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Chapter 1:

Introduction on porphyrin chemistry

And photodynamic therapy

Background for porphyrin chemistry

Historically, in 1867, Thudichum took the iron out of hemoglobin with acid and isolated hematoporphyrin (he named "cruentine" as hemoglobin was called cruorine). Later, Hoppe-Seyler rediscovered cruentine and renamed it "hämatoporphyrin" (German name of hematoporphyrin), thereby taking credits for coining the word porphyrin. [1] Then, the porphyrin field emerged during the 1920-30s, with Fischer's total syntheses of hemin and related β-substituted porphyrins (Figure 1). [2] Figure 1: Hemin and related β-substituted porphyrins.

The fundamental knowledge about porphyrin properties came from easy accessible model compounds, like tetraphenylporphyrin (TPP) and octaethylporphyrin (OEP) during 1960-80 (Figure 2). [3] Figure 2: Classic Model porphyrins tetraphenylporphyrin (TPP) and octaethylporphyrin (OEP).

Porphyrins are closely related to life sciences: they are widely found in natural life and play an important role in life activities. [4] For example Chlorophyll and heme have both an active site containing metalloporphyrins. Chlorophyll is essential in photosynthesis, allowing plants to absorb energy from light. The active sites of chlorophyll are responsible for photosynthesis during life, and play a very important role. Chlorophylls are numerous in types (see Figure 3), but all are defined by the presence of a fifth ring beyond the four pyrrole-like rings. Unlike hemes, which feature iron at the center of the tetrapyrrole ring, chlorophylls bind magnesium. In the structures depicted in Figure 3, the apical ligands attached to the Mg 2+ center have been omitted for clarity. [5] Figure 3: Six types of chlorophyll in terrestrial plants.

The active sites of hemes, which feature iron at the center of the tetrapyrrole ring, can transfer oxygen, via the iron-containing oxygen-transport metalloprotein in hemoglobin, in the red blood cells of almost all vertebrates. Hemoglobin in blood carries oxygen from the lungs to the rest of the body (i.e. the tissues). Otherwise, iron metalloporphyrin can also activate oxygen by the catalytic scission of the O-O bond of dioxygen molecules via the iron-containing cytochrome P450.

Nowadays, with the development of porphyrin and metalloporphyrin synthesis, porphyrins have increasingly important roles and applications in biomimetic chemistry, [6] catalysis, [7] solar energy utilization, [8] specialty materials (e.g. for studying the relationship of large fullerenes with ions), [9] photodynamic therapy (PDT), [10] electrode materials [11] and luminescent barometry. [12] 2. Structure of porphyrin and fluorene Porphyrins are highly conjugated planar structures composed of tetrapyrrolic subunits linked at their α-carbon atoms via methine bridges (=CH-). The simplest porphyrin is called porphine, only composed of four pyrrole rings bridged by four methine linkers, with a total of 26 π-electrons, of which 18 π-electrons form a planar macrocycle according to the Hückel's rule of aromaticity. This porphyrin ring structure [C20H14N4] is often described as aromatic; [13] the large conjugated system is responsible that porphyrins typically absorb strongly in the visible region of the electromagnetic spectrum, so they are deeply colored. In porphyrin macrocycle, the carbon atoms are mainly divided in three types: α, β and meso, but only the β and meso positions can bear substituents, which could provide different porphyrin-cored derivatives in symmetric or asymmetric structures (Figure 4).

Structure of porphyrin

Structure of fluorene

Figure 5: Structure of non-substituted fluorene and substituted fluorene with alkyl chains by Skene. [15] Fluorene (Figure 5) is a conjugated and planar molecule, and a very important intermediate in organic synthesis and materials chemistry, often used for the synthesis of medicinal and pharmaceutical agents, organic dyes, plastic additives, as well as in the preparation of the organic light emitting materials (OLEDs). [14] In 2010, Skene's group studied the influence of the substitution at the 9 position of fluorene on the fluorescence properties, including the substitution with alkyl chains, in which we are particularly interested (Figure 5). The non-substituted fluorene has the highest luminescence quantum yield (F = 0.50), but this yield is lowered for fluorene substituted with alkyl chains (ΦF = 0.40), and the emission band is red shifted relative to fluorene (302 nm) up to 319 nm. [15] In this thesis, we will exploit the capacity of fluorenyl arms to exalt the luminescence of the porphyrin core; so we intend to synthesize porphyrins with a large number of fluorenyl arms. Throughout this thesis, the modification of the 9 position of fluorene will be used to confer specific properties upon a range of porphyrins. Initially, the addition of n-butyl chains will aim at improving the solubility of the fluorenyl porphyrins in organic media. We will also introduce water solubilizing chains on the fluorenyl units in this 9 position, in order to synthesize a series of biocompatible porphyrins for medical applications (see Chapter 4).

Different ways of porphyrin synthesis

Fischer's synthesis of porphyrin

In 1926, etioporphyrin was synthesized for the first time by Fischer; [16] this synthesis was operated by condensation of two dipyrromethenes (IUPAC: dipyrrylmethenes) in acidic medium at high temperatures (100-200 o C) (Figure 6). The corresponding dipyrromethene salts are stable under these conditions, so the method was promising. In 1930, Fischer won the Nobel Prize for his work on pyrrole chemistry and on hemin synthesis. [2] Figure 6: Fischer's method for the synthesis of β-substituted porphyrins.

As many side-chain functional groups (R-OH, R1-COOR2 etc) are not stable in acidic medium at high temperatures, corresponding porphyrins could not be isolated by Fischer's method. Then, in 1960, MacDonald (Ph.D thesis directed by Hans Fischer) pioneered a new reaction: the condensation of dipyrromethane dialdehyde with α-free dipyrromethene by using an acid catalyst. [17] The reaction conditions were very specific, and no scrambling of the side chains was observed (Figure 7); this reaction has been called the MacDonald 2+2

Condensation. [18] Figure 7: MacDonald 2+2 condensation for the synthesis of β-substituted porphyrins.

Rothemund reaction

During 1935-1941, Rothemund described the condensation of pyrrole with various aldehydes to yield porphyrins; this reaction is called the Rothemund reaction. [19] For this reaction, special sealing tubes were used: they were filled with pyrrole, benzaldehyde and pyridine. Then, the sealed tube was heated at high temperature (220 o C) for two days, and then by slow cooling, the porphyrin nicely crystallized (Figure 8). Later, many chemists like Adler, Longo and Lindsey improved the Rothemund's reaction and nowadays, the synthesis of porphyrin core is mainly performed under two simple and practical conditions: Adler-Longo's [20] or Lindsey's [21] methods. We are now going to describe these two very useful (and used) ways of synthesis. a. Adler-Longo's conditions In the 1960s, Adler and Longo tried the reaction in boiling organic acids under air, which simplified the procedure and improved the yields, as air oxidation helps the aromatization.

These conditions were optimized in different solvents and concentration ranges of reactants, with yields going up to 20-40% (Figure 9). This improved Adler-Longo's synthesis of meso-tetraarylporphyrin has paved the way for the great leap of porphyrin research. 

b. Lindsey's conditions

Later, Lindsey's group developed a new two-step synthesis to form substituted porphyrins under more gentle conditions, by condensation of aldehyde and pyrrole (Figure 10): using CH2Cl2 as solvent, with TFA or BF3 etherate as acidic catalyst, and p-chloranil or DDQ as oxidizer. [21b] The advantage of this soft method is to allow the formation of porphyrins even with sensitive aldehydes, in higher yields and with easier purification. However, higher dilution conditions (typically 10 -2 M) are needed, which means that the reaction is not amenable to scale-up. The methodology relies on the fact that pyrrole and benzaldehyde under acid catalysis will establish an equilibrium with tetraphenylporphyrinogen. [22] Figure 10: Lindsey's method in two steps for the synthesis of meso-substituted porphyrins.

Photophysical properties of porphyrins

All the porphyrins have two distinct absorption regions: near-ultraviolet and visible regions; these absorptions give porphyrins and their derivatives their remarkable colors.

Consequently, physicists and chemists always have much interest for UV-visible spectra of highly colored porphyrins. [23] 

Absorption spectrum of porphyrins

The UV-visible absorption spectrum of porphyrins consists of two typical transitions (Figure 11): (i) a intense transition from the ground state to the second excited state (S0→S2) between 390-435 nm (depending on whether the porphyrin is or meso-substituted), called the Soret band; (ii) two or four weak bands from the ground state to the first excited state (S0→S1) situated between 480-700 nm, known as Q bands. The Soret band and the Q bands both arise from -* electronic transitions. Whereas the Soret band is strongly allowed (the extinction molar coefficient is in order of 10 5 M -1 cm -1 ), the Q bands are weakly allowed (is lower; in order of 10 4 M -1 cm -1 ); this difference is explained by the Gouterman four orbitals model. [24] When the hydrogens on the two nitrogen atoms in the porphyrin center are replaced by a metal ion (M) to form a porphyrin metal complex, the four Q bands are simplified to two bands because of the higher symmetry. [25] The symmetry of free-base porphyrin is D2h, with four small Q bands (IV-I): Qx(1,0), Qx(0,0), Qy (1,0), Qy (1,0), whereas for metal porphyrin there are only two small Q bands: Q(1,0) and Q(0,0). [26,27] In the case of porphyrin dendrimers, a broad peak also appears in the UV region, corresponding to the dendron absorption, the intensity of which is usually proportional to the number of absorbing antennae. 

Emission spectrum of porphyrins

The emission process can be explained by Jablonski diagram (Figure 12). Internal conversion from S2 to S1 is fast, so the emission spectra of the free-base porphyrins will be only detected from S1 to S0, in agreement with Kasha's rule. [26a] There are two peaks Q(0, 0) and Q(0, 1): the stronger peak at 650 nm corresponding to the 0-0 transition, and the weaker peak around 720 nm corresponding to the 0-1 transition. 

Energy transfer in porphyrin cored dendrimers

The energy transfer process takes place by the interaction between an excited donor group (D) and a ground-state acceptor group (A). In order to perform the energy transfer (ET), a spectral overlap between the donor emission and the acceptor absorption is necessary (Figure 13); so the energy lost from excited donor will excite the acceptor group. Therefore, in order to increase the energy transfer efficiency, we should consider that the donor group should have good abilities to absorb and emit photons; meaning high extinction coefficient and fluorescence quantum yield. Usually, the more spectral overlap of donor emission and acceptor absorption is observed and the more efficient energy transfer occurs from the donor to the acceptor. In the process of energy transfer, another important parameter should be considered: the distance between donor group and acceptor group. Often both mechanisms: Dexter energy transfer and Förster resonance energy transfer are involved simultaneously, as described in Figures 14 and 15; we will present these two mechanisms in the next paragraph.

a. Dexter energy transfer (DET)

In 1953, Dexter proposed a theoretical energy transfer process. Dexter energy transfer (DET) mechanism is a non-radiative process with electron exchange, which is described as short-range, collisional or exchange energy transfer. [28] Such energy transfer or exchange will not occur at long distances: generally, the distance cannot be greater than 10 Å. 

b. Förster resonance energy transfer (FRET)

In 1948, the mechanism of Förster resonance energy transfer was proposed by Theodor Förster, a German physical chemist. [29] This mechanism was described as an excited donor group (D*) which transfers energy to excite a ground-state acceptor group (A*). [30] In this process, electrons do not participate. This process goes through a Coulombic interaction between energy donor D and energy acceptor A. The efficiency of the FRET process is highly dependent on distance. Therefore, when the relative distance of Coulombic interaction between donor and acceptor is longer than that allowing the electron exchange energy transfer, then the process is effective. As a consequence FRET can occur over larger distance as compared to Dexter energy transfer: typical distance range for FRET is 10-100 Å and for Dexter energy transfer it is <10 Å. Jablonski diagram can explain this FRET process (Figure 16): When the donor group D is excited by a photon, then it relaxes to its lowest excited singlet state S1(D*). When the distance allows energy transfer, then the S1(D*) energy can release to the ground state S0(D).

Simultaneously, the acceptor group A is excited to its lowest excited singlet state S1(A*) in a non-radiative process. This excited acceptor can emit a photon and finally returns to the ground state S0(A). Therefore, we should choose suitable dendrons for the elaboration of new porphyrin-cored dendrimer architectures, with efficient energy transfer from donor group (dendron) to acceptor (porphyrin); meaning a good spectral overlap between emission spectra of dendrons and absorption spectrum of porphyrin and also be very careful to have an acceptable distance between D and A.

