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Abstract. The design of porphyrin-based dendrimers featuring conjugated fluorenyl dendrons via
alkene spacers allows evaluating the importance of the role of these spacers on the optical proper-
ties of interest. In the continuation of previous studies, a second-generation porphyrin-based den-
drimer was synthesized and metalated by Zn(II) along with its known first-generation homologue.
The targeted free-base porphyrin was obtained by repetitively cycling a Michaelis—Arbuzov reaction
and a Horner-Wadsworth—-Emmons reaction to construct the desired vinyl-containing dendrons. Af-
ter metalation by Zn(II), meso-tetraphenylporphyrin-cored dendrimers with eight (ZnTPP-D1) and
sixteen (ZnTPP-D2) fluorenyl arms at their periphery were eventually isolated. These species allow
evaluating the influence of the central metal and of the 1,2-alkyne for 1,2-alkene exchange on fluo-
rescence, oxygen photosensitization, and two-photon absorption. Such structure-property relation-
ships are currently needed for the design of optimal dendrimeric photosensitizers allowing combined
two-photon-based photodynamic therapy (2P-PDT) and imaging.

Keywords. Porphyrin, Fluorenyl, Fluorescence, Energy transfer, Double bond, Dendrimer, Photody-
namic therapy.
Available online 30th July 2021

1. Introduction macrocyclic core allows to significantly modulate
the photophysical properties at will. Thus, light-
harvesting compounds can be easily obtained by
attaching four strongly absorbing energy-donor
dendrons at the meso positions of the central por-
* Corresponding author. phyrin core which will play the role of peripheral

There has been great interest in porphyrin sys-
tems because the peripheral substituents on the
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“antenna” [1-3]. In this respect, Fréchet and cowork-
ers [4-6] have reported porphyrin systems with
fluorene-containing oligoether-type dendrons as ef-
ficient one- and two-photon light-harvesting units
and demonstrated that such an “antenna effect” was
facilitated in dendritic architectures versus linear ar-
chitectures [5,6]. More recently, related star-shaped
porphyrins with fully conjugated oligofluorene arms
have also been reported by Bo and coworkers and
shown to behave as a remarkable light-harvesting
system [7-9].

In this context, we have previously reported the
synthesis of porphyrin possessing four fluorenyl
arms directly connected at the meso-positions. This
compound (TFP; Figure 1a) [10,11] exhibited a high
luminescence quantum yield (24%), demonstrating
the good capacity of the fluorenyl units to enhance
emission by increasing the radiative process [12].
Subsequently, we synthesized two series of substi-
tuted meso-porphyrin dendrimers with terminal flu-
orenyl arms, taking TPP as the central unit: (i) a non-
conjugated family with flexible ether linkages [13-15]
and, more recently, (i) a conjugated family with
rigid alkynyl linkages (Figure 1b) [16,17]. We could
then show that these molecular architectures were
promising models for the design of new biphotonic
photosensitizers for theranostics, i.e., allowing to
perform photodynamic therapy [18,19] and fluores-
cence imaging after two-photon excitation [16,17].
Due to the practical advantages of two-photon exci-
tation, this field has attracted attention and is rapidly
expanding; several such porphyrin-based photosen-
sitizers have been reported to date [20-26]. In order
to gain additional insight about the potential of TPP-
cored dendrimers such as TPP-T1 or TPP-T2 in this
field, we have started systematically investigating
the impact of various structural changes taking place
in the peripheral light-harvesting antenna on the
photophysical properties of these systems.

Given that 1,2-alkene spacers are known to pro-
mote electronic communication better than 1,2-
alkyne ones [27], we recently started exploring the
optical properties of related dendrimers featuring
alkene linkages. However, this was exclusively done
for the first-generation dendrimer TPP-D1 (Fig-
ure 1c; M = 2H) resulting in a significant improve-
ment in the linear and nonlinear optical properties
versus TPP-T1 [28]. This statement prompted us
to test higher generation dendrimers of this kind.
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Accordingly, we now report our efforts to isolate
the second-generation dendrimer TPP-D2 and the
corresponding metalated species ZnTPP-D1 and
ZnTPP-D2. Subsequently, their linear and nonlin-
ear optical properties of interest will be disclosed as
well as evidence for the very efficient energy-transfer
process taking place from the conjugated dendrons
to the porphyrin core in these new species. These
data will then be compared to those of their known
alkyne-containing analogs (or T series: Figure 1b).

2. Results and discussion
2.1. Synthesis and characterization

This new family of dendrimers was prepared by the
synthesis of the required dendrons (D1-PhCHO and
D2-PhCHO), followed by their condensation with
pyrrole to give the desired free-base porphyrins as in-
termediates, which were then metalated by Zn(II) to
give the final dendrimers ZnTPP-D1 and ZnTPP-D2.

