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Introduction

In the field of molecular receptors, aromatic cavitands occupy a dominant position due to their structural ability to host and possibly encapsulate guests in a complementary fashion. Most employed aromatic architectures are concave macrocycles (cyclophanes, calixarenes, resorcinarenes, pillararenes, tweezers) and containers (cryptophanes, metallocages). [START_REF]Comprehensive Supramolecular Chemistry[END_REF] On the contrary, flat aromatic receptors are less developed, except metalloporphyrin derivatives, which (host:guest) properties mainly rely on coordination chemistry through the central cation. [START_REF] Sessler | For recent reviews about (metallo)porphyrin receptors, see[END_REF] Recently, the triphenylene moiety emerged as an attractive platform to design molecular receptors that can benefit from both an extended aromatic surface and six substituents at the periphery of the polyaromatic core, to interact with guests (Fig. 1). In addition, the optical properties (UV-Visible and fluorescence emission) of this host can allow the monitoring of guest binding. Substituted triphenylenes are also easily prepared in large scale to afford pre-organized receptors.

Well-exploited in the field of discotic liquid crystals and functional material science, 3 triphenylene derivatives can also behave as discrete molecules in solution and thus they can be exploited as molecular receptors. Concerning the design of this host, two different approaches are proposed which rely on the nature of the triphenylene core substituents R (Fig. 1): (a) a cavitand with a persistent cavity that can accommodate flat aromatic guests; R groups are then part of a rigid macrocycle, or (b) a multivalent platform without any persistent cavity; R groups are simple substituents at the periphery of the core. In all cases, these multivalent triphenylene-based structures aim to afford several binding sites to the guests, in addition to the polyaromatic core considered as a fluorescent tag or as a partner for interactions. the preparation of these polyaromatics with substituents at the peripheral positions (2,3,6,7,10,11 positions) and/or at the bay region (1,4,5,8,9,12 positions), using identical or different groups. 4 As the substitution in the bay region induces steric hindrance and the distortion of the core, 5 only flat triphenylenes substituted at the peripheral positions were investigated as receptors, to take advantages of the extended hydrophobic surface. In addition, only symmetric structures were reported to facilitate the studies of host properties (Fig. 1). Depending on the aimed architecture, the triphenylene substituents are six identical groups or three identical macrocycles linked to each core benzene moiety.

All triphenylene building-blocks 1-4 were prepared through high-yield procedures, using three distinct cyclotrimerization pathways (Fig. 2a): (i) oxidative coupling of catechol derivatives (route A), (ii) trisannelation of cyclohexanones (route B) and (iii) benzyne reactivity (route C).

At first, electron-rich triphenylenes 1a-c were directly synthesized from inexpensive starting materials such as veratrole (A 1-2 = OMe), catechol (A 1-2 = OH) or a series of catechol ketals respectively, using the Scholl reaction in the presence of oxidants in stoichiometric amounts. Compound 1a was obtained in the presence of FeCl 3 6 or MoCl 5 7 while molecule 1b can be prepared using phenyliodine(III)diacetate 8 (PIDA). 2,3,6,7,10,11hexahydroxy-triphenylene 1b, that is an important building-block for functional receptors, can also be obtained by the quantitative demethylation of 1a using BBr 3 9 . Concerning the preparation of tris-ketal triphenylenes, the formation of 1c from 1b appeared to be difficult (low yields). Waldvogel developed an efficient oxidative cyclotrimerization catalyzed by MoCl 5 towards triphenylenes 1c. 10 In principle, the latter C 3 symmetric receptors were obtained as a statistical mixture of stereoisomers, depending on the orientation of ketals with respect to the triphenylene core: syn-syn-syn (all-syn) and anti-anti-syn in a (1:3) ratio (Fig. 2b). However, several cycles of isomer isolation and isomerization under strong acidic conditions allowed the obtention of all-syn catechol ketals in larger quantities.

The second route (B) for cyclotrimerization consists of a regioselective trisannelation of 4-methylcyclohexanone catalyzed by ZrCl 4 followed by a dehydrogenation (Pd/C) with an overall yield of 53 % in triphenylene 2. 11 The third cyclotrimerization pathway (route C) relies on the metal-catalyzed cyclotrimerization of benzyne to access 2,3,6,7,10,11-hexamethyl-triphenylene 3 12 (from 1-bromo-2fluoro-4,5-dimethylbenzene and magnesium) or unsubstituted triphenylene 4 (83% yield from 2-trimethylsilylphenyltrifluoromethanesulfonate, CsF and palladium catalyst). 13 To build the final molecular receptors, key triphenylenes 1-5 were transformed through classical chemical reactions (Fig. 2a). In particular, 2,3,6,7,10,11-hexahydroxy-triphenylene 1b can be substituted by classical electrophiles such as bromoalkanes or chlorophosphines. Tris-ketal derivatives 1c were extensively studied (see below). 2,6,10-trimethyl-triphenylene 2 and 2,3,6,7,10,11-hexamethyl-triphenylene 3 were transformed into chloromethyl derivatives, which were submitted to nucleophilic substitutions. Obtained by bromination of triphenylene 4, 14 2,3,6,7,10,11-hexabromo-triphenylene 5 was involved in palladium-catalyzed carbon-carbon bond couplings.