Photodynamic therapy using porphyrin as photosensitizer

Background on photodynamic therapy (PDT)

Photodynamic therapy (PDT) is often called photo radiation therapy or photochemical therapy; this medical technology uses photodynamic responses for disease diagnosis and treatment. Phototherapy is generally considered to have originated in the 1890's, with Niels Finsen, who treated sick skin (lupus vulgaris) by ultraviolet radiation, and Finsen won the Nobel prize in 1903 for this innovative therapy. [31] Then the photodynamic therapy was developed by the studies of Lipson and Schwartz in 1960s; they observed that the injection of hematoporphyrin led to the fluorescence of cancer cells and so good vision during surgery, permitting to gain an optimal tumor location. [32] Figure 17: Schematic of tumor phototherapy using a sensitizing drug (PDT).

a. Photosensitizer

An efficient photosensitizer is a non-toxic chemical substance that should selectively concentrates on the tumor cells to destroy them after activation. A photosensitizer is non-toxic in the absence of light excitation; but by a laser excitation of appropriate wavelength, the photosensitizer will generate singlet oxygen and/or other reactive oxygen species (ROS), which leads to the destruction of the targeted tissues. Current clinical and preclinical photosensitizers are mostly porphyrin derivatives , like haematoporphyrin derivatives, [41] various porphyrin systems [42] and phthalocyanines and their derivatives, [43] etc.

To use two-photon excitation rather than one photon excitation, and thereby exploit the benefits of 2PA, an ideal photosensitizer for two-photon PDT (2P-PDT) should:

 Exhibit a large 2PA cross-section (σ2)  Produce singlet oxygen and/or ROS  Be biocompatible  Be luminescent for dual imaging/therapy  Possess a vector that selectively targets tumor cells

b. Singlet oxygen formation

Molecular oxygen is one of the three elements of photodynamic reaction, it is an important reactant involved in photodynamic reactions. The concentration of dissolved oxygen in the tissue plays an important role in the effect of photodynamic therapy. Natural oxygen is the origin of toxic singlet oxygen, which can oxidize many biological molecules and kill the selected cells.

c. Light

A suitable light source is an essential condition in photodynamic therapy. In PDT, the wavelength, power density and energy density of the laser have a great influence on the therapeutic effect. At the same time, wavelengths are related to the choice of the photosensitizers. Two-photon photosensitizers allow the use of NIR laser sources.

Molecular approach in two-photon photodynamic therapy

In 2001, Ogilby first introduced heavy atoms (such as bromine) in quadrupolar two-photon absorbers, and improved the generation of singlet oxygen (Figure 20a). [44] The singlet oxygen generation quantum yield of these molecules is high, with  = 42% but unfortunately these absorbers are non-fluorescent. Based on Ogilby work, in 2012 Andraud introduced N-alkyl donor groups into quadrupolar two-photon absorbers also containing bromine atoms (Figure 20b). [45] These absorbers produce singlet oxygen with a higher quantum yield = 50%, and they are strongly fluorescent (f = 50%), allowing for bio-imaging applications.

Figure 20: a) Quadrupolar absorber studied by Ogilby [44] and b) Quadrupolar absorber studied by Andraud. [45] Porphyrin derivatives are frequently reported in the literature as efficient molecular photosensitizers. Very simple tetraphenylporphyrin (TPP) is a good singlet oxygen generator, with a high quantum yield  = 60% but has a low two-photon cross section (2 = 12 GM at 790 nm). [46] This reference TPP compound is used as a standard in singlet oxygen measurements.

Increasing the 2PA cross sections while maintaining the photosensitization and the luminescence properties of porphyrin derivatives, and improving the hydrophilicity and the biocompatibility of these compounds will allow to fully benefiting from the advantages of selective 2PA for theranostic applications combining 2P-PDT and fluorescence imaging. So in order to improve the solubility in aqueous media, the introduction of polar groups is a commonly used strategy. [START_REF] Ogawa | Anti-cancer Agents[END_REF] Moreover, introduction of specific vectors on the photosensitizer, to become selective towards cancer cells, is also very important. [START_REF] Gong | ACS Symposium Series[END_REF] In 2008, Spangler et al. [START_REF] Starkey | [END_REF] synthesized an efficient photosensitizer for 2P-PDT based on a porphyrin core (Figure 21): the compound consisted of two NLO-phores (in blue), a porphyrin core for singlet oxygen generation (in orange), a fluorescent dye (in purple) and a somatostatin-specific cyclic peptide (in red).

Figure 21: Photosensitizer based on a porphyrin core by Spangler et al. [START_REF] Starkey | [END_REF] 

Porphyrins in our group

These last years in our group, many porphyrin-based derivatives were synthesized and studied in different fields (Figure 22): some series of luminescent dendrimers, [50] various supramolecular assemblies, [51] luminescent oligomers, [52] phosphorescent Pt and Pd complexes integrated in OLEDs devices, [53] electropolymers for catalysis [54] and organometallic Ru and Fe porphyrins complexes specially designed for NLO properties. [55] For porphyrin-based dendrimers, first efficient light-harvesting systems were reported in which 5,10,15,20-tetraphenylporphyrin (TPP) was linked, via ether bridges, to four, eight and sixteen fluorenyl donor moieties, [56] and via alkynyl bridges, to four, eight fluorenyl units. [57] Then the TPP porphyrin core was replaced by promising 5,10,15,20-tetrafluorenylporphyrin (TFP) [58] and 5,10,15,20-tetrathienylporphyrin (TTP) [59] cores. These different cores were linked via ethynyl bridges and also via vinyl bridges to fluorenyl donor moieties. [60] Covalent assemblies of these monomers, like linear dimer and trimer, were synthesized, and their energy transfer process and nonlinear optical properties have been studied. [61] For organometallic ruthenium complexes, generation 0 and 1 dendrimers have been successfully obtained in collaboration with Humphrey's group and their nonlinear optical

properties have been studied (by Z-scan measurements for these non-fluorescent porphyrins). [62] In this PhD work, we will particularly focus on the synthesis and the properties of:

-New series of porphyrins decorated with conjugated arms incorporating fluorenyl groups connected through ethynyl and vinyl bridges (Chapter 2);

-Porphyrins and porphyrin dendrimers incorporating electron-donating end-groups or junctions (Chapter 3);

-Biocompatible analogues of conjugated fluorenylporphyrins for two-photon photodynamic therapy (Chapter 4);

-New porphyrin assemblies containing ruthenium units (Chapter 5).

Therefore, in this exploratory work, our goal is to obtain novel conjugated and extended molecules based on organic and organometallic porphyrins with innovative structures. Then we will study their optical properties, in order to derive structure-property relationships. We are also interested in biological and medical applications for photodynamic therapy combined with bioimaging. The fluorescence is coupled into a 600 µm 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 established through the measurement of reference compounds having known fluorescence emission spectra. Briefly, the set-up allows for the recording of corrected fluorescence emission spectra under multiphoton excitation at variable excitation power and wavelength.

General

2PA cross sections (σ2) were determined from the two-photon excited fluorescence (TPEF) cross sections (σ2.ΦF) and the fluorescence emission quantum yield (ΦF). TPEF cross sections of 10 -4 M dichloromethane solutions were measured relative to fluorescein in 0.01 M aqueous NaOH using the well-established method described by Xu and Webb [63] and the appropriate solvent-related refractive index corrections. [64] The quadratic dependence of the fluorescence intensity on the excitation power was checked for each sample and all wavelengths. Porphyrin-based molecules have interesting photophysical properties because they absorb in the visible region and also emit in this region. [1] Porphyrins can therefore have different applications, [2] potentially as efficient red emitters for bio-imaging (emission quantified by φF)

and as particularly attractive candidates in anticancer therapy. [3] This last application is due to the fact that Porphyrin core can easily form singlet oxygen ( 1 O2) from natural oxygen upon photoexcitation ( 1 O2 formation being quantified by φΔ) and this particular property is widely exploited in photodynamic therapy (PDT). [4] Different series of highly luminescent porphyrins have been elaborated as photosensitizers by our group. [5] We will focus on nonlinear optical properties (NLO), specifically third order ones. An important area of work in our group concerns increasing one aspect of NLO properties: two-photon (2PA) absorption cross-sections, which are quantified by σ2.

Earlier, we elaborated a porphyrin possessing four fluorenyl arms (TFP) that presents a high fluorescence quantum yield (φF = 24%); being more than twice as large as that of the reference tetraphenylporphyrin (for TPP : φF = 11%), [6] it demonstrates the interesting capacity of the fluorenyl units to enhance quantum yields. [7] In recent research, we first exploited this capacity to enhance the luminescence by using dendritic systems (see Figure 1a and Table 1) based on TPP: these took the form of generation 1 dendrimers with triple bonds T (TPP1-T) or double bonds D as connectors (TPP1-D).

We can notice that the red emission and the singlet oxygen formation of all these new porphyrins dendrimers remain close to the TPP reference values (meaning around φΔ = 60%).

Concerning NLO properties, the values of the two-photon absorption cross sections (at 790 nm; σ2 max ) of all these compounds are significantly improved compared to the reference, particularly when double bond connectors are present, as in TPP1-D (Table 1). In such dendrimers, which have the same TPP core, we can compare triple bond (T) to double bond (D) linker efficiency by comparing TPP1-D and TPP1-T: the two-photon cross section of TPP1-D is σ2 = 280 GM, whilst TPP1-T comes only to σ2 = 200 GM.

Table 1. Photophysical properties of TPP and TFP cored porphyrins and related reference compounds.

In the triple bond series, we can also compare the dendrimer TPP1-T with the linear compound TFP-T because these two compounds have exactly the same number of fluorenyl units (eight). We observe that the linear compound TFP-T is more efficient than the corresponding TPP1-T dendrimer, because it exhibits the higher 2PA brightness (σ2×φF = 185 GM vs 20 GM respectively). This strong enhancement is probably due to the replacement of TPP core by very efficient TFP core, as shown by comparing equivalent generation 1 dendrimers TPP1-T to TFP1-T, with brightness going from 20 to 175 GM.

For this TFP series, the two-photon absorption cross sections of generation 0 (TFP-T)

and generation 1 dendrimers (TFP1-T) are approximatively similar (770 and 730 GM, respectively); so apparently the increase in generation does not improve this property. We can notice that, as for TPP series, the double bond connector D for TFP1-D has the best 2PA value, reaching a particularly high cross section of 1010 GM. protons around 9 ppm, with this singlet being shifted to lower field for zinc complexes with respect to free-base porphyrins (going from 8.9 to 9.1 ppm) (ii) three peaks (HA,B,C) around 7.9-8.3 ppm belonging to the four distinct aromatic protons of the meso-fluorenyl spacers and integrating in total for sixteen protons, well separated from the remaining aromatic protons of the peripheral fluorenyl groups around 7.3-7.8 ppm,

In the second part, the high field region of the spectra (Figure 26c) features: (i) two -NH protons around -2.5 ppm (these appear for the free base porphrins only, being replaced by a Zn(II) ion in the zinc porphyrin complexes), and (ii) broad multiplets corresponding to the alkyl protons of the two distinct n-butyl chains. For the first compounds of this series, ie the TFP-cored porphyrins having only one extra fluorenyl unit on each arms (compound 2 and the zinc analog complex 3), we observe two multiplets (2.0 and 2.2 ppm) integrating for sixteen protons each. As expected, as the length of the fluorenyl arm increases, the multiplet at higher field grows proportionally to the integrated protons.

Photophysical Properties

UV-visible absorption and emission spectra were next recorded for the new series in DCM solution (Table 2). Reference molecules of similar structures, such as TPP and TFP, were used to analyze how the differing lengths of the arms in the meso-positions influence the optical properties of these derivatives.

UV-visible absorption and emission spectroscopies a. Comparison of the free-base porphyrins 1, 2, 4 and 6

The UV-visible absorption and emission spectra for the four free-base porphyrins 1, 2, 4

and 6 are summarized in Figure 27 and Table 2. 

abs (Soret) (nm)  (Soret) (M -1 cm -1 )
abs Absorption Spectra. The free-base porphyrins have several characteristic features in their UV-visible absorption spectra (see Figure 27): (i) the intense Soret-band around 430-440 nm and four Q-bands from 520-650 nm that are typical of free base porphyrin absorptions and (ii)

(Q bands)(nm) em(nm) F a Q(0,0) Q(0,1)
an extra absorption, around 340-420 nm, which corresponds to a *← transition of the conjugated arms. Obviously this fluorenyl-based absorption is absent for TPP, but more surprisingly it is also absent for TFP-Bu. This suggests that the unconjugated meso-fluorenyl groups of TFP-Bu absorb below 280 nm, whilst the fluorenyl arms of free bases from 1 to 6, are strongly red shifted (341-419 nm) and more intense. After normalizing the spectra to the intensity of the Soret-band, it is clear that this arm-based absorption increases regularly with increasing length upon going from 1 to 6, but that the porphyrin-based transitions (Soret-band and Q-bands) do not show any significant shifts and remain of constant intensity. It should also be noticed that while the intensity of the first arm-based absorption gets stronger with the increasing number of fluorene units, a strong bathochromic shift is observed when progressing from 1 to 6, suggesting that the conjugation through double bonds is very efficient. Nonetheless, the intensity of this particular band roughly scales with the number of fluorene groups in the peripheral arms.