2.1.1. Dendron synthesis

The synthesis of the two generations of vinyl-
bridged aldehyde-terminated dendrons D1-PhCHO
and D2-PhCH is described in Scheme 1. First, com-
mercial 1-bromo-3,5-bismethylbenzene was halo-
genated with benzyl by N-bromosuccinimide (NBS)
using azobis-isobutyronitrile (AIBN) as the radical
initiator. Given that this bromination takes place usu-
ally non-selectively [29-32], the reaction conditions
were optimized (temperature, time, and solvent).
The resulting conditions mainly gave the desired
dibrominated product along with mono- and tri-
brominated byproducts. The former byproduct could
be isolated by chromatography (heptane), while the
latter could not be fully separated from the tar-
geted dibrominated product (ratio tri/di of 1/4 by 'H
NMR). In the next step, this mixture containing 49%
of the desired product was reacted directly with ex-
cess of P(OEt)s under reflux following a Michaelis—
Arbuzov [29-31] protocol. The desired product 3 and
its bromo-substituted byproduct were both formed
and were subsequently separated by chromatogra-
phy (Scheme 1). The unwanted byproduct could be
easily eluted using CH,Cly, while the target product
3 was collected using ethyl acetate as a colorless oil
in 83% yield. After a subsequent Horner-Wadsworth-
Emmons (HWE) reaction [29-31], the compound 3
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Reference Compounds

T series

This work:
D series (M = 2H, Zn)

MTPP-D1

Figure 1. (a) Reference compounds; (b) previously reported alkynyl-bridged free-base porphyrin den-
drimers (T series) based on TPP (TPP-T1 and TPP-T2); (c) new porphyrin dendrimers (D series) based
on TPP (MTPP-D1 and MTPP-D2; M = 2H, Zn).
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Scheme 1. Synthetic routes for alkene-bridged dendrons D1-PhCHO [28] and D2-PhCHO.

reacts with the previously prepared aldehyde 1 [16]
in the presence of t-BuOK/THF to give the double-
bonded precursor D1-PhBr in 89% yield. The alde-
hyde D1-PhCHO can then be obtained in two steps
from this product in 86% yield. Repetition of the
HWE reaction [29-31] between this new aldehyde
and 3 gave access to the second-generation inter-
mediate D2-PhBr in 93% yield, and subsequently to
the corresponding D2-PhCHO dendron in 65% yield
(Scheme 1).

2.1.2. Porphyrin synthesis

Two synthetic methods are most often used to
synthesize porphyrins: the Adler-Longo [33,34] or
the Lindsey reaction [35]. Both are efficient for syn-
thesizing porphyrins substituted at their meso po-
sitions. Given that the first-generation dendrimer
TPP-D1 was previously isolated using the Adler—
Longo approach [28], these reaction conditions were
used again to synthesize TPP-D2. However, this
compound could not be isolated in pure form even
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after several purification attempts by chromatogra-
phy and subsequent recrystallizations (CHCl3 and
MeOH), the yield of crude TPP-D2 in the isolated
solid being below 4%. Fortunately, all these por-
phyrin dendrimers have good solubilities in com-
mon organic solvents, allowing their easy metala-
tion, and this approach provided a way to access the
pure zinc complex from the mixture in the case of
ZnTPP-D2 (Scheme 2). Thus, the corresponding zinc
complex ZnTPP-D1 was formed at 40 °C overnight
from TPP-D2 using Zn(OAc), in CH,Cl,/MeOH and
isolated pure in 60% yield (Scheme 2). Using similar
conditions for metalation, ZnTPP-D1 was isolated in
80% yield from TPP-D1.

From a purely synthetic standpoint, the isolated
yields in alkene-bridged dendrimers (D-type series;
Figure 1c) were always lower than those of their
alkyne-bridged analogs (T-type series; Figure 1b), al-
though rigorously similar reaction conditions have
been used (the isolated yields of TPP-T1 and TPP-T2
were 18% and 13%, respectively [16,17]), making the



Dandan Yao et al.

61

D Zn(OAc), D
N CH,Cl,/MeOH
N [3:1]
- > D D—— D D
" propionic acid 40°C
@ gy 140°C overnight
CY 8w D 80% D
TPP-D1 ZnTPP-D1

140 °C
<4%

propionic acid

Zn(OAc),
CH,Cl,/MeOH [3:1]

40°C overnight
60%

Scheme 2. Synthesis of vinyl-bridged porphyrin dendrimers (D series) based on TPP-cored porphyrin
(TPP-D1 and TPP-D2) and corresponding zinc(II) complexes (ZnTPP-D1 and ZnTPP-D2).

D-type series dendrimers more challenging to obtain
via the Adler-Longo approach [16,17,36].

2.1.3. 'H NMR analysis

The aldehyde dendrons D1-PhCHO and D2-
PhCHO, and the corresponding dendrimers, i.e., the
free-base and metalated porphyrins MTPP-D1 and
MTPP-D2, were characterized by 'H NMR analysis
(Figures 2—4). Figure 2 shows the full 'H NMR spectra
of the dendrons compared to those of their analogs

C. R. Chimie— 2021, 24, n° S3, 57-70

with triple bonds (T1-PhCHO and T2-PhCHO). They
all show three diagnostic signatures: (i) the alde-
hyde proton as a singlet, around 10 ppm; (ii) the
aromatic protons located as multiplets, in region 7-8
ppm, belonging to protons of phenyl and fluorenyl,
partially identified; (iii) four groups of alkyl protons
Hap,c,a located at 0.5-2.1 ppm that are assigned to
the n-butyl chains of fluorenyl. We can particularly
notice that for the double-bonded dendrons D1-
PhCHO and D2-PhCHO, we observe four additional
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Figure 2. Aromatic (a) and Alkyl (b) moieties
'H NMR spectra (400 MHz) of D-series den-
drons D1-PhCHO and D2-PhCHO compared
to reported T-series dendrons T1-PhCHO and
T2-PhCHO in CDClj3 [16,17].

alkene protons comming out as a broad peak around
7.18-7.40 ppm.