So, from inexpensive starting materials, the synthetic access to tris-or hexa-substituted key triphenylenes 1-5 is well-described and efficient. It thus opens perspectives for the preparation of advanced nano-objects with new functions.

Early lessons from (host:guest) discotic liquid crystals

Since the late 1970's, triphenylene derivatives were exploited as discotic liquid crystals 3 by taking advantages of their ability to self-aggregate and to form donor-acceptor π-stacked complexes and eventually charge transfer complexes. The latter (host:guest) donor-acceptor self-assemblies could be obtained from either independent molecules (one donor and one acceptor) or a dyad 15 (donor and acceptor are linked with a spacer) (Fig. 3).

Amongst the numerous systems that lead to continuous donoracceptor sandwiches, the association of electron-rich hexa-ether triphenylenes 6 (R: n-C 5 H 11 , n-C 6 H 13 ) and 2,4,7trinitrofluorenone TNF (and derivatives) in a (1:1) ratio were largely studied by H. Ringsdorf. 16 Later, advanced analyses (neutron scattering, X-ray diffraction, dielectric relaxation spectroscopy) revealed that TNF molecules were located between the columns of triphenylene 6 (R: n-C 6 H 13 ), i.e. within the tails of the discotic molecules rather than being sandwiched between triphenylenes. 17 Complementary systems based on electron-rich hexa-ether triphenylenes 6 (R: n-C 6 H 13 ) and hexa-azatriphenylenes (HAT) 7 were also reported by N. Boden and R. J. Bushby. 18 An alternating sandwich association between both species was proposed to be responsible for higher charge mobilities than those observed for each discotic liquid crystal 6 or HAT. A recent study by Chai and Liu clearly demonstrated that triphenylenes 6 (R: n-C 6 H 13, n-C 12 H 25 ) and hexa-azatriphenylene triimides form a strong donor-acceptor pair in dichloromethane (K = 2.6 × 10 +4 M -1 ) with an eclipsed conformation. 19 These extended donor-acceptor associations were also observed in a thin film and mesophases.

The strong interest in triphenylene-based discotic liquid crystals allowed to finely understand the abilities of triphenylene cores to accommodate complementary polyaromatic compounds, in terms of geometry and electronic factors. These selfaggregated (host:guest) systems opened the route to discrete (host:guest) complexes that simply avoid aggregation by the steric effect of their substituents.

Cavitand-like endo-receptors

In the field of self-assembled capsules through hydrogenbonding, J. Rebek described a dimeric capsule held by twelve strong hydrogen bonds called "jelly doughnut". This container is based on self-complementary all-syn tris-glycoluril triphenylene monomer 8 (Fig. 4). 20 The flattened sphere has an inner volume of about 240 Å 3 and can encapsulate either benzene in CDCl 3 (a competitive solvent) or cyclohexane (229 Å 3 ) in p-xylene (a non competitive solvent). The cyclohexane size perfectly fits within the cavity and favorable Van der Waals interactions between C-H bonds and aromatic groups also contribute to this enthalpy-driven encapsulation. As a consequence, the internal motion of encapsulated cyclohexane is restricted with a slight increase of the ring-inversion barrier compared to free C 6 H 12 . The half-life time of the in-out cyclohexane exchange process is also slow (2.5 hours). This preliminary study of "molecules within molecules" then opened the route to advanced controlled motion in confined spaces. 21 A series of all-syn tris-ketal triphenylenes was developed by S. R. Waldvogel for selective recognition. These bis-substituted ketals offer the advantage of pre-organizing three binding groups close to the flat cavity, at about 11 Å from each other. The first synthesis and purification of all-syn derivatives provided with amide and urea (7) groups was reported by J. Rebek and R. Waldvogel in 1999 (Fig. 5). 22 Later, rigid tris-(urea ketal) 9a revealed a selective binding towards alkylated oxopurines with association constants in CD 2 Cl 2 of 3.6 × 10 4 M -1 for caffeine and 9.2 × 10 3 M -1 for 8-methoxycaffeine. 23 The guests were H-bonded to the urea groups and an X-ray structure showed that at the solid state, the caffeine seats at about 3.4 Å from the host triphenylene core, which is an optimal distance for π-π interactions.

A reversible enantiofacial differentiation of caffeine was reported with similar chiral receptors 10a and 10b. 24 In CD 2 Cl 2 , the diastereomeric ratio was measured as (3±0.5: 1) in favor of the α form for the H-bonded complex between 10a and caffeine meanwhile the β form of (10b:caffeine) complex was major (ratio ≥ 9:1). This selectivity is based on a repulsive interaction between the N-7 methyl group of caffeine and the bulky substituents R. Of note, the investigation by CD spectroscopy showed that the chiral information is transmitted to the triphenylene core, only when stereoselective complexes are formed. Tris-(ketal-urea) triphenylenes were also exploited for the liquid-liquid extraction of radio-labelled xanthine 25 and for the trinitrotoluene (TNT) detection using a fiber optic sensor 26 .