Emission Spectra. Upon excitation at the Soret-band, the free base prophyrins 1 to 6, and the reference compounds TPP and TFP, exhibit the characteristic porphyrin emission peaks Q(0,0) and Q(0,1). After normalizing the emission intensities of the various compounds to their Q(0,0) peaks, all four compounds exhibit similar emission spectra (Figure 27). The intensity ratios between Q(0,0) and Q(0,1) remain constant, as previously observed in dendrimers. [13] This strongly suggests that, for this new series of porphyrin derivatives, the four arms of increasing lengths have a similar influence on the porphyrin macrocycle. The optical data for this new series and their reference compounds are gathered in Table 2. The comparison of 1, 2, 4 and 6 with their TPP and TFP analogues reveals an improvement in efficiency compared to the phenyl-cored porphyrin and similar trends compared to TFP, although the emission quantum yield of TFP is ca. 2% higher. We note that the emission quantum yields for the entire series are 22 %, which is similar to free base TFP having butyl chains (TFP-Bu). Energy Transfer from the Fluorene arms to the Porphyrin Core. The energy transfer (ET)

between the peripheral conjugated arms and the central porphyrin core was also probed. This implies that the arm emission is completely quenched through an efficient process that most likely involves an ET from the conjugated arm to the porphyrin core. In contrast, the TFP-cored porphyrins 4 and 6, which feature the longer peripheral arms Fl3 and Fl4, show two emissions: (i) a red emission (at 660 and 728 nm) similar to that of 1 and 2, (ii) a residual blue emission appearing around 450 nm; the latter is likely to be an arm-based emission, suggesting that the corresponding *← excited state is not totally quenched by ET. This residual emission might originate from the more peripheral fluorenyl units of the extended sidearm. Probably, in the TFP-cored porphyrins 4 and 6, which feature the longest fluorenyl arms, the most peripheral fluorenes are sufficiently far removed from the porphyrin acceptor core to prevent efficient through-space (Förster-type) ET, as well as the (possibly less efficient) through-bond (Dexter-type) ET.

b. Comparison of the zinc complexes 3, 5 and 7 and reference ZnTFP

The UV-visible absorption and emission spectra of the three new zinc complexes 3, 5 and 7 are summarized in Figure 29 and Table 3.

Absorption Spectra. The zinc porphyrin complexes have several characteristic features in their UV-visible absorption spectra (see Figure 29): (i) an intense Soret-band at around 435-450 nm and, as is normal for zinc complexes, only two Q-band absorptions from 560-600 nm, as well as (ii) an additional absorption at around 370-420 nm due to the conjugated arms, as was found for the corresponding free base porphyrins. After normalizing the spectra to the intensity of the Soret-band, it seems that this arm-based absorption increases less upon progressing from 3 to 7 than in the case of the corresponding free base porphyrins. While the intensity of the arm-based absorption gets slightly stronger with the increasing number of fluorene units, a strong bathochromic shift is still observed when the fluorenyl arms are extended, suggesting again that the conjugation through double bonds is very efficient.

. Emission Spectra. Upon excitation of the Soret-band, the zinc complexes exhibit the two characteristic porphyrin emission peaks Q(0,0) and Q(0,1). After normalizing the emission intensities of the various compounds on their Q(0,0) peaks, all three complexes exhibit similar emission spectra (Figure 29). The intensity ratios between Q(0,0) and Q(0,1) remain constant, as was observed for the corresponding free bases. The optical data of these complexes are gathered in Table 3. Comparison of complexes 3, 5 and 7 with their ZnTFP analogue reveals a slightly red shifted emission, and emission quantum yields across the entire series of around 8-9 %. This is much higher than ZnTPP, and similar to zinc complex ZnTFP. 

 (Soret)(M -1 cm -1 )
abs For these zinc complexes, the energy transfer (ET) from the fluorenyl arms and the central porphyrin core was also probed. Figure 30 presents the emission spectra of 3, 5 and 7 upon excitation at arm absorption around 370-420 nm. The resulting emission spectra show a combination of (i) the red emission (at 612 and 660 nm) characteristic of zinc porphyrin complexes and (ii) residual blue emission characteristic of the arms, meaning that the arm emission is not completely quenched by ET even for the abbreviated architecture having only one extra fluorenyl units/arm (Fl2). In contrast to the free-base porphyrins, this residual emission of the donor arms does not seem to increase significantly for the most extended fluorenyl arms. 

(Q bands)(nm) em(nm) F a Q(0,0) Q(0,1)

Two-photon absorption properties

To take advantage of the good fluorescence of these porphyrins, their two-photon absorption cross-sections (2PA) were determined by measuring their two-photon excited fluorescence (TPEF) [13] in dichloromethane in the femtosecond regime (see Figure 31 and Table 4). Measurements were performed upon 10 -4 M solutions, and a fully quadratic dependence of the fluorescence intensity on the excitation power was observed for each sample at all the wavelengths of the spectra shown in Figure 31. This indicates that the cross-sections determined are entirely due to 2PA. The TPP-cored and TFP-cored compounds exhibit much larger 2PA cross-sections than are observed in the unelaborated TPP and TFP cores (12 and 90 GM respectively) (Table 4).

Comparison between TPP-cored and TFP-cored compounds reveals that replacing the four meso-phenyl groups by four fluorenyl groups leads to a clear improvement in the 2PA

properties: as a matter of fact, the maximum 2PA cross-sections is improved when going from 1 to 2 (from 700 to 920 GM ).

Within the TFP-cored series, an increase in the number of fluorenyl units that comprise the conjugated arms leads to an increase of the 2PA cross-sections, which confirms that conjugation through the vinyl connectors is efficient. As a result, the two-photon absorptivities of the free-base porphyrin rise upon going from 2, 4, to 6 (920, 1280 to 1 800 GM respectively). We also note that free-base porphyrin Fl-2 (2) is a close analog of TFP-T (described in Figure 1), with the only difference being the replacement of the triple bond in the conjugated arms by a double bond: triply bonded TFP-T exhibits a cross-section of 770 GM whereas the new double bonded porphyrin 2 exhibits a significantly larger cross-section of 920 GM. Obviously the double bond is more promising.

Similarly, for the series of zinc complexes, we observe an impressive increase of the maximum 2PA cross-sections upon going from compound 3 with difluorenyl arms (650 GM)

to the more extended architecture of 5, which possesses trifluorenyl arms (1960 GM).

However, the complex possessing tetrafluorenyl arms (7) shows no further increase and falls slightly, from 1960 to 1910 GM. Obviously the next generation is unlikely to gain in 2PA

efficiency (even if it should be noticed that the 2PA spectrum of 7 is broader than that of 5, which leads to the highest 2PA cross-sections of the whole series in 7 above 830 nm).

When we compare the two-photon brightness (σ2φF max ) of these compounds, first we note that the free-base porphyrin series shows an increase in the two-photon brightness upon extension of the fluorenyl arms, and similar features are seen for the zinc porphyrin complexes. The most extended free-base porphyrin 6 is the most efficient for this figure of merit (396 GM); it outperforms than the most extended zinc porphyrin complex 7 (172 GM), mainly because free-base porphyrins inherently exhibit much larger fluorescence quantum yields than the corresponding zinc complexes All the free-base porphyrins present similar quantum yields of 62-67 % for singlet oxygen formation (φΔ) and these are slightly higher than TPP and TFP. The zinc complexes exhibit significantly lower values (43-55%), in particular the least extended one (5) which has the lowest quantum yield (43%). The most interesting figure of merit (with respect to two-photon photodynamic therapy applications) is the efficiency of the two-photon singlet oxygen generation (σ2φΔ max ); for the free base porphyrins, this value increases continuously with increasing arm length upon going from 1 to 4 (448 to 1116 GM) whereas, for the zinc complexes, it increases strongly from 3 to 5 (280 to 1078 GM), but slightly decreases with the longest arm (993 GM for 7).

The comparison of these data and figures of merit allows the conclusion that double bond connection within the extended antennae is shows high promise for improving the performance of the porphyrins.

Conclusions

The synthesis and characterization of two new families of conjugated meso-tetraphenylporphyrin-cored (TPP) and meso-tetrafluorenylporphyrin-cored (TFP) units peripherally functionalized with linear conjugated antennae containing additional fluorenyl have been reported here. In these antennae, the fluorenyl units are connected by double bonds.

These new compounds were obtained by condensation of the corresponding double bond fluorenyl aldehydes of increasing length with pyrrole under Lindsey conditions.

In terms of photophysical properties, these new free-base porphyrins exhibit remarkably high luminescence quantum yields (22%). As expected, the corresponding zinc complexes present lower luminescence quantum yields (around 9%), but these are nonetheless quite high when compared to the reference ZnTPP (φF = 3%).

For the least extended compounds in these series, based on TPP-core for 1 and TFP-core for 2, a very efficient ET from the peripheral fluorenyl units toward the central porphyrin core is observed. For these compounds, the antenna-based emission is totally quenched upon excitation of the arm absorption band, and only the red emission characteristic of the porphyrin core is detected. This behavior contrasts with the dual emission observed for those compounds featuring the largest arms at the meso positions, and such a behavior can be rationalized by considering the extension of the arms. When compared to the corresponding TPP-cored compound (1), the TFP-cored ones (2, 4 and 6) exhibit larger 2PA cross-sections and increased two-photon brightness with increasing length of the -manifold, and quite comparable quantum yields of singlet oxygen formation have been measured (above 60%).

Upon extending the length of the fluorenyl antennae on the TFP-core, the 2PA cross-sections increase strongly, confirming that double bonds are efficient connectors.

Comparison between 2 and TFP-T shows that the replacement of triple bonds with double mL) under argon atmosphere. The reaction was stirred for 4 hours at room temperature. DDQ (14.7 mg, 0.065 mmol, 75% eq) was added and stirring was continued for an additional hour.

The solvent was evaporated and the residue was purified by column chromatography (heptane/CH2Cl2 = 1/1, vol/vol), leading to porphyrin with Fl-5 as a purple powder (36 mg, 27%). 6, 151.3, 151.0, 140.9, 140.7, 140.5, 137.0, 136.5, 129.4, 128.9, 128.6, 127.0, 126.8, 125.7, 125.6, 122.9, 120.9, 120.7, 119.9, 119.7, 55.3, 55.0, 40.6, 40.4, 29.7, 26.0, 23.2, 23.1, 14.1, 14.0, 13.9. Carbazole and diphenylamine can increase the two-photon absorption cross section essentially because they are efficient electron-releasing groups, and because they can also extend the π-system. We present a range of free-base porphyrins and their corresponding zinc complexes with carbazole and diphenylamine as end-groups or junction units. We will compare the photophysical properties of these compounds, in order to identify the most interesting group for our NLO interests (Figure 5).

HRMS-MALDI

In 2004, a porphyrin possessing four fluorenyl arms (TFP) was synthesized in our group.

It has a remarkably high fluorescence quantum yield (24%) when compared to the reference tetraphenylporphyrin (TPP), and so demonstrates the capacity of the fluorenyl units to enhance quantum yields. [8] We later showed that TFP increases not only the luminescence, but also the quantum yield of singlet oxygen formation and non-linear optical properties such as the 2PA cross-section. [9] Each of these properties is significatively improved compared to reference TPP. Taking into account these considerations, this Chapter will explore two successive dendrimer generations (G0 and G1) of TFP-cored porphyrins with carbazole and diphenylamine as end-groups or junction units.