The full 'H NMR spectra in CDCl3 of the cor-
responding free-base porphyrin TPP-D1 (Figure 3)
shows four diagnostic signatures: (i) the (3-pyrrolic
protons of the porphyrin core (Hg) around 9 ppm,
(ii) the aromatic protons around 7.3-8.4 ppm, (iii) the
alkyl protons of the various butyl chains around 2.2—
0.5 ppm, and (iv) the NH protons of porphyrin cav-
ity around —2.6 ppm. For TPP-D1, as for reported
TPP-T1 and TPP-T2 [16,17], we observe eight pro-
tons Hg of porphyrin ring located around 9 ppm. For
aromatic and vinylic protons (around 7.2-8.4 ppm),

C. R. Chimie— 2021, 24, n° S3, 57-70
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Figure 3. Full 'H NMR spectra (400 MHz) of
the free-base TPP-cored dendrimers TPP-D1,
TPP-T1, and TPP-T2 in CDCls.
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HA+HB
-CHO
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Figure 4. Partial 1H NMR spectra (400 MHz)
of the dendron D2-PhCHO and of the corre-
sponding zinc(Il) complex ZnTPP-D2 in
CDCls.

only some of them can be easily assigned like Hp
and Hg. Again, the vinyl protons of TPP-D1 give rise
to a broad peak around 7.2-7.3 ppm. For all these
dendrimers, the n-butyl protons (H,p,,q) are sim-
ply assigned to four groups of signals located at 0.5~
2.1 ppm as for the corresponding dendrons. In con-
trast, for the larger dendrimer TPP-D2, a '"H NMR
spectrum with broad signals was obtained (see ESI)
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Figure 5. Normalized absorption and emis-
sion spectra of selected TPP-cored dendrimers
(TPP-D1, TPP-T1, and TPP-T2) compared to
reference TPP in toluene (a). Detail of the Q-
bands of TPP-D1, TPP-T1, and TPP-T2 (b).

and only for the corresponding zinc(Il) complex
ZnTPP-D2 the spectrum was well resolved (Figure 4).
Some characteristic signals are also readily identi-
fied; (i) eight protons Hg of porphyrin ring located
around 9 ppm, (ii) Hx and Hg in the phenyl arms.
However, most of the aromatic and vinylic protons
overlap (7.2-8.4 ppm) because of the larger molecu-
lar structure.

2.2. Photophysical properties

UV-visible absorption and emission spectra, after
excitation in the Soret band [37,38], were recorded
for the isolated dendrimers at room temperature (Ta-
ble 1 and Figures 5 and 6). The free-base tetraphenyl-
porphyrin (TPP; Figure la) and the correspond-
ing zinc complex (ZnTPP) were chosen as ref-
erences compounds. Their two-photon oxygen-
photosensitizing yields were subsequently evalu-
ated and compared to those of their alkyne analogs
(TPP-T1 and TPP-T2) to analyze the impact of this
structural modification (Tables 2-3).

For the free-base porphyrin series, all absorption
spectra are typical of porphyrin derivatives with an

C. R. Chimie— 2021, 24, n° S3, 57-70
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Figure 6. Absorption and emission spectra of

ZnTPP-D2 compared to ZnTPP-D1 in CH,Cl,

at 20 °C.

intense Soret band around 430 nm and four Q-bands
in the 520-650 nm range [37]. Compared to TPP, the
dendrimers TPP-D1, TPP-T1, and TPP-T2 present
an additional absorption around 300-400 nm, corre-
sponding to the conjugated fluorenyl dendrons. This
band is almost of similar intensity for TPP-D1 and
TPP-T1, most likely in reason of their identical ter-
minal fluorenyl number; however, a red shift is ob-
served for TPP-D1 compared to TPP-T1, likely due
to the improved conjugation between core and arms
in the former compound. Concerning the Soret band,
the vinyl-bridged dendrimer TPP-D1 presents also a
larger red shift (15 nm) than its alkyne analog TPP-
T1 (9 nm) versus the Soret band of the reference TPP,
which reflect the extension of the porphyrin 7t man-
ifold [40] through conjugation with the peripheral
arms at the meso positions.

The corresponding zinc complexes ZnTPP-D1
and ZnTPP-D2 exhibit characteristic changes in
their electronic spectra compared to those of the
corresponding free-base porphyrins TPP-D1 and
TPP-D2 [37,41]. Only two Q-band absorption are
now observed, around 552 nm and 635 nm, due to
the symmetry change from D,j to Dy, symmetry
upon metalation and an intense Soret band around
435 nm (Table 1 and Figure 6). An additional broad
band is also observed in UV range (346 nm) which
corresponds to 7—7t* absorption of the fluorenyl
chromophores. This UV absorption is weaker for the
first-generation zinc(Il) complex (ZnTPP-D1) than
for the higher generation dendrimer (ZnTPP-D2)
due to the smaller number (eight versus sixteen) of
fluorenyl groups present in the peripheral arms.

