more
intense J=4 transition suggests a slight distortion from this
threefold symmetry.>® At low temperature the spectra is better
resolved, giving more indications about the complex symmetry
(Figure 7). Here, the fine splitting of the bands (2 for J=1, and
3 for J=2) suggests a high symmetry around the Eu(lll) ion,
typically Ds, symmetry expected for TACN-trispicolinate



derivatives.®® The overall quantum yield at room temperature
was found to be of 0.33 with a mono-exponential lifetime decay
0f0.93 msat 612 nm (Figures S9 and S10). Both values indicate
a generally good sensitization of the central Eu® ion,
highlighting the use of A! paracyclophane derivatives as
efficient antennas.

Table 2. Main photophysical properties of the lanthanide
complexes in diluted dichloromethane solutions at room
temperature and 77K (glass).

Aabs € Aem Tobs P? (I)Ab

nm  Lmoltcm? nm ks

EuL' 325 44000 612 930 033 -
YbL2 339 48500 980 9.48 <0.01 0.00
GdL? 339 61000 422 - <0.01 045

a. Measured by comparative method using quinine sulfate (0.54
in H,SO, 0.5M) as standard. b. Measured by comparative
method using phenalenone as standard (®, = 0.98 in
dichloromethane).%*

On the other hand, the A? antenna was found to present a
localized excited state with a strong intersystem-crossing
efficiently populating the triplet sate localized at 19500 cm™
that acts as a very good sensitizer for singlet oxygen generation
(¢a = 0.60). Therefore, the GdL? complex was synthetized and
its photophysical properties studied (Figure 8). As for the A?
antenna, an intense phosphorescence band was observed at low
temperature confirming the efficient ISC process in the
complex. The generation of singlet oxygen was also observed
with a quantum yield of 0.45, slightly lower than the A2 antenna
(Figure S11). This value is in the range of that observed in the
literature,5%-68

We also studied the related Yb(IIl) complex, YbL? in
dichloromethane and MeOH-EtOH mixture (Figure 9). As
already described in the literature,?® % no singlet oxygen is
observed but the clear signature of Yb(lI1) "Fs;,—7F, transition
in the NIR (980-1100 nm) is detected (Figure 9). At room
temperature in dichloromethane, the lifetime decay measured at
980 nm was mono-exponentially fitted with a value of 9.48 ps,
which indicates the presence of single species in solution
(Figure S12). At low temperature, the spectrum remains poorly
resolved with the presence of remaining “hot bands” at 973 nm.
The total ligand field splitting (LFS™) can be estimated to ca.
400 cm?, close to that of threefold symmetry complexes
reported in the literature (LFS™ in the range 340-370 cm't).3*
59.69-71 The slightly higher value confirms the distortion from the
threefold symmetry already mentioned for EuL®. The absence
of singlet oxygen emission at 1270 nm further indicates a
preferable intramolecular energy transfer from the triplet of the
ligand to the "Fs, of the central Yb® ion above an
intermolecular energy transfer to the molecule of 0,.2> %

Normalized intensity (a.u.)
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Figure 8. Normalized absorption (black), emission (Aexc= 325
nm) spectra for GdL? in dichloromethane at room temperature
(red trace), 77K (dashed red) and after application of a 0.1 ms
delay (blue). The green spectrum in the NIR is representative
for the singlet oxygen luminescence.
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Figure 2. Normalized emission (Aexc= 325 nm) spectra for YbL?2
in MeOH-EtOH (1-4 vol) at room temperature (red trace) and
77K (black trace).

Conclusion.

In this article we described the multi-step synthesis of original
antennas incorporating substituted paracylophane moieties in
the m-conjugated skeleton. Two kinds of antennas have been
investigated, incorporating either an alkoxy donor group or a
fused coumarin moiety. A combined photophysical/theoretical
study reveals that when substituted with the electron donating
alkoxy fragment, the pCp enables a through-space conjugation
inducing a fully delocalized charge transfer transition, whereas
in the case of the coumarin-fused pCp chromophore only local
excited states are present, strongly favoring triplet state
population via intersystem crossing. When grafted to TACN,
the alkoxy substituted chromophore behaves as a CT antenna
able to efficiently sensitized Eu(lIl) luminescence. In contrast
the coumarin-fused pCp antenna is able to sensitized Yb(IIl) or



to efficiently produced singlet oxygen when associated to a non-
emissive Gd(Ill) ion. This work clearly emphasizes the
versatility of pCp-based chromophores whose behavior can be
finely tuned by chemical modification. This versatility can be
exploited as a new toolbox for the design of lanthanides
complexes with variable photophysical properties.
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