Figure 25 (b) shows the partial spectra between 6.6 and 9.2 ppm. The integration shows eight protons around 9 ppm, which are assigned to β-pyrrole protons (H) of the porphyrin macrocycle. We notice that the H protons are found to lower field in the zinc porphyrins (going from 8.9 ppm to 9.1 ppm). For the aromatic protons, we can clearly distinguish three proton signals (HA,B,C) between 7.9 and 8.4 ppm that belong to the four distinct aromatic protons of the meso-fluorenyl spacers, and which integrate in total for sixteen protons. whereas the protons of the terminal fluorenyl groups (integrating for thirty two protons)

appear to higher field. The same result is observed for the corresponding zinc complex 8.

c. 1 H NMR spectra of the carbazole porphyrins series (3, 4, 5, 6) For this series, the complete 1 H NMR spectra of porphyrins 3, 4, 5 and 6 are shown in Figure 26 and, as for the previous series, they have four components (i-iv).

2.5 Optical properties of the porphyrins UV-visible absorption and emission spectra were recorded in DCM solutions. Free-base TPP and TFP-Bu are chosen as references for interpreting the effect of the various dendrons at meso-positions upon the observed optical properties.

a. UV-visible absorption and emission spectroscopy

The UV-visible absorption spectra of all the porphyrins are shown in Figure 28 (free-bases 1, 3, 5 and 7) and Figure 29 (zinc complexes 2, 4, 6 and 8). Each of these spectra have two components: (i) a broad Dendron-band at around 300-400 nm, which corresponds to a *← transition of the conjugated dendrons; (ii) for the free-base porphyrins, a Soret-band at 431 nm and four typical Q-band absorptions around 520-650 nm (Figure 28); the zinc complexes give instead a Soret-band at 435 nm and, as expected, only two Q-bands around 555-598 nm (Figure 29). The absorption and emission data are summarized in Table 2. Absorption Spectra. For the triphenylamine series, the absorption spectra profiles of fluorenyl porphyrin 1 and of its higher generation (G1) analog 7 in dichloromethane are almost identical in energy; this is also true for the carbazole series 3 and its higher generation (G1) analog 5 (Figure 28). After normalizing the spectra on the intensity of the Soret-band, the dendron absorption significantly increases with increasing dendrimer generation: for both series, we can notice strong hyperchromic shifts of the UV-band, in agreement with a more extended -system in the conjugated arms of G1-dendrimers. The porphyrin-based transitions (Soret-band and Q-bands) are not shifted and maintain constant intensities as the dendrimer generation increases. For all these free-base porphyrins, the Soret-band is at 431 nm. The replacement of triphenylamine units (1 and 7) with N-phenylcarbazole units (3 and 5) on the fluorenylporphyrins leads to a hypsochromic shift (~20 nm), suggesting that the conjugation through triphenylamine is more efficient (Table 2).

The absorption spectra of zinc porphyrins (2, 4, 6 and 8) display characteristics typical for tetraarylporphyrin metal complexes, such as an intense Soret band near 430 nm and two Q-bands in the 550-600 nm range, along with a strong structured band in the UV range (300-400 nm), corresponding to the absorption of the conjugated arms (Table 2 and Figure 29).

For this series, we see that the dendron absorption bands of zinc porphyrins are very similar to those of the corresponding free-base porphyrins. 

 (Soret) (M -1 cm -1 )
abs Emission Spectra. Upon excitation at their Soret-band, the free-base porphyrins (1, 3, 5 and 7), and the reference porphyrins TPP and TFP-Bu exhibit the two characteristic porphyrin emission peaks Q(0,0) and Q(0,1). The corresponding wavelength values are 660 and 726 nm for these free-base porphyrins. The optical data of this new series and their reference compounds are summarized in Table 2. After normalizing the emission intensities of the various porphyrins on their Q(0,0) peaks, the four free-base porphyrins exhibit similar emission spectra (Figure 28). The intensity ratios between Q(0,0) and Q(0,1) remain constant.

(Q bands)(nm) em(nm) F a Q(0,0) Q(0,
With respect to emission quantum yields, the fluorenyl cored porphyrins series (1, 3, 5 and 7)

reveals a clear improvement compared to the reference phenyl cored porphyrin TPP (F = 11%), and they have similar value to the reference TFP-Bu. We also notice that the emission quantum yields for all the series are very high (19-21%).

For zinc porphyrins, the four complexes (2, 4, 6 and 8) exhibit similar emission spectra (Figure 29). The intensity ratios between Q(0,0) and Q(0,1) remain constant, as previously observed for the corresponding free-base porphyrins. A notable difference between free-base porphyrins and metal porphyrin complexes is the significant blue-shift of the emission maximum wavelength, Q(0,0) from 660 nm to 611 nm (49 nm), and Q(0,1) from 726 nm to 660 nm (66 nm).The optical data of these complexes also are gathered in Table 2. All metal porphyrins show similar fluorescence quantum yields (~9%). These are lower than the corresponding free-base porphyrins, but three times higher than in ZnTPP (3%). The fluorescence quantum yields of porphyrin dendrimers do not show any changes with dendrimer generation upon passing from G0 to G1.

b. Energy transfer behavior

The energy transfer (ET) from dendrons towards the central porphyrin core was also evaluated. These ET behavior experiments were performed in CH2Cl2 solutions at room temperature. Figure 30(a) shows the emission spectra of the free-base porphyrins and (b) shows those of the zinc porphyrin complexes Upon excitation at the dendron absorption (340~390 nm), the emission spectra of free-base porphyrins show a red emission characteristic of the porphyrin core (at 660 and 726 nm) plus a residual blue emission, characteristic of the dendrons (appearing around 480 nm).

This means that the corresponding *← excited state was not totally quenched by ET from the conjugated dendrons to the porphyrin core. Porphyrins 1 and 7 feature the most intense blue emission, which seems to indicate that ET from the donor conjugated dendrons to the porphyrin acceptor core is less efficient through triphenylamine than through N-phenylcarbazole.

For the zinc porphyrins, the ET from the dendrons toward the central porphyrin core was also probed. Figure 30(b) shows the emission spectra of 2, 6 and 8 upon excitation of the dendron absorption around 340-390 nm. The resulting emission spectra also show two parts:

(i) the red emission (at 611 and 660 nm) characteristic of zinc porphyrins and (ii) a residual blue emission (around 475 nm), characteristic of the dendrons, meaning that the dendron emission is again not completely quenched by ET.

increase of the 2PA cross-sections compared to those with carbazole. In contrast with the carbazole series, we observe for the diphenylamine series a significant increase of the 2PA cross-section when increasing the generation:  max 780 GM for porphyrin 1 of generation 0 vs  max 1200 GM for porphyrin 7 of generation 1. Compound 7 features the highest 2PA cross-section of the series. 

Conclusions

The synthesis and characterization of two series of new porphyrin dendrimers having carbazole or diphenylamine junctions have been reported here. Zinc complexes have also been obtained from the corresponding free-base porphyrins and characterized. In terms of photophysical properties, the new free-base porphyrins exhibit remarkably high luminescence quantum yields (  20%). As expected, the corresponding zinc complexes present lower luminescence quantum yields (around 9%) but these are still significantly higher than in the ZnTPP reference (F = 3%). Moreover all porphyrins present good singlet oxygen quantum yields ( between 62 and 70%), which are higher than in the reference TPP ( = 60%).

The 2PA cross-section of porphyrin 5 (a generation 1 dendrimer with a carbazole junction) is equal to that of porphyrin 3 (generation 0 with carbazole) ( max 590 GM). In contrast, we observe a significant increase of the 2PA cross-section when comparing the porphyrin 7

(generation 1 dendrimer with a diphenylamine junction,  max 1200 GM) to the porphyrin 1 (generation 0 with diphenylamine,  max 780 GM). Finally, we can point out that the G1 free-base porphyrin 7 presents both the highest two-photon brightness and the highest efficiency in two-photon singlet oxygen generation.

After these studies on comparing optical performances of carbazole and diphenylamine units as junction groups, we can conclude that porphyrins containing diphenylamine appear to be more appealing for obtaining efficient photosensitizers. Consequently, in the second part of this chapter, we will consider star-shape porphyrins substituted with linear conjugated arms decorated with the more promising diphenylamine endgroups. 

c. Porphyrins 29-38

After synthesising these two different series of aldehydes, free-base porphyrins (29, 31, 33, 35 and 37) were synthesized by condensation of the corresponding aldehydes with pyrrole in Lindsey's conditions, as described before. Zinc complexes (30, 32, 34, 36 and 38) were synthesized by metalation of the corresponding free-base porphyrins (29, 31, 33, 35 and 37) with zinc acetate. Isolated yields are given in Table 4. 

1 H NMR spectroscopic analysis

In this part, we will explore the NMR spectra of the new porphyrins (29-38) as well as their aldehyde precursors (39, 45, 49, 53 and 54). These series of aldehydes and new porphyrins were characterized by 1 H NMR in CDCl3 (300 MHz or 400 MHz).

a. 1 

H NMR spectra of aldehydes

The complete 1 H NMR spectra of the five aldehydes ( 39 abs When comparing diphenylamine-bearing double-bond linked porphyrins 31 (37) to their triple-bond linked congeners 29 (35), a redshift (~5 nm) is observed for the absorption bands (Soret-band and four Q-bands) as well as for the two emission bands (Q(0,0) and Q(0,1)).

(Q bands)(nm) em(nm) F a Q(0,0) Q(0,
This red shift is probably due to a better conjugation through the double bonds than with through the triple bonds.

A redshift was also noticed in the absorption and emission of the TFP-based porphyrins, when comparing with the corresponding TPP-based ones.

The UV-visible absorption and emission spectra of zinc porphyrins (30, 32, 34, 36 and 38) compared to the diphenylamine-free reference Fl-2,D,Zn, are shown in Figure 51. The UV-visible absorption spectra of these zinc complexes display the same trends as the corresponding free-base porphyrins. Upon excitation of the Soret-band in the the free bases, the emission spectra exhibit the two characteristic porphyrin emission bands Q(0,0) and Q(0,1). After normalizing the emission intensities of the various compounds on their Q(0,0) bands, all emission spectra are similar (Figure 51). The intensity ratios between Q(0,0) and Q(0,1) are modified as previously observed for the corresponding free bases; we note that the emission band Q(0,1) of porphyrins 30 and 32 is strongly increased.

The emission spectra of all of the free-base porphyrins gathered in Table 5 show high fluorescence quantum yields (0.19~0.24); as expected, the emission quantum yields for all the zinc porphyrins are decreased and have values of around 0.08-0.10, but these are much higher than in the reference ZnTPP (0.03). We also observe that fluorescence quantum yields of double-bonded porphyrins are higher than those of triple-bonded porphyrins.

b. Energy transfer behavior

The energy transfer (ET) from the conjugated arms towards the porphyrin core was also studied. Excitation of the fluorenyl arm absorption band at around 330-350 nm gave emission spectra that are shown in Figure 52 (a) for free-base porphyrins, and in Figure 50 (b) for zinc complexes. These emission spectra were recorded from 300 nm to 800 nm in CH2Cl2 solutions at room temperature.

The emission spectra of free-base porphyrins 29, 31 and 33 show only the red emission characteristic of the porphyrin core, and no residual blue emission characteristic of the arm is seen. This means that the arm emission is completely quenched through a very efficient process that probably involves ET from the conjugated arm to the porphyrin core. We also note that porphyrins 35 and 37 having extended arms (that incorporate two fluorenyl residues), show two emissions: (i) a red emission similar to that of porphyrins 29, 31 and 33, (ii) a small residual blue emission appearing around 480 nm, suggesting that the corresponding *← excited state is not totally quenched by ET.

For the zinc porphyrins, the energy transfer (ET) from the arm to the porphyrin core was also probed. As seen before when exciting the Soret-band, excitation at the arm absorption also provides the two emission bands Q(0,0) and Q(0,1) which are red-shifted for double-bonded porphyrins compared to triple-bonded ones. Triple bond porphyrins present more intense residual arm emission bands near 480 nm than double bond ones. The residual arm emission band for double bond porphyrins is very weak because this blue emission is almost quenched, and so only red emission of the porphyrin core can be seen. It means that the energy is transferred more efficiently to porphyrin core, and that those arms can contribute to the porphyrin core emission through the energy transfer process. 

c. Two-photon absorption properties

Two-photon absorption (2PA) data for three selected new porphyrins (31, 37 and 38) and three reference porphyrins (Fl-1,D, Fl-2,D and Fl-2,D,Zn) were taken using the TPEF method in dichloromethane in the femtosecond regime (Figure 53 and Table 6). Measurements were performed with 10 -4 M solutions. A fully quadratic dependence of the fluorescence intensity on the excitation power was observed for each sample at all wavelengths of the spectra shown in Figure 53, indicating that the cross-sections determined are entirely due to 2PA.