Upon excitation in their Soret band, all these
compounds exhibit the characteristic porphyrin
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Table 1. Photophysical properties of the new dendrimers TPP-D1, ZnTPP-D1, ZnTPP-D2 compared to
their alkynyl-bridged parents TPP-T1 and TPP-T2 and to TPP reference at 20 °C [16,17,36]

Absorption? (nm) Emission? Quantum
Ex=Soretband yield® ®g (%)
Dendron Soret band Q-bands Q(0,0) Q(,1)

TPP — 419 514, 548, 590, 649 652 719 11
ZnTPP — 421 556, 603 603 650 3
TPP-D1 349 434 518, 552, 593, 649 652 719 13

ZnTPP-D1° 346 436 554, 594 604 654

ZnTPP-D2° 348 435 555, 595 602 652 6
TPP-T1 325 428 518, 552, 593, 649 652 719 12
TPP-T2 327, 349 428 518, 552, 593, 649 652 719 13

4Unless precised, experiments were achieved in toluene (HPLC level) with the UV-visible absorption
region from 287 to 800 nm and emission region from 450 to 800 nm.

bUnless precised, experiments for fluorescence quantum yields were achieved in toluene (HPLC level)
using TPP (® = 11%) as standard, by Soret-band excitation [12].

¢Data obtained in CH,Cl, (HPLC level).

Table 2. Two-photon absorption and brightness properties of D dendrimers and related T compounds
in dichloromethane

Compound  Fluorenes/ ATpA oy O -0y Two-photon brightness
porphyrin (nm) (GM)? (GM)P enhancement factor®

TPP 0 790 124 1.3 1
TPP-D1 8 790 280 36 28
ZnTPP-D1 8 790 260 8 6
ZnTPP-D2 16 810 450 27 20
TPP-T1 8 790 200 24 18
TPP-T2 16 790 290 38 29

ntrinsic TPA cross-sections measured in 10~ M dichloromethane solutions by TPEF in the femtosec-
ond regime; a fully quadratic dependence of the fluorescence intensity on the excitation power is ob-
served and TPA responses are fully non-resonant.

bMaximum two-photon brightness in dichloromethane.

“Enhancement factor: @ g)*® of the compound normalized to that of TPP.

dData from lit [39].

emission peaks Q(0,0) and Q(0,1) [12,40]. After nor-
malizing their emission spectra on their Q(0,0) peaks,
these compounds exhibit two emission peaks at
similar wavelengths, but with different intensities
(Figure 5). Compared to TPP, the Q(0,1) band of all
dendrimers does not change in intensity for TPP-D1
but increases for TPP-T1 and TPP-T2. The emis-
sion spectra of zinc(I) porphyrin complexes usually

C. R. Chimie— 2021, 24, n° S3, 57-70

consist of three sub-bands assigned to a vibronic
progression from a Q state: Q(0,0), Q(0,1), and weak
Q(0,2), the last one, near 720 nm being usually too
weak to be observed [11]. Presently, for ZnTPP-D1
and ZnTPP-D2, the emission spectra exhibit the two
expected Q-bands around 603 nm and 653 nm (Fig-
ure 6), the blue shift of these bands compared to
the corresponding free bases being ascribable to the
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Table 3. Oxygen sensitization properties of double-bonded porphyrin dendrimers and related triple-

bonded compounds

Compound <I>aA (%) @p-0y (GM)P

Two-photon excited oxygen
sensitization enhancement factor®

TPP 60 7.2
TPP-D1 64 177
ZnTPP-D1 59 153
ZnTPP-D2 55 248
TPP-T1 59 118
TPP-T2 56 162

1
25
21
34
16
23

aSinglet oxygen production quantum yield determined relative to TPP in dichloromethane (@5 [TPP] =

0.60).

b, o ¥ figure of merit of the two-photon excited singlet oxygen production in dichloromethane.

“Enhancement factor: @y o)™

metal coordination. The quantum yields (®f) were
then measured for all these compounds (Table 1).
While the free-base porphyrin dendrimers have sim-
ilar quantum vyields (®r = 12-13%) than TPP (®p =
11%), these values drop drastically (3-6%) when a
metal like zinc(Il) is introduced in the porphyrin
cavity, as also observed for the reference ZnTPP.

The existence of an energy-transfer (ET) process
from the peripheral 2-fluorenyl donors toward the
central porphyrin acceptor core was subsequently
studied. The emission spectra were measured from
450 to 800 nm, using two excitation wavelengths:
the dendron absorption (325-351 nm) and the Soret-
band absorption (419-434 nm). As expected, all den-
drimers showed exclusive Q-band emission around
650-720 nm, in both cases, with no residual dendron
emission (usually observed around 400 nm). This
suggests that the peripheral fluorenyl groups trans-
fer their energy very efficiently to the porphyrin core,
given that any dendron emission is totally quenched
(SI Figure S14). This very efficient energy trans-
fer most likely corresponds to a so-called “through-
bond” energy-transfer process (TBET) [42]. Thanks
to this very efficient “antenna effect”, the dendron
absorption band, when intense (as in ZnTPP-D2),
might be efficiently used for exciting these com-
pounds.