Recently, the detection of TNT explosive by fluorescent cavitand 11 was reported by P. Anzenbacher Jr. and V. Král (Fig. 6). 27 This all-syn triphenylene is provided with three Tröger's bases, that create an enforced aromatic cavity of ca. 700 Å 3 , available for complementary electron-poor aromatic guests. An X-ray structure clearly indicated that host 11 can accommodate two molecules of nitrobenzene through strong edge-to-face π-π contacts between guest and host (with both naphthalene and triphenylene contributions). The encapsulation of nitro-aromatic guests resulted in a fluorescence emission decrease, possibly due to a photoinduced electron transfer. Cavitand 11 binds TNT with an association constant of ca. 2000 M -1 in dichloromethane or ethanol. In this case, the (host:guest) stoichiometry with TNT is (1:1) and is controlled by the bulky rigid Tröger's base substituents. Impurities contained in illegally-made TNT, i.e. 2,4dinitrotoluene and 2,6-dinitrotoluene, are detected in a similar manner (K ass = 1500-3700 M -1 ). Triphenylene 11 is the first example of an extended aromatic cavitand with a polyaromatic floor.

Thus, flattened cavitands 8-11 were prepared from triphenylenes provided with rigid concave substituents at the peripheral positions. These unique tailored architectures selectively encapsulated complementary aromatic or aliphatic guests with a strong contribution of the triphenylene core.

Multivalent platforms

Compared to the triphenylene-based cavitands, hexasubstituted triphenylenes were prepared through straightforward pathways including one or two synthetic steps. These multivalent receptors offer six possible binding sites to the targets in order to optimize the association constants. 28 In addition, some receptors may benefit from combined interactions with the target through the flexible substituents and the triphenylene core. Herein, multivalent hosts 12-18 are presented according to their respective function: binding, detecting, sensing, moving and catalysis.

Triphenylene receptors in organic solvents

Hexaphosphorylated triphenylenes 12a-b were designed as multiple hydrogen-bonding (HB) receptors in chlorinated solvents (Fig. 7). 29 Among complementary HB guests (phenol, amine), only catechol derivatives were recognized by 12 in CDCl 3 with a (host:guest) stoichiometry of (1:2). For both hosts, catechol (ca. K 1 = 2900 M -1 and K 2 = 80 M -1 ) and 2,3-dihydroxynaphthalene (ca. K 1 = 1870 M -1 and K 2 = 100 M -1 ) were strongly associated compared to hindered 4-tertbutylcatechol (K 1 = 144 M -1 and K 2 = 67 M -1 ). Molecular dynamics simulations in vacuum for the complexes confirmed that the two guest molecules are interacting through HB with hosts. One catechol molecule sits above the triphenylene core through π-π interactions meanwhile the second one seats outside this polyaromatic moiety. These observations can account for the large differences measured between binding constants K 1 and K 2 .

In accordance with this binding model, bulky 4-tert-butylcatechol could not interact with the triphenylene core and then is less associated to the host.

V. Bhalla prepared hexacarbazole triphenylene 13 by using Suzuki-Miyaura couplings (Fig. 8). 30a In polar solvents, this platform doesn't aggregate due to the bulkiness of the carbazole substituents and shows a fluorescence emission with quantum yield of ca. 0.5. In addition, electrochemical studies revealed that compound 13 is electron-rich and thus could detect complementary guests. In a solvent mixture of THF and water (95:5, v/v), a series of nitroaromatic guests can quench the fluorescence emission of host 13 with different efficiencies (Picric acid > TNT). The most sensitive detection was found to be for picric acid guest, with the detection limit of 400 nM. A naked-eye detection (λ exc = 365 nm) of picric acid with a lower limit of 14 pg.cm -2 was obtained by using TLC strips coated with host 13. A similar derivative (18b) provided with six triazole substituents was also a sensitive probe to nitroaromatic compounds in solution 30a or as an organogel dispersed in cyclohexane 30b .

Interwoven assemblies and molecular elevators

J. F. Stoddart developed a tris-(crown-ether) triphenylene 14 designed to self-assemble with a series of complementary trisammoniums 15, then forming strong supramolecular bundle-like (14: 15) complexes in organic solvents (Fig. 9). 31 Remarkably, the three cationic chains of 15 were threatened in each macrocycle, to form stable pseudo-rotaxanes in chlorinated solvents and acetonitrile. The two components of this (14: 15) association were mainly held together through classical dipoledipole interactions between the benzocrown-ethers and the ammoniums (secondary ammonium or 4,4'-bipyridinium) and π-π stacking between the triphenylene core of 14 and the central benzene of 15. The kinetic and thermodynamic aspects of these bundles were carefully analyzed. In