For the TPP series, we can find a large increase of the 2PA cross-section when comparing the diphenylamine-free reference Fl-1,D with new the double bond porphyrin 31 decorated with diphenylamine endgroups (from 700 to 1 200 GM). From the perspective of two-photon photodynamic therapy applications, the most interesting figure of merit is the efficiency of two-photon singlet oxygen generation (σ2Δ max ); for this free base, this value increases strongly when going from the bare reference porphyrin Fl-1 to diphenylamine-decorated 31

(from 448 to 864 GM), because of the particularly strong singlet oxygen formation quantum yield (Δ = 72 %) of 31 and its larger 2PA cross-section.

When comparing new TFPseries double bond porphyrin 37 that is decorated with diphenylamine to the bare porphyrin reference Fl-2,D, the strong increase in 2PA cross sections () (from 920 to 1390 GM) also leads to a large increase in two-photon excited singlet oxygen generation (σ2Δ) as well as improved two-photon brightness (F). The corresponding zinc complexes also show a similar performance improvement upon introducing diphenylamine endgroups. When we compare the 2PA cross-section of double bond zinc complex 38 to bare zinc porphyrin Fl-2,D,Zn; we see that complex 38 has a significantly higher value of 2PA cross-section (GM compared to 650 GM).

Unfortunately, the relatively low values of singlet oxygen generation quantum yield (Δ = 37 %) and fluorescence quantum yield (F = 10 %) in this promising zinc complex, 38, mean that the corresponding free porphyrin 37 provides two-photon excited oxygen sensitization and two-photon brightness values that are both twice as high ( = 959 versus 555 GM, and F = 334 versus 150 GM). 

Conclusions

In the first part of this chapter, we described the synthesis and characterization of two series of new porphyrin dendrimers (generation 0 and 1) that have carbazole or diphenylamine junctions. The corresponding zinc complexes have also been obtained and characterized. In terms of photophysical properties, the new free-base porphyrins exhibit remarkably high luminescence quantum yields (  20%); as expected, the corresponding zinc complexes present lower luminescence quantum yields (of around 9%) but which are still high compared to the ZnTPP reference (F = 3%). All porphyrins present high singlet oxygen quantum yields ( between 62 and 70%), which are better than the TPP reference ( = 60%). In conclusion, photophysical properties (luminescence, 2PA cross-sections and singlet oxygen) of these porphyrins with carbazole and diphenylamine have been explored. We found that the generation 1 dendrimer 7, with diphenylamine as junction unit, presents both the highest two-photon brightness (F = 228 GM) and the highest efficiency of two-photon singlet from fluorenyl aldehyde 56 (see Figure 54). Alcohol 57 was obtained by reduction of aldehyde 56 in 96% yield after column chromatography purification on silica gel. Next, the bromination reaction of 57 with NBS in the presence of triphenylphosphine, gave bromomethyl compound 58 in 63% yield after purification by column chromatography. The fluorenyl precursor 59 was then obtained by Michaelis-Arbuzov reaction with triisopropylphosphite in 67% yield after purification on column chromatography.

Then we had to synthesize aldehyde 66 (Figure 55) from compound 56(a). As for the less homologated aldehydes (53 and 54), the 1 H NMR spectrum presents three parts: (i) the singlet of the aldehyde proton at 10.07 ppm; (ii) the aromatic protons around 7-8 ppm; (iii) the alkyl protons of the n-butyl chains around 0-2 ppm. We studied by 1 H NMR the stereochemical stability of the new aldehyde in CDCl3 for 12 hours and no new peaks corresponding to a Z-vinyl protons appear, so we can conclude that this all-E stereoisomer of aldehyde 66 is stable in solution.

The complete 1 H NMR spectrum of porphyrin dendrimer 67 presents four diagnostic signatures in Figure 56 ppm. The spectrum is similar to the less extended porphyrin analogs (35 and 37) of generation 0. The 1 H NMR spectrum of zinc complex 68 is similar to 67. At low field, there are eight Hβ protons at 9.06 ppm. We note that this singlet is also shifted to lower field in comparison with free-base porphyrin 67 (going from 8.95 to 9.06 ppm). The main difference is that the peak around -2.5 ppm is not present, because the intracavity protons are replaced by a Zn(II) ion.

The photophysical studies of porphyrin dendrimers 67 and 68 will be performed in due course.

140. 9, 140.7, 140.4, 136.6, 136.5, 135.9, 132.1, 132.0, 128.4, 127.9, 127.4, 127.3, 126.8, 125.9, 125.8, 125.4, 123.8, 122.9, 120.6, 120.5, 119.9, 119.6, 119.5, 55.3, 55.1, 54.9, 40.3, 40.2, 26.4, 26.2, 26.0, 23.2, 23.1, 14.1, 14.0, 13.8.

HRMS-MALDI: m/z calcd for C428H456N8Zn: 5771.52141; [M] + ; found: 5771.540.

Chapter 4:

Biocompatible analogues of conjugated fluorenylporphyrins for two-photon photodynamic therapy

Background

Cancer is one of the diseases with the highest mortality rate, and large research efforts are made to fight it by experts in various fields around the world. Traditional cancer treatment methods include surgery, radiotherapy and chemotherapy, but these methods have serious side effects on normal cells. Selective killing of cancer cells without harming normal cells is the most useful treatment. [1] Photodynamic therapy (PDT) is an emerging technique for the treatment of cancers and other diseases, such as age-related macular degeneration (ARMD) or bacterial infections. [2] PDT has gradually developed into a fourth new concept of cancer treatment, because it is safe and effective and has small side effects (Tumor-Photolocalization). It exhibits the following advantages: (1) it can be applied to places that surgery cannot reach; (2) there are small side effects;

(3) it shows low toxicity. [3] PDT is based on the activation by light of photosensitizers. Whilst non-toxic in the absence of excitation by light, a photosensitizer is able to generate singlet oxygen and/or other reactive oxygen species (ROS) upon excitation by a laser source, and these ROS lead to the destruction of the targeted tissues. [4] Porphyrin derivatives are good photosensitizers and are widely used in PDT therapy, [5] because they exhibit high absorption coefficients, good light stability, low cytotoxicity, good biocompatibility, and can be enriched in lesions.

The activation of photosensitizers by two-photon excitation rather by one-photon excitation offers several advantages over classical PDT; these include an increased penetration depth of the excitation beam in tissues thanks to the use of near infrared (NIR) wavelengths, and an intrinsic three-dimensional resolution that allows for better spatial control of the 1 O2 generation. [6] However, to achieve efficient treatments, the photosensitizers [7] have to be specifically designed for two-photon excitation [8] and have to fulfill different requirements. These include very large two-photon absorption (2PA) cross-sections in the biological window (700-1000 nm) and high singlet oxygen production quantum yields for oxygen sensitization. [9] Furthermore, if the photosensitizer is fluorescent, two-photon fluorescence monitoring can additionally be performed, leading to theranostic applications. [8,10] d. Retrosynthetic analysis of aldehydes 28 and 34 bearing acetyl-mannopyranose units A synthesis of aldehyde 28 in six steps can be proposed from commercially available tetraethylene glyco (Figure 11) l. The introduction of the mannose units cannot be performed at the beginning of the synthesis. Tetraethylene glycol should therefore first be protected by a tetrahydropyran (THP) group, which could be easily removed after grafting the chains onto the fluorene, allowing the acetyl-mannopyranose units to be added. The TEG-chain precursor 32 can be prepared in two steps from tetraethylene glycol, by successive protection with THP and reaction with methanesulfonyl chloride. [29] Reaction of 32 with bromofluorene should then give compound 31. Subsequent hydrolysis of the THP groups of 31 in acidic conditions and reaction with peracetyl-mannopyranose provides compound 29. [30] Finally, aldehyde 28

will then become accessible from 15 and 29 by Sonogashira coupling.

quantum yields of TPP-Bu, 1, TFP-Bu, 3 and 5 were shown to be twice as large as that of tetraphenylporphyrin (TPP). New compounds 1, 3 and 5 also exhibit quantum yields for singlet oxygen generation similar to that of TPP (Table 3), showing that the increase of their fluorescence efficiency (relative to TPP) is not obtained at the expense of singlet oxygen production.

Absorption and emission spectra of 1, 3 and 5 were also recorded in water (Figure 43 abs A large increase of the 2PA cross-sections compared to that of TPP (12 GM at 790 nm) was observed for all the fluorenyl porphyrins in the 790-920 nm range. Porphyrins 3 and 5 with extended arms exhibit 2PA cross sections that are more than twice as large as porphyrin 1

(arm)(nm) abs (Soret)(nm)    cm   abs (Q bands)(nm) em(nm) F c F d Q(0,0) Q(0,
(810-820 GM vs 340 GM at 790 nm, Table 3).

TFP-Bu.

As observed previously for one-photon absorption, replacement of the butyl chains with TEG chains has almost no influence on the 2PA properties. The 2PA cross-sections of the analogs are the same within the experimental errors of the TPEF measurements (±10%), irrespective of wavelength.

The retention of singlet oxygen quantum yields () and the large increase of the 2PA cross sections () compared with TPP leads also to large increase in the figure of merit that is the two-photon excited oxygen sensitization (). A 28-fold enhancement factor was obtained for porphyrin 1, whereas remarkable 66-fold enhancements were obtained for both 3 and 5. These compounds seem therefore well suited for two-photon PDT.

Biological results

This study was carried out by Christophe Nguyen and Morgane Daurat in the group of Dr Magali Gary-Bobo, Institut des Biomolécules Max Mousseron, CNRS UMR 5247, University of Montpellier (France).

Cell culture. Human breast cancer cells MCF-7 (purchased from ATCC) were cultured in DMEM F12 Media -GlutaMAX™-I (containing 4,5 g.L -1 of D-glucose) that was supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. The culture was allowed to grow in a humidified atmosphere at 37 °C under 5 % CO2.

Cytotoxicity study. MCF-7 cells were seeded into 96-well plates at 2000 cells per well in 200 µL of culture medium and allowed to grow for 24 h. Increasing concentrations of porphyrins were added to the culture medium of MCF-7 cells. Three days after treatment, a MTT assay was performed to determine the cell viability. Briefly, cells were incubated for 4 h with 0.5 mg.mL -1 of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Promega) in the medium. The MTT/media solution was then removed and the precipitated crystals were dissolved in EtOH/DMSO (1:1v/v). The solution absorbance was read at 540 nm in a microplate reader.

Two-photon photodynamic therapy. Cells were seeded into a 384-well glass bottom at 500 cells per well in 50 µL of culture medium and allowed to grow for 24 h. Then, cells were incubated for 24 h with porphyrins at a concentration of 25 μg mL -1 . After incubation, cells were submitted (or not) to a multiphotonic laser. Irradiation was performed on living cells with a LSM 780 LIVE confocal microscope (Carl Zeiss, Le Pecq, France), at 790 nm (10X/0.3) with a focused laser beam and a maximum laser power (3 W input, 900 mW cm -2 output before the objective). Half of the well was irradiated at 790 nm by 3 scans of 1.57 s duration in 4 different areas of the well. The scan size does not allow more areas to be irradiated without overlapping. After 2 days, a cell death quantification assay was performed in which cells were incubated in the presence of Thiazolyl Blue Tetrazolium Bromide (MTT) (0.5 mg.mL -1 ) for 4 h to determine the mitochondrial enzyme activity. Then, supernatant was removed, and 150 µL of EtOH/DMSO (1:1) was added to dissolve the MTT precipitates.

Absorbance was measured at 540 nm with a microplate reader. The value obtained was corrected according using the formula: Abs "no laser" -2 × (Abs "no laser" -Abs "laser").

Two-photon fluorescence imaging. Cells were seeded onto bottom glass dishes (World Precision Instrument, Stevenage, UK) at a density of 10 6 cells cm -2 in their culture medium for 24 h. Then, the cells were incubated overnight with different porphyrins at a concentration of 25 μg mL -1 . For cell membrane staining, cells were loaded with Cell Mask orange (Invitrogen, Cergy Pontoise, France) at a final concentration of 5 μg mL -1 at 15 minutes before the end of incubation. Before imaging, cells were washed twice with culture medium.

Fluorescence imaging was performed on living cells with a LSM 780 LIVE confocal microscope (Carl Zeiss, Le Pecq, France), at 790 nm for porphyrins, and 561 nm for cell membranes. All images were performed with a high magnification (63x/1.4 OIL DIC Plan-Apo).

Biocompatibility analysis

The theranostic (diagnosis and cancer therapy) potential of porphyrins 1, 3 and 5 was investigated on human breast cancer cells (MCF-7) under two-photon excitation (TPE).