2.3. Two-photon absorption

As these dendrimers exhibit good fluorescence prop-
erties, their intrinsic two-photon absorption cross-

C. R. Chimie— 2021, 24, n° S3, 57-70

of the compound normalized to that of TPP.

sections were determined by two-photon excited
fluorescence (TPEF) in CH,Cl,. Measurements were
performed with 10™* M solutions, using a mode-
locked Ti:sapphire laser delivering femtosecond
pulses, following the experimental protocol de-
scribed by Xu and Webb [43]. A fully quadratic de-
pendence of the fluorescence intensity on the exci-
tation power was observed for each sample at all the
wavelengths of the spectra (790-920 nm), indicating
that the cross-sections determined are only due to
TPA. A significant increase of their TPA cross-sections
compared to that of TPP (12 GM at 790 nm) was ob-
served for all porphyrins possessing fluorenyl den-
drons (Table 2 and Figure 7). Comparison between
the free-base dendrimers TPP-D1 and TPP-T1 re-
veals that replacing triple bonds with double bonds
in the peripheral dendrons leads to a significant
increase of the TPA cross-sections.

The zinc complexes of the D-type series (ZnTPP-
D1 and ZnTPP-D2) also exhibit high TPA cross-
sections (o2 = 260 and 450 GM, respectively) at
790 nm, ZnTPP-D2 being the best two-photon ab-
sorber of the series of compounds presently inves-
tigated. From the comparison between TPP-D1 and
ZnTPP-D1, metalation by Zn(II) does not result in a
significant change in cross-section at this wavelength
and induces a slight decrease of o, at higher wave-
lengths compared to the corresponding free-base
porphyrin. This statement suggests that the cross-
section of the missing TPP-D2 free-base porphyrin
would be similar or slightly above that of ZnTPP-D2
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Figure 7. Two-photon excitation spectra of D
dendrimers TPP-D1, ZnTPP-D1, and ZnTPP-
D2 and comparison with related T com-
pounds TPP-T1, TPP-T2, and reference TPP in
dichloromethane.

in the 790-920 nm range. In this respect, the clear en-
hancement of o, observed for ZnTPP-D2 relative to
ZnTPP-D1 is particularly remarkable. First, it reveals
a more pronounced structural difference in two-
photon cross-sections for the D-type series than for
the T-type series, in favor of the largest dendrimers.
Then it suggests that the free-base dendrimer TPP-
D2 would be a better two-photon absorber than its
TPP-T2 analog in the investigated wavelength range.

The two-photon brightness (o, - ®f) is a figure
of merit allowing the evaluation of the potential of
two-photon absorbers for fluorescence imaging. For
the zinc complexes, any change in 0, is combined
with a strong decrease in ®r leading to a decrease of
this figure of merit for ZnTPP-D1 relative to that of
its free-base analog TPP-D1, which is the highest of
the compound presently discussed. The ZnTPP-D2
dendrimer still exhibits an interesting two-photon
brightness which is enhanced more than 20 times
compared to TPP used as reference. Among free-base
porphyrins, the two-photon brightness of TPP-D1 is
also significantly higher than that of its analog TPP-
T1, revealing the positive impact of replacing triple
bond by double bonds in the peripheral dendrons for
imaging purposes.

The oxygen-photosensitizing properties of these
dendrimers were also studied. Their quantum yields
of singlet oxygen generation (®,) were determined
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and compared to those of analogous T dendrimers
and TPP used as reference (Table 3). All these den-
drimers exhibit values comprised between 0.55 and
0.64, comparable to that of reference TPP (0.60). In-
terestingly, the free-base dendrimer TPP-D1 shows
the highest value ®5 = 64%, whereas the two zinc
complexes ZnTPP-D1 and ZnTPP-D2 show the
lowest ones (59% and 55%, respectively). As pre-
viously noticed for T-type dendrimers [16,17,36],
the increase in fluorescence quantum yield of the
new free-base dendrimer TPP-D1 relative to TPP is
not obtained at the expense of the singlet oxygen
production.

In combination with the notable increase of the
TPA cross-sections of the dendrimer TPP-D1 com-
pared to its TPP-T1 analog, significant enhance-
ments of the figure of merit for the two-photon ex-
cited oxygen sensitization (@, - 03"** = 177 GM) can
be achieved. For the zinc complexes, this value goes
up to 153 GM for ZnTPP-D1 and even to 248 GM for
larger ZnTPP-D2. The free-base TPP-D1 dendrimer
exhibits a clearly higher enhancement factor than its
T-type analog, in relation with its higher o and its
slightly increased ®,. This compound, easy to syn-
thesize, appears therefore particularly promising for
two-photon photodynamic therapy, and, consider-
ing its TPEF properties, also for theranostic appli-
cations provided it can be made water-soluble by
proper functionalization. It should be emphasized
that other porphyrin-based systems with more ef-
ficient conjugation between the sub-chromophoric
units have often been shown to exhibit higher TPA
cross-sections, but these are generally accompanied
by strong modifications of their other photophysi-
cal properties such as the red shift of their linear
absorption range [24,44-51], which somewhat limi-
tates their interest for theranostics. Indeed, most of-
ten these highly efficient two-photon absorbers ex-
hibit a modest to negligible fluorescence or some
interfering residual one-photon absorption above
800 nm, which leads to the loss of the 3D resolution.
In contrast, the dendrimers presently reported, with
a more restricted 7t-conjugation between the den-
drons and the porphyrin core,! exhibit an improved

IThere is a large dihedral angle between the meso-aryl sub-
stituent and the macrocycle, which is more than 60° in the case
of TPP, see [52].
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trade-off [16,17,36,53] between intrinsic TPA, fluores-
cence, and photosensitizing properties.