Initially the biocompatibility of these compounds was evaluated in vitro. For this, MCF-7 cells were incubated for 72 h in darkness, with increasing concentrations of each porphyrin (from 0.1 to 200 µg mL -1 ). Results described in Figure 45 demonstrated that no cytotoxicity was observed up to 50 µg mL -1 . At 100 µg mL -1 only compound 5 began to induce significant with the data of Figure 41. In contrast, a cell death quantification assay performed 2 days after a TPE-PDT treatment of less than 5 seconds in total (3 × 1.57 sec of irradiation) showed a decrease in living cells treated with every compound. Importantly, the strongest effect was observed for 3 which showed 72% cell death. Porphyrin 3 thus exhibits a higher efficacy than 1 (40% cell death), which is consistent with its higher  figure of merit at 790 nm.

However, other parameters clearly have to be considered, because 5, which exhibits exactly the same  value as 3, has a significantly lower TPE-PDT efficacy (25% cell death, which is lower than 1). Porphyrins 3 and 5 have exactly the same chromophore, and their structures differ only in the substituents on the "inner" fluorine groups, where n-butyl chains are present in 3 and TEG chains are present in 5. Such a strong effect on the biological properties, induced by an apparently small structural difference, might be related to parameters other than purely photophysical ones, such as modifications of the hydrophilicity-hydrophobicity balance, the internalization ability, and/or aggregation behavior in biological media.

In terms of molecular design, it appears that hydrophobic substituents should be retained in close proximity to the porphyrin macrocycle (such as the phenyl and dibutylfluorenyl substituents that are present at the meso positions of 1 and 3, respectively), and that water-solubilizing chains should be introduced only at the periphery of the molecule. 

Conclusions

We have synthesized and characterized a series of 12 new conjugated fluorenyl porphyrins (1-12); these bear water-solubilizing oligoethyleneglycol chains, some of which are terminated with mannose units. Mannose is known to be overexpressed by cancer cells.

At present, only three of these compounds (1, 3 and5 We now aim to study the photophysical properties of the other compounds prepared in this Chapter (including their fluorescence quantum yields, singlet oxygen production and two-photon absorption cross-sections) as well as their biological properties. The compounds bearing mannose groups are the most intriguing, because they should be able to selectively target cancer cells.

A solution of free-base porphyrin 9 (26 mg, 4.2 μmol) in a mixture of THF (3 mL) and MeOH (2 mL) was added to a solution of MeONa (0.5 mL, 0.5 M) under argon atmosphere. The mixture was stirred for 2 h at room temperature. The precipitate formed was filtered off under argon, and finally purified by reverse phase column chromatography on C18-bonded silica gel (water to THF/water = 1/1, vol/vol), giving 12 as a red powder (11 mg, 53%). C NMR (100 MHz, d8-THF/D2O, ppm):169. 1, 158.6, 157.4, 156.8, 152.4, 148.4, 148.2, 148.1, 142.7, 142.6, 142.0, 132.2, 128.0, 127.4, 127.3, 126.7, 126.6, 122.8, 119.0, 118.9, 99.1, 71.9, 69.8, 69.2, 69.0, 68.9, 68.8, 68.7, 68.6, 67.8, 59.9, 59.5, 57.6, 57.5, 53.8, 53.2, 50.2, 50.1, 37.8, 36.6, 35.8, 34.3, 34.1, 33.5, 33.3, 31.9, 30.7, 30.6, 28.6, 28.5, 28.4, 28.3, 28.2, 28.1, 28.0, 27.8, 27.6, 26.1, 25.1, 25.0, 24.9, 21.9, 21.8, 21.7, 21.4, 21.3, 12.6, 12.5, 12.3, 12.2.

Chapter 5:

Synthesis and characterization of a series of porphyrin assemblies containing ruthenium units

Background

Nonlinear optics is one of the most active and important sub-disciplines of optics. Since the laser was invented, nonlinear optical phenomena have been widely used in biophotonics, in particular for bioimaging or phototherapy. Other noticeable uses are for ultrafast optical information handling and storage, for (laser) beam reshaping of filtering and for microfabrication. [1] Current research in nonlinear optics can be summarized divided into two parts:

1) The study of new nonlinear optical phenomena and effects, and of their mechanisms.

This part also includes the development of new nonlinear optical technologies and the discovery of new materials. For example: the design of active materials for optical frequency doubling, self-focusing, Brillouin scattering, stimulated Raman scattering, two-photon absorption, multiphoton absorption, etc.

2) The application of selected nonlinear optical effects and related techniques to various fields. This part encompasses all the fields cited above, ranging from bio-related application to microfabrication.

In case of aAbsorption in linear optics, when the incident light travels through the medium, the absorption is linearly proportional to the incident light intensity. In nonlinear optics, the absorption (if any) is often no morenot proportional to the incident light intensity.

For instance, in the case of two-photon absorption phenomena, it is proportional to the square of the incident light intensity (and to the cube in the case of three-photon absorption).

When different frequencies of the incident light beam(s) intersect at a certain point in the nonlinear medium, energy conversion (mutual coupling) can occur. The various optical effects of this kind produced by the light through the medium are derivedresult from the non-linear polarization of the medium that is subjected to the light field.

In linear optics, the polarization P is proportional to the intensity of the electric field E that isso that:

P = χE
The factor χ is the linear polarizability of the medium. However, when the light intensity increases, the medium generates a nonlinear polarization. The relationship between the polarization P and the intensity of the electric field E can then be expressed as:

P = χ (1) E + χ (2) E 2 + χ (3) E 3 + …
The terms of the equations are defined as: P : polarization induced in the material χ (1) : linear susceptibility χ (2) and χ (3) : quadratic and cubic susceptibilities

In this serial development of polarization as a function of the electric fieldIn the expression, due to symmetry-related properties of the physical laws, reduce the even terms of this serial development of the polarization in function of the electric field becometo zero in for a centrosymmetric medium. Note that cUnlikeontrary to even-order nonlinear effects, the effects associated with odd-order terms, such as third-order nonlinear effects, will existcan occur in media of all any symmetriessymmetry. Due to tThe universality of odd-order nonlinear effects, means that many scientists have became become interested in third-order nonlinear properties of materials for for various applications, because these of theirare not subject tofreedom from any symmetry restriction constraints imposed by the surrounding (nonlinear) medium [2] . Note that χ (3) is a complex tensor and therefore has real and imaginary components.

1.1 Z-scan Among the many measurement techniques available for measuring third-order nonlinear optical coefficients, the Z-scan technique is one of the best method, since because it allows simultaneous measurements of the nonlinear absorption and refraction properties at a given incoming wavelength. [3] In 1989, the single-beam Z-scan method was proposed by Sheik-Bahae et al. [4] They used a single-beam to measure the nonlinear refractive index of a material. Because the measurement process requires the sample to be moved along the direction of the beam directionaxis, it was called "Z-scan". In 1990, Sheik-Bahae et al. applied this method for to measuring nonlinear absorption coefficients of various materials and proposed a theory to that allows simply derive the real or imaginary part of the third-order coefficient of nonlinear materials to be derived straghtforwardly; these which correspond, respectively, to nonlinear refraction or absorption within the sample respectively,. [5] Subsequently in 1992, Sheik-Bahae et al. also proposed a "two-color" Z-scan method. [6] Its advantage is that it could can conveniently measure non-degenerate nonlinear optical coefficients. Nowadays the accuracy When the nonlinear medium is far enough away from the focus, this normalized transmittance is unity. When the sample approaches near the focal point, T(z) changes quite significantly and oscillates around 1. This change reflects the nonlinear refractive characteristics of the sample, its shape being diagnostic of the sign of the real part of χ (3) . The imaginary part of the sample can be obtained by repeating the measurement after fully opening the diaphragm (open aperture Z-scan measurement) and the curve of the nonlinear absorption of the sample is obtained by this means.

Organometallic porphyrins with ruthenium units

Organometallic compounds are more attractive candidates than pure organic ones for nonlinear optics (NLO), than pure organic ones, due because to metal-to-ligand (MLCT) or ligand-to-metal charge transfers (LMCT), which are related tocan then be used to improve optical nonlinearities. [8] In addition, modifying the ligand environment around the metal centre affords the possibility of tuning the non-linear optical performance. [9,10] In particular, many examples of d 6 alkynyl complexes featuring an equatorial Ru(dppe)2 unit [dppe = 1,2-bis(diphenylphosphino)ethane] have been explored. [9,11] When such polarizable units are incorporated into extended π networks, a remarkable enhancement of the NLO response is often observed, and this is particularly strong in dendrimeric architectures.

In 1999, Humphrey's group explored successfully explored the potential of Organometallic Dendrimers for enhancing NLO properties, principally for two-photon absorption (2PA). [11a] Later, they elaborated alkynyl ruthenium dendrimers based on central benzene or triphenylamine cores, and they systematically studied the lengthening of the π-system involving a variation of the distances between the incorporated metal centers. [11] These optical results highlight several other features such as the ''dendrimer effect", which enhancing enhances optical properties in a nonlinear fashion, and the dramatic enhancement of 2PA upon embedding metal centers through within a dendritic architecture. In the pursuit of optimized systems, these organometallic units permit great structural control, as because the ligand group trans to the alkynyl ligand can also be modified.

series corresponds to generation 0 dendrimers, we will access new generation 1 dendrimers by para substitution of the two phenyls of the triphenylamine endgroups (Compounds 9, 10).

The structures of the targeted ruthenium-containing organometallic porphyrin assemblies (Compounds 1-10), are shown in Figure 5.

2.2 Retrosynthetic analysis of the MTFP-cored porphyrins 1 and 2

The free-base porphyrin 1 and corresponding zinc complex 2 should be available by a multistep synthesis from substituted dibromofluorene 17, as seen in Figure 6. In detail, the TMS protected monobromo compound 16 will first be obtained by Sonogashira coupling reaction between precursor 17 and ethynyltrimethylsilane. Then, the difluorenyl aldehyde 14 can be synthesized by Sonogashira reaction between alkyne 15 (previously described in chapter 3) and monobromo compound 16. Protected porphyrin 13 can then be obtained from the protected difluorenyl aldehyde 14 and pyrrole under Lindsey conditions, [16] after which TMS deprotection should lead to free-base porphyrin 12. The organometallic free-base porphyrin 1 decorated with four ruthenium acetylides can then be synthesized from the tetra(alkynylated)porphyrin 12 and the ruthenium salt [RuCl(dppe)2][PF6]. Zinc complex 11 could be obtained by metalation of free-base porphyrin 12 with Zn(OAc)2, whilst the zinc complex 2 decorated with four ruthenium based sidearms could be synthesized from the tetra(alkynylated)porphyrin 11 and the same ruthenium salt.

discuss the retrosynthesis of the three different R donor groups.

The synthesis of alkyne aldehyde 31 in two steps from from bromobenzaldehyde is described in the literature. [18] Then, compound 31 and commercial 1-bromo-4-iodobenzene can be reacted in a Sonogashira coupling to obtain 30 [19] , which would be reacted with ethynyltrimethylsilane in a second Sonogashira coupling to provide aldehyde 29 [19] .

Condensation of the latter with pyrrole in Lindsey conditions would give protected porphyrin 28. In the following step, TMS deprotection would give the purely organic porphyrin 27.

The three organometallic free-base porphyrins 5, 7 and 9 decorated with four ruthenium acetylides would be synthesized from this tetraalkyne porphyrin 27 and the three requisite ruthenium salts substituted with the various vinylidene groups [RuCl(dppe)2CCHR][PF6], that bear donor groups R. As usual, the zinc porphyrin complex 26 should be obtained from the purely organic porphyrin 27 and Zn(OAc)2. Finally, zinc complex 26 would also be reacted with the appropriate donor complex [RuCl(dppe)2CCHR][PF6] to give the zinc porphyrins 6, 8 and 10, all decorated with four ruthenium acetylides.

Optical properties of porphyrin

This paragraph describes only the one-photon absorption results for this series of compounds because the luminescence, singlet-oxygen generation, and two-photon absorption studies are in progress.

The UV-visible absorption spectra of porphyrins decorated with monoacetylide ruthenium complexes (1-4) are shown in Figure 36, whereas those of porphyrins with bisacetylide ruthenium complexes (5-9) and references ref1, ref2 are shown in Figure 37. A summary of the absorption properties is presented in Table 1.

The absorption spectra of these compounds display characteristics typical of tetraarylporphyrins, such as an intense Soret band near 430 nm and, as appropriate, four Q-bands for free base porphyrins in the 515-655 nm range or two Q-bands for zinc complexes in the 550-600 nm range. These are accompanied by a strong band in the UV range (300-400 nm) which corresponds to a *← transition of the conjugated arms that is combined with a Metal-to-Ligand Charge Transfer (MLCT) absorption band characteristic of the ruthenium complexes. After normalizing the spectra on the intensity of the Soret-band, it is clear that the profiles of the TFP-cored free-base porphyrins 1, 3 and the corresponding zinc complexes 2, only 2 for the zinc complexes because of their higher symmetry; see Figure 36a,b). Replacing triple bonds in the conjugated fluorenyl arms by double bonds, (ie passing from 1 to 3, or from 2 to 4 for the corresponding zinc complexes), leads to a significant red-shift (~31 nm) and a weak hyperchromic shift of the UV-band, a 3 nm red-shift of the Soret band, and also a 1~2 nm red-shift of the Q-bands, suggesting that the conjugation is improved through the double bonds (see Figure 36c,d). Otherwise, as seen in Figure 37, the absorption spectra of the TPP-cored free-base porphyrins (5, 7 and 9) and their corresponding zinc complexes (6, 8 and 10) have almost the same profiles (whilst allowing for the variation in the number of Q bands), but the UV arm band and the Soret band are slightly red-shifted in the zinc complexes (2~3 nm). In Figure 37a,b we can clearly see the strong Metal-to-Ligand Charge Transfer (MLCT) absorption band (around 350 nm) of the simple ruthenium bis acetylides decorated with a triphenylamine (ref1), or a carbazole (ref2) endgroup. In Figure 37c, we note that this UV absorption band intensifies upon passing from generation G0 to G1, due to the increase in a) the size of the conjugated arms and b) the number of ruthenium atoms which rise from four (in porphyrin 5)

to twelve (in porphyrin 9). Figure 37d shows similar trends in the corresponding zinc complexes upon passing from 6 to 10. Figure 37c compares the influence of different donor dendritic conjugated antennae decorated with ruthenium mono and bis acetylide units have been reported here. In order to access these new organometallic porphyrins (1-10), six different types tetra-alkynyl porphyrins (11, 12, 18, 19, 26 and 27) were firstly isolated, as well as three types of donor groups (33, 37 and 41). These new organometallic porphyrins (1-10) were all characterized and analyzed by 1 HNMR as well as by 31 P NMR.

Different structural studies were proposed: (i) for the TFP-cored series, the central triple bond connection (in 1, 2) was replaced by a double bond (in 3, 4); (ii) for the TPP-cored series, the terminal chlorine atoms on ruthenium were replaced by acetylides substituted with the organic donor groups triphenylamine (5, 6) and N-phenylcarbazole (7, 8) to enrich the In terms of photophysical properties, we studied the UV-visible absorption spectra of these organometallic porphyrin complexes (1-10) and of the two reference compounds (ref1 and ref2). We can conclude that (i) for the double bond series, significant red-shifts are observed compared to triple bonds, suggesting more efficient conjugation through the double bonds; (ii) by comparing the influence of different donor groups on the absorption spectra, we can observe a consistent bathochromic shift of the UV band when going from carbazole to triphenylamine endgroups; (iii) we also noticed that the intensity of this MLCT absorption band increses when passing from generation G0 to G1.

The remaining of the photophysical studies, including luminescence, singlet-oxygen generation, and two-photon absorption are in progress.

Résumé étendu

Les porphyrines sont des molécules organiques hétérocycliques, composées de quatre Dans le cinquième chapitre, nous nous sommes intéressés aux dendrimères organométalliques basés sur des porphyrines. En effet, ces dernières années, le potentiel des dendrimères organométalliques pour les propriétés optiques non linéaires a été exploré avec succès par le groupe de M. Humphrey (ANU-Australie).

Ce groupe a élaboré des dendrimères d'acétylures de ruthénium, basés sur des noyaux centraux de benzène ou de triphénylamine ayant de très fortes sections efficaces (Figure 12). (iii) accéder à des dendrimères de génération G1, en substituant les deux phényles des groupes de l'extrémité triphénylamine.
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 4 Figure 4: Conjugated planar structure of porphyrin and different porphyrin-cored derivatives.

Figure 8 :

 8 Figure 8: Rothemund reaction for the synthesis of meso-substituted porphyrins.

Figure 9 :

 9 Figure 9: Adler-Longo's method for the synthesis of meso-substituted porphyrins.

Figure 11 :

 11 Figure 11: Example of Absorption and Emission spectra of a free-base meso-porphyrin dendrimer.

Figure 12 :

 12 Figure 12: Jablonski energy-level diagram of a free-base porphyrin dendrimer.

Figure 13 :

 13 Figure 13: Spectral overlap between donor emission and acceptor absorption.

Figure 14 :

 14 Figure 14: Schematic diagram for Dexter energy transfer.

Figure 15 :

 15 Figure 15: Schematic diagram for Förster energy transfer.

Figure 16 :

 16 Figure 16: Jablonski diagram for Förster energy transfer.

  λabs max: wavelength of maximal absorption THP: tetrahydropyran λem max: wavelength of maximal emission Tn: higher energy triplet state λ1PA max: wavelength of maximal one-photon absorption TPEF: two-photon excited fluorescence λ2PA max: wavelength of maximal two-

Figure 27 :

 27 Figure 27: UV-visible absorption and emission spectra of free base porphyrins 1, 2, 4 and 6 in DCM.

Figure 28 :

 28 Figure 28: Emission spectra upon excitation at fluorenyl arm band of 1, 2, 4 and 6 (DCM).

Figure 28 presents

 28 Figure 28 presents the emission spectra of 1, 2, 4 and 6 upon excitation at the fluorenyl arm absorption around 330-350 nm. After excitation of the arm-based absorption (~330 nm in TPP based porphyrin 1 and TFP based 2, which feature the short peripheral arms Fl1 and Fl2), the emission spectra show only the red emission (at 660 and 725 nm) that is characteristic of the porphyrin core and no residual blue emission characteristic of the arm.

Figure 29 :

 29 Figure 29: UV-visible absorption and emission spectra of 3, 5 and 7 in DCM.

Figure 30 :

 30 Figure 30: Emission spectra upon excitation at fluorenyl arm band of 3, 5 and 7 in DCM.

Figure 31 :

 31 Figure 31: Two-photon absorption spectra of free base porphyrins and their zinc complexes (1-7) in the near infrared region.

Figure 25 (

 25 Figure 25 (c) shows the partial spectra between -3.0 and 2.5 ppm. The singlet at -2.6 ppm is from the -NH functionalities that lie inside porphyrin macrocycle; these are absent for zinc porphyrins, where they are replaced by the Zn(II) ion. The n-butyl chains could also be identified between 0.5 and 2.2 ppm. For generation 0 dendrimers of the triphenylamine series, we will take free-base porphyrin 1 as an example. Only one type of chain is present in this compound: the protons Ha,b,c,d belonging to n-butyl chains on the meso-fluorenyl. The same result is observed for the coresponding zinc complex 2 but we notice that the peaks are broader. For generation 1 dendrimers of the same triphenylamine series, for example free-base porphyrin 7, two types of chains are present(i) on the four meso-fluorenyls and (ii) on the eight terminal fluorenyls. As a consequence, four protons peaks Ha,b,c,d belonging to n-butyl chains on the meso-fluorenyl groups are still observed (integrating for sixteen protons)

Figure 28 :Figure 29 :

 2829 Figure 28: UV-visible absorption and emission spectra of free-base porphyrins 1, 3, 5 and 7 (DCM).

Figure 31 :

 31 Figure 31: Two-photon absorption spectra of 1-8 in DCM.

Figure 46 :

 46 Figure 46: Synthesis of the diphenylamine-substituted bromo bis-fluorene (55) and corresponding fluorenyl aldehyde 54.

, 45 , 49 ,

 4549 Figures 50 and 51 show the UV-visible absorption spectra of the two series of free-base porphyrins(29, 31, 33, 35 and 37) and their zinc complexes(30, 32, 34, 36 and 38), as well as selected reference compounds that do not have diphenylamine endgroups (free-bases Fl-1,D, Fl-2,D and zinc complex Fl-2,D,Zn). The absorption and emission data are summarized in Table5. These absorption spectra display characteristics typical of tetraarylporphyrins: (i) in the free-base porphyrin, a Soret-band around 427-435 nm and four Q-bands from 520 nm to 653 nm; (ii) for the zinc complexes, the Soret-band is in the usual region, around 431-440 nm and two Q-bands are found around 553-599 nm. These typical porphyrin bands are seen along with a strong band in the UV range (300-400 nm), corresponding to the absorption of the conjugated arms.

Figure 50 :

 50 Figure 50: UV-visible absorption and emission spectra of 29, 31, 33, 35, 37 and selected reference compounds (DCM).

Figure 51 :

 51 Figure 51: UV-visible absorption and emission spectra of 30, 32, 34, 36, 38 and selected reference compounds (DCM).

Table 5 :

 5 Photophysical properties in DCM of a series of porphyrins 29-38, TPP and selected references that do not have diphenylamine endgroups (free bases Fl-1,D, Fl-2,D, and zinc complex Fl-2

For the TPP-based porphyrins 29 and 31 , 29 .

 3129 both decorated with diphenylamine endgroups, we observe a bathochromic shift (~30 nm) of the UV-band compared to the endgroup-free reference Fl-1,D, which is consistent with the strong electron-donating effect of the diphenylamino group. For the typical porphyrin bands, a ~5 nm blue-shift of the Soret band, as well as a 2-3 nm blue-shift of the Q-bands is observed in the case of the triple-bonded compound We observe similar behavior for the TFP based porphyrins(35, 37) compared to the endgroup-free Fl-2,D. When comparing the TFP based congeners 37 with 35 (having E-double and triple bond links respectively), the Soret-band shows a redshift of 3 nm and the emission bands Q(0,0) and Q(0,1) have redshifts of 2 nm in the Double bond case. The same is observed for the porphyrin 33 and porphyrin Fl-1,D couple. The intensity ratio of the two emission bands is also modified: after normalizing the intensity of the Q(0,0) emission, it is clear that the Q(0,1) emission of porphyrin 29 increases significantly.

Figure 52 (

 52 b) shows the emission spectra upon excitation at the fluorenyl arm absorption around 370-400 nm. Zinc complexes 32 and 38 show only the red emission characteristic of the porphyrin core without residual emission from the arms. Complexes 30, 34 and 36 also show (i) the red zinc porphyrins emission and (ii) a small residual blue emission, meaning that the fluorenyl arm emission is again not completely quenched by ET in these cases.

Figure 52 :

 52 Figure 52: Emission spectra upon excitation at fluorenyl arm band of 29-38 (DCM).

Figure 53 :

 53 Figure 53: Two-photon absorption spectra of 31, 37, 38 and bare reference porphyrins (free-base porphyrins Fl-1,D, Fl-2,D and zinc complexe Fl-2,D,Zn) in DCM.

  (b):(i) the β-pyrrolic protons of the porphyrin core (Hβ) around 8.95 ppm; (ii) the aromatic protons around 7.0-8.5 ppm; (iii) the alkyl protons of the various butyl chains around 0.5-2.5 ppm; and (iv) the -NH protons of the porphyrin cavity around -2.53

  , bottom). These spectra are similar to those measured in THF. All of the characteristic bands are present, and they have similar maximum values. However, in water the Soret band is broadened and less intense with respect to the other bands. No sign of turbidity or cloudiness could be observed by naked eye at the concentrations used for UV-visible absorption and fluorescence measurements (~2.5×10 -6 M and ~4×10 -7 M, respectively), and the solutions are stable for weeks. Baselines of the UV-visible spectra do not show light scattering (which would be indicative of aggregates), which was confirmed by DLS (Dynamic Light Scattering) measurements. Compounds 1, 3 and 5 retain some fluorescence in water, even if their quantum yields are clearly lower than in THF (3% instead of 20-22%).

Figure 43 :

 43 Figure 43: Normalized absorption and emission spectra of 1, 3 and 5 in THF (top) and in water (bottom).

Figure 46 :

 46 Figure 46: TPE-PDT efficacy of porphyrins. Human breast cancer cells (MCF-7) were incubated for 24 h with porphyrins at a concentration of 25 µg mL -1 over a period of 24 h. After incubation, cells were submitted or not to pulsed laser excitation. Irradiation was performed on living cells with a LSM 780 LIVE confocal

Figure 47 :

 47 Figure 47: Cancer cells uptake of porphyrins. Human breast cancer cells (MCF-7) were incubated for 24 h with porphyrins at a concentration of 25 µg mL -1 . Membranes were stained with CellMask visualized in red under exc = 561 nm. Porphyrins were excited with pulsed laser exc = 790 nm and appeared in green. Fluorescence imaging was performed on living cells with LSM780 (Chameleon), magnification 63x, laser power 1.5%.