3. Experimental section
3.1. General

Unless otherwise stated, all solvents used in reac-
tions were distilled using common purification pro-
tocols [54], except DMF and ipr,NH, which were
dried on molecular sieves (3 A). All chromatographic
separations were effected on silica gel (40-60 L, 60 A).
'H and '3C NMR spectra were recorded on BRUKER
Ascend 400 and 500 at 298 K. The chemical shifts
are referenced to internal tetramethylsilane. High-
resolution mass spectra were recorded on Bruker
MicrOTOF-Q II in ESI positive mode in dried sol-
vent at CRMPO in Rennes. Reagents were purchased
from commercial suppliers and used as received. El-
ement analyses were collected on a Microanalyser
Flash EA1112. UV-visible absorption and photolu-
minescence spectroscopy measurements for all por-
phyrin dendrimers in solution were performed on
Edinburg FLS920 Fluorimeter (Xe900) and BIO-TEK
instrument UVIKON XL spectrometer at room tem-
perature. Toluene and dichloromethane for spectral
analysis were HPLC grade.

3.2. Dendron synthesis and characterization

The two dendrons D1-PhCHO and D2-PhCHO
were obtained after a multistep synthesis from the
brominated 1-bromo-3,5-xylene precursors and
the corresponding 2-fluorenylaldehyde via Horner—
Wadsworth-Emmons reactions followed by carbony-
lation using butyllithium and DME
1-bromo-3,5-bis(bromomethyl)benzene. Com-
mercial 1-bromo-3,5-xylene (5.0 g, 3.67 mL, 27.02
mmol, 1 eq) was added into CH»Cl>(100 mL, dis-
tilled), together with NBS (9.6 g, 54.04 mmol, 2 eq)
and AIBN (220 mg, 1.35 mmol, 0.05 eq). The mixture
was stirred for 30 min at room temperature, and then
refluxed for 30 h. Then cooled in ice-water bath and
filtered, washing residue with heptane. The solvents
were evaporated and the residue was further purified
by chromatography (heptane), collecting the target
product (4.56 g, 49% yield) admixed with 1-bromo-
3-bromomethyl-5-methylbenzene (20%) as white
powder, as well as pure 1-bromo-3-bromomethyl-
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5-methylbenzene (3.55 g and 1-bromo-3-
(bromomethyl)-5-(dibromomethyl)benzene (1.4 g).
'H NMR (400 MHz, CDCl3, ppm): § 7.47 (s, 2H), 7.34
(s, 1H), 4.41 (s, 4H).

Tetraethyl (5-bromo-1,3-phenylene)bis (methy-

lene)diphosphonate (3). In a flask, the pre-
viously isolated [4:1] mixture of 1-bromo-
3,5-bromomethyl-benzene and 1-bromo-3-

bromomethyl-5-methylbenzene (2.4 g, 7 mmol,
1 eq) and P(OEt)3 (2.4 mL, 14 mmol, 2 eq) were
added, respectively. The mixture was refluxed for
4 h at 140 °C. The excess of P(OEt)3 was removed
under reduced pressure. Then the title product was
purified by chromatography using CH,Cl, to remove
other byproducts and then collected by ethyl acetate,
giving a colorless oil (2.66 g, 83% yield). '"H NMR
(400 MHz, CDCl3, ppm): 6 7.34 (s, 2H), 7.16 (s, 1H),
4.07-4.00 (m, 8H), 3.08 (d, J = 22.0 Hz, 4H), 1.26 (t,
J=7.0Hz, 12 H).

Intermediate D1-PhBr. In a Schlenk tube, fluo-
renylaldehyde 1 (1.69 g, 5.51 mmol, 2.2 eq) and pre-
viously obtained 3 (1.15 g, 2.51 mmol, 1 eq) were
added, then THF (100 mL, dried) was injected. Af-
ter cooling the Schlenk with an ice-water bath (0 °C),
t-BuOK (1.20 g, 10.69 mmol, 4.4 eq) was added un-
der Argon and the reaction was kept stirring for 1 h
at 0 °C. The bath was removed, a saturated NH,Cl
solution (aq) added and the resulting solution ex-
tracted with ethyl acetate. After evaporating the sol-
vents, it was further purified by chromatography
(CH2Cl, /heptane [1:10]), giving D1-PhBr as a white
powder (1.7 g, 89% yield). 1H NMR (400 MHz, CDCls,
ppm): 8 7.71 (d, J = 7.6 Hz, 4H), 7.61 (s, 1H), 7.60 (s,
2H), 7.52 (d, J = 8.4 Hz, 2H), 7.50 (s, 2H), 7.37-7.31
(m, 6H), 7.27 (d, J = 16.0 Hz, 2H), 7.12 (d, ] = 16.4 Hz,
2H), 2.01 (t, / = 8.0 Hz, 8H), 1.15-1.06 (m, 8 H), 0.71-
0.58 (m, 20H).