)

  figures of merit of two-photon excited oxygen sensitization () and two-photon brightness (F) are key criteria for deriving structure-property relationships, other parameters also have to be identified and taken into account. This is clear from the comparison between two water-soluble compounds (3 and 5) that have the same chromophore and almost the same photophysical properties, but differ strongly in their biological properties.

13

 13 

Figure 36 :

 36 Figure 36: Normalized UV-visible absorption spectra of porphyrins 1-4 in DCM; a) porphyrins 1 and 2; b) porphyrins 3 and 4; c) porphyrins 1 and 3; d) porphyrins 2 and 4.

  π-system; (iii) new generation 1 dendrimers (9, 10) were synthesized and compared with generation 0 compounds (5, 6), as well with the ruthenium bis acetylide reference compounds (ref 1 and ref 2).

  unités pyrroliques liées entre elles par des ponts méthines (=CH-), possédant une structure plane très conjuguée. La porphyrine la plus simple est la porphine avec un total de 26 électrons π, dont 18 forment un plan c'est-à-dire un macrocycle aromatique à 18 électrons π conjugués (règle de Hückel). Cette forte conjugaison implique une bonne stabilité et une forte absorption dans le domaine du visible et donne lieu à de nombreuses applications. Les porphyrines libres, peuvent aussi être métallées par de nombreux métaux pour donner les "métalloporphyrines".

Figure 1 :

 1 Figure 1: Porphyrine libre, métalloporphyrine et antenne fluorényle.

Figure 2 :

 2 Figure 2: a): Recouvrement spectral entre l'émission du donneur et l'absorption de l'accepteur; b): transfert d'énergie entre deux chromophores D et A.

Figure 3 :

 3 Figure 3: Diagramme de niveau d'énergie de Jablonski d'un dendrimère de porphyrine à base libre.

Figure 4 :

 4 Figure 4: Applications médicales : la thérapie photodynamique (PDT).

Figure 8 :

 8 Figure 8: Structure de la porphyrine à base libre en forme d'étoile avec cinq bras fluorényles (Fl-5).

Figure 12 :

 12 Figure 12: Les dendrimères organométalliques, développés pour l'ONL par Humphrey et al.

experimental procedure General methods. All

  air or water-sensitive reactions were carried out under dry argon.

	Solvents were generally dried and distilled prior to use. Reactions were monitored by thin
	layer chromatography on Merck silica gel 60 F254 precoated aluminum sheets, or by NMR.
	Column chromatography: Merck silica gel Si 60 (40-63 m, 230-400 mesh or 63-200 m,
	70-230 mesh). NMR: Bruker Avance AV 300 ( 1 H: 300.13 MHz, 13 C: 75.48 MHz) or Bruker
	Ascend 400, in CDCl3 solutions; 1 H chemical shifts () are given in ppm relative to TMS as
	internal standard, J values in Hz and 13 C chemical shifts relative to the central peak of CDCl3
	at 77.0 ppm, 31 P chemical shifts relative to 85% H3PO4. High resolution mass spectra
	measurements were performed at the Centre Regional de Mesures Physiques de l'Ouest
	(C.R.M.P.O, Rennes) using a Bruker MicrOTOF-Q II, a Thermo Fisher Scientific Q-Exactive
	in ESI positive mode and a Bruker Ultraflex III MALDI Spectrometer. Elemental analyses
	were performed at C.R.M.P.O.
	Spectroscopic Measurements. All photophysical properties have been performed with
	freshly-prepared air-equilibrated solutions at room temperature. UV-Vis absorption spectra
	were recorded on a Jasco V-570 spectrophotometer. Steady-state fluorescence measurements
	were performed on dilute solutions (ca. 10 6 M, optical density < 0.1) contained in standard 1
	cm quartz cuvettes using an Edinburgh Instrument (FLS920) spectrometer in photon-counting
	mode. Fully corrected emission spectra were obtained, for each compound, after excitation at
	the wavelength of the absorption maximum, with Aex < 0.1 to minimize internal absorption.

Measurements of singlet oxygen quantum yield (). Measurements

  

	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 density 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 2 . The
	fluorescence from the sample is collected in epifluorescence mode, through the microscope
	objective, and reflected by a dichroic mirror (Chroma Technology Corporation, USA; ''red''
	filter set: 780dxcrr). This makes it possible to avoid the inner filter effects related to the high
	dye concentrations used (10 -4 M) by focusing the laser near the cuvette window. Residual
	excitation light is removed using a barrier filter (Chroma Technology; ''red'': e750sp-2p).
	were performed on a
	Fluorolog-3 (Horiba Jobin Yvon) fluorimeter, using a 450 W Xenon lamp. The emission at
	1272 nm was detected using a liquid 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] = 0.60) and were estimated from 1 O2 luminescence at 1272 nm.

Table 2 .

 2 Photophysical

properties of 1, 2, 4, 6 and of references TPP, TFP, TFP-Bu. abs (arm) (nm)

Table 3 :

 3 Photophysical properties of new zinc complexes 3, 5, 7.

	abs	abs
	(arm)(nm)	(Soret)(nm)

Table 4 :

 4 A comparison of the two-photon absorption, two-photon brightness and two-photon singlet oxygen generation capacity of the new series of porphyrins and their zinc complexes 1-7 against the reference compounds TPP and TFP.

		2PA max (nm)	2 max a (GM)	F b	 c	σ2φF max (GM)	σ2φΔ max (GM)
	TPP	790	12	0.11	0.60	1.3	7.2
	TFP	790	90	0.22	0.60	22	54
	Fl-1 (1)	820	700	0.22	0.64	154	448
	Fl-2 (2)	820	920	0.22	0.67	202	616
	Fl-3 (4)	830	1280	0.22	0.63	282	806
	Fl-4 (6)	830	1800	0.22	0.62	396	1116
	Fl-2, Zn (3)	790	650	0.09	0.43	59	280
	Fl-3, Zn (5)	800	1960	0.08	0.55	157	1078
	Fl-4, Zn (7)	800	1910	0.09	0.52	172	993

a Intrinsic 2PA cross-sections measured by TPEF in the femtosecond regime. A fully quadratic dependence of the fluorescence intensity on the excitation power is observed, and 2PA responses are fully non-resonant b Fluorescence quantum yield determined relative to TPP in toluene. c Singlet oxygen formation quantum yield determined relative to tetraphenylporphyrin in dichloromethane (Δ[TPP] = 0.60).

Porphyrin dendrimers with carbazole and diphenylamine as end-groups or junction units

  

	2.1 Structure of the target porphyrins

: m/z calcd for C114H130O: 6250.1283; [M+H]+; found: 6251.072. Anal. Calcd. (%) for C472H526N4: C, 90.63; H, 8.48; N, 0.90. Found: C, 89.11; H, 8.40; N, 0.90. 2.

Table 2 :

 2 Photophysical properties of complete series 1-8 and references TPP and TFP-Bu (DCM).

	abs	abs
	(dendron)	(Soret)
	(nm)	(nm)

Table 3 :

 3 Summary of two-photon absorption properties of 1-8 and TPP in DCM. Singlet oxygen formation quantum yield determined relative to tetraphenylporphyrin in dichloromethane (Δ[TPP] = 0.60).

		2PA max (nm)	2 a (GM)	F b	 c	σ2F max (GM)	σ2Δ max (GM)
	TPP	790	12	0.11	0.60	1.3	7.2
	1 (G0, TPA, FB)	830	780	0.21	0.70	164	546

b 

Fluorescence quantum yield determined relative to TPP in toluene. c

Table 4 :

 4 The isolated yields for free-base porphyrins 29, 31, 33, 35, 37 and corresponding zinc complexes 30

, 32, 34, 36, 38.

  

	Free porphyrin	29	31	33	35	37
	Yield	45%	23%	44%	41%	45%
	Zinc porphyrin	30	32	34	36	38
	Yield	81%	67%	85%	84%	86%

Table 6 :

 6 Summary of two-photon absorption properties of 31, 37, 38, TPP and reference porphyrins (from chapter 2) in DCM.

		2PA max (nm)	2 a (GM)	F b	 c	σ2F max (GM)	σ2Δ max (GM)
	TPP	790	12	0.11	0.60	1.3	7.2
	Fl-1,D	820	700	0.22	0.64	154	448
	Fl-1,D,NPh2 (31)	820	1200	0.24	0.72	288	864
	Fl-2,D	820	920	0.22	0.67	202	616
	Fl-2,D,Zn	820	650	0.09	0.43	59	280
	Fl-2,D,NPh2 (37)	820	1390	0.24	0.69	334	959
	Fl-2,D,NPh2,Zn (38)	820	1500	0.10	0.37	150	555

a Intrinsic 2PA cross-sections measured by TPEF in the femtosecond regime; a fully quadratic dependence of the fluorescence intensity on the excitation power is observed and 2PA responses are fully non-resonant b Fluorescence quantum yield determined relative to TPP in toluene. c Singlet oxygen formation quantum yield determined relative to tetraphenyl porphyrin in dichloromethane (Δ[TPP] = 0.60).

  47. Protection of aldehyde 47 using TsOH as a catalyst led to acetal 60 in 67% yield after purification by column chromatography. Next the bis-bromination of compound 60 led to 61 in 96% yield.

	The dialdehyde 62 was obtained from dibromo compound 61 by double halogen-metal
	exchange, followed by reaction with DMF, leading to the pure compound 62 in 36% yield
	after	column	chromatography.	Next	compound	63	was	obtained	by

Horner-Wadworth-Emmons condensation with phosphonate 59. Compound 63 was obtained as an E,E-stereoisomer in 98% yield after purification by column chromatography. Deprotection of compound 63 was performed by hydrolysis in acidic conditions, affording aldehyde 64 in 98% yield.

Table 2 :

 2 Photophysical properties of porphyrins TPP, TPP-Bu, 1 and TFP-Bu, 3 and 5.

Table 1 :

 1 UV

	Compound 1 2 3 4 ref1 5 6 ref2 7 8 9 10	abs (arms+MLCT) (nm) 337 332 368 364 347 370 370 345 342 343 379 380	abs (Soret) (nm) 433 435 436 438 -427 429 -427 428 427 430	abs (Q bands) (nm) 521, 560, 594, 652 555, 598 520, 562, 599, 653 556, 598 -519, 559, 590, 650 554, 598 -520, 558, 592, 650 554, 595 520, 559, 591, 650 554, 596

-visible absorption data of porphyrins 1-10 and ref 1-2 (DCM).
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 4) NLO properties (5) PDT therapy. We further reviewed prior porphyrin studies done in our group and proposed new molecular designs based on these results. In the second chapter, a series of new porphyrins containing double bonded connected fluorenyl arms, with increasing lengths, were prepared and studied. These compounds present interesting optical properties, showing that the extension of the fluorenyl antennae can enhance the 2PA cross-sections. At the end of this Chapter II, as perspective; we propose the synthesis of our most extended star shaped porphyrin; going to five fluorenyl units, the optical studies are in progress. Next, chapter III is divided in two parts: (i) we started out by the synthesis of a series of porphyrins with carbazole and diphenylamine as endgroups or as dendrimer junction points. Their optical properties were studied and obviously porphyrins with diphenylamine are the most efficient; (ii) Given these results; we focused our efforts on the synthesis of star shaped porphyrins possessing fluorenyl arms with vinyl and alkynyl connections and decorated with diphenylamine endgroups. In Chapter IV, we focused on medical applications; so porphyrins bearing water solubilizing chains, as well as sugar for cancer therapy (2P PDT) were synthesized for the first time in this work. In collaboration with Dr. Gary-Bobo, photosensitization and biocompatibility studies have been done and these porphyrins show to be efficient nontoxic 2P photosensitizers allowing also fluorescence imaging, thus demonstrating their theranostic potential. In the last chapter of this work (Chapter V), a series of organometallic porphyrins functionalized at the periphery with linear or dendritic antennae, decorated with ruthenium acetylides are prepared. In order to optimize the NLO properties, we studied three strategies to extend the π system of these antennas, notably (i) with double bonds (ii) with donor end groups (iii) using dendrimer structures. Optical studies of these new organometallic porphyrins are in progress.