Dendron D1-PhCHO. In a Schlenk tube, D1-PhBr
(720 mg, 0.94 mmol, 1 eq) was dissolved in THF
(60 mL) and n-BulLi (0.59 mL, 0.94 mmol, 1.6 M, 1 eq)
was added dropwise at —78 °C during 15 min. The re-
action was stirred for additional 40 min at low tem-
perature. Then DMF (1 mlL, dried) was added and
stirring was continued for 1 h at —78 °C. The bath was
removed, a saturated NH4Cl solution (aq) added and
the resulting solution extracted with ethyl acetate. Af-
ter evaporating the solvents, it was further purified by
chromatography (CH,Cl,/heptane [1:5]), giving D1-
PhCHO as a light-yellow powder (580 mg, 86% yield).
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'H NMR (400 MHz, CDCl3, ppm): 6 10.11 (s, 1H), 7.96
(s, 3H), 7.73-7.71 (m, 4H), 7.56 (d, J = 8.0 Hz, 2H),
7.53 (s, 2H), 7.40-7.23 (m, 10H), 2.02 (t, ] = 8.0 Hz,
8H), 1.15-1.06 (m, 8 H), 0.71-0.56 (m, 20H). HRMS-
ESI: m/z calcd for Cs3HsgO: 710.44822 [M]*; found
710.4481.

Intermediate D2-PhBr. This synthesis is a clas-
sical procedure similar to that previously used for
D1-PhBr. The purification was completed by chro-
matography (heptane/CH,Cl, [10:1]), providing
D2-PhBr as a white powder (93% yield). 1H NMR
(400 MHz, CDCls, ppm): 6 7.72-7.71 (m, 10H), 7.64
(s, 7H), 7.57 (d, J = 8.0 Hz, 4H), 7.55 (s, 4H), 7.37-7.31
(m, 16H), 7.30-7.18 (m, 8H), 2.03 (t, / = 8.0 Hz, 16H),
1.16-1.07 (m, 16 H), 0.72-0.57 (m, 40H).

Dendron D2-PhCHO. This synthesis is a classi-
cal procedure similar to that previously used for D1-
PhCHO. The purification was completed by chro-
matography (heptane/CH,Cl, [5:1]), providing D2-
PhCHO as a yellow powder (65% yield). '"H NMR
(400 MHz, CD,Cl,, ppm): & 10.15 (s, 1H), 8.05 (s,
3H), 7.76-7.73 (m, 13H), 7.62-7.59 (m, 8H), 7.42-7.29
(m, 25H), 2.06 (t, /] = 8.0 Hz, 16H), 1.17-1.08 (m,
16 H), 0.72-0.54 (m, 40H). HRMS-ESI: m/z calcd for
C115H1220: 1518.94902 [M]*-; found 1518.9487.

3.3. Porphyrin synthesis and characterization

Reference porphyrins TPP, TPP-T1, and TPP-
T2 were synthesized as described earlier by our
group [32,40]. The generation G1 dendrimer TPP-
D1 was obtained under Adler-Longo conditions as
described earlier (8% yield) [28].

ZnTPP-D1. The free-base porphyrin TPP-D1 re-
acts with excess of Zn(OAc), in [3:1] mixture of
CH,Cl, and MeOH at 40 °C overnight. After evapo-
rating the solvents, ZnTPP-D1 was purified by chro-
matography (petroleum ether/CH,Cl, [5:1]) and af-
ter evaporation of the volatiles was obtained as a
pink powder (80% yield). 1H NMR (400 MHz, CD»Cl,,
ppm): 6 9.20 (s, 8H), 8.42 (s, 8H), 8.21 (s, 4H), 7.71-
7.68 (m, 32H), 7.60-7.54 (m, 60H), 7.48 (d, ] = 8.4 Hz,
8H), 7.42-7.27 (m, 80H), 7.15 (dd, /; = 8.4 Hz, » =
2.4 Hz, 4H), 2.01 (t, J = 7.2 Hz, 64H), 1.12-1.01 (m,
64H), 0.65-0.51 (m, 160H) [28]. 13C NMR (125 MHz,
CDCl3, ppm): & 151.3, 151.0, 143.0, 141.2, 140.8,
136.3, 136.1, 132.0, 130.7, 127.6, 127.1, 126.8, 125.8,
124.0, 122.8, 120.8, 119.9, 119.7, 54.9, 40.3, 25.9, 23.1,
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13.8. HRMS MALDI: m/z calcd for C228H236N4Zn:
3093.7876 [M]*-; found 3093.782.

Dendrimer TPP-D2. The mixture of D2-PhCHO
(250 mg, 0.16 mmol, 1 eq) and propionic acid (4 mL)
was heated to 120 °C. After pyrrole (0.01 mL, 0.16
mmol, 1 eq) in propionic acid (1 mL) was added into
the mixture dropwise, the reaction was kept refluxing
for 5.5 h. After cooling to room temperature, MeOH
was then added to the reaction mixture and the pre-
cipitate was filtered. The residue could be purified by
chromatography (petroleum ether/CH,Cl, [5:1]) as a
red powder (10 mg, 4% yield). 'H NMR (400 MHz,
CD,Cl,, ppm): 6 9.10 (broad s, 8H), 8.50 (s, 8H), 8.20-
7.10 (large signals, 188H), 2.01 (large s, 64H), 1.00 (m,
64H), 0.60-0.50 (m, 160H).

ZnTPP-D2. Previous crude mixture TPP-D2
(10 mg, 1.6 x 1076 mol, 1 eq) reacts with excess of
Zn(0Ac); (3 mg, 1.6 x 107° mol, 10 eq) in a [3:1] mix-
ture of CH»Cl, and MeOH (1 mL) at 40 °C overnight.
After evaporating the solvents, the Zn complex
ZnTPP-D2 could be isolated by chromatography
(petroleum ether/CH,Cl, [5:1]), as a pink powder
(60% yield). 'H NMR (400 MHz, CD,Cl,, ppm): 6 9.20
(s, 8H), 8.42 (s, 8H), 8.21 (s, 4H), 7.71-7.68 (m, 32H),
7.60-7.54 (m, 60H), 7.48 (d, /] = 8.4 Hz, 8H), 7.42-7.27
(m, 80H), 7.15 (dd, J; = 8.4 Hz, J» = 2.4 Hz, 4H), 2.01
(t, J=7.2Hz, 64H), 1.12-1.01 (m, 64H), 0.65-0.51 (m,
160H).

3.4. Spectroscopic measurements

All measurements have been performed with freshly
prepared air-equilibrated solutions at room tem-
perature (298 K). Fluorescence measurements were
performed on dilute solutions (ca. 1076 M, optical
density <0.1) contained in standard 1 cm quartz
cuvettes. Fully corrected emission spectra were ob-
tained, for each compound, under excitation at
the wavelength of the absorption maximum, with
Ajex <0.1 to minimize internal absorption.
Measurements of singlet oxygen quantum yield
(Pa). Measurements were performed on a Fluorolog-
3 (Horiba Jobin Yvon), using a 450 W Xenon lamp.
The emission at 1272 nm was detected using a liq-
uid nitrogen-cooled Ge-detector model (EO-817L,
North Coast Scientific Co). Singlet oxygen quantum
yields ®, were determined in dichloromethane
solutions, using tetraphenylporphyrin (TPP) in
dichloromethane as reference solution (®, [TPP]
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= 0.60) and were estimated from 'O, luminescence
at 1272 nm.

Two-Photon Absorption Experiments. To span
the 790-920 nm range, a Nd:YLF-pumped Ti:sapphire
oscillator (Chameleon Ultra, Coherent) was used
generating 140 fs pulses at a 80 MHz rate. The
excitation power is controlled using neutral den-
sity filters of varying optical density mounted in
a computer-controlled filter wheel. After five-fold
expansion through two achromatic doublets, the
laser beam is focused by a microscope objective
(10x, NA 0.25, Olympus, Japan) into a standard 1
cm absorption cuvette containing the sample. The
applied average laser power arriving at the sample
is typically between 0.5 and 40 mW, leading to a
time-averaged light flux in the focal volume on the
order of 0.1-10 mW/mm?. The fluorescence from
the sample is collected in epifluorescence mode,
through the microscope objective, and reflected
by a dichroic mirror (Chroma Technology Corpo-
ration, USA; “blue” filter set: 675dcxru; “red” filter
set: 780dxcrr). This makes it possible to avoid the
inner filter effects related to the high dye concen-
trations used (10™* M) by focusing the laser near
the cuvette window. Residual excitation light is re-
moved using a barrier filter (Chroma Technology;
“blue”: e650-2p, “red”: e750sp-2p). The fluores-
cence is coupled into a 600 um multimode fiber
by an achromatic doublet. The fiber is connected
to a compact CCD-based spectrometer (BTC112-E,
B&WTek, USA), which measures the two-photon
excited emission spectrum. The emission spectra
are corrected for the wavelength dependence of
the detection efficiency using correction factors es-
tablished through the measurement of reference
compounds having known fluorescence emission
spectra. Briefly, the setup allows for the recording
of corrected fluorescence emission spectra under
multiphoton excitation at variable excitation power
and wavelength. TPA cross-sections (02) were de-
termined from the two-photon excited fluorescence
(TPEF) cross-sections (o3 - ®f) and the fluorescence
emission quantum yield (®p). TPEF cross-sections
of 107 M CH,Cl, solutions were measured rela-
tive to fluorescein in 0.01 M aqueous NaOH using
the well-established method described by Xu and
Webb [39,43] and the appropriate solvent-related
refractive index corrections [55]. The quadratic de-
pendence of the fluorescence intensity on the exci-
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tation power was checked for each sample and all
wavelengths.

4. Conclusions

We report here the synthesis, characterization, and a
photochemical study of two new zinc(II) complexes
of TPP-based dendritic chromophores possessing 8
to 12 fluorenyl groups at their periphery (ZnTPP-D1
and ZnTPP-D2). The corresponding free-base por-
phyrins are analogs of related dendrimers in which
we have now replaced the alkyne linkages (T se-
ries) by E-alkene ones (D series) at their periph-
ery (Scheme 1). While TPP-D2 could not be iso-
lated pure, metalation of this free base by Zn(II)
provided a convenient mean to selectively access a
representative of the higher generation dendrimer
(ZnTPP-D2). Comparison with previously gathered
data indicate that the optical properties of these den-
drimers exhibit an obvious dependence on the den-
drimer structure, E-alkene linkers being clearly bet-
ter than 1,2-alkyne ones for enhancing the photo-
physical properties of interest (luminescence, 2PA
cross-section, and sensitization yields) for perform-
ing 2P-PDT and fluorescence imaging. Comparison
between TPP-D1 and ZnTPP-D1 also reveals that
metalation does not drastically affect the two-photon
absorption cross-section nor improve the oxygen-
sensitizing efficiency of these dendrimers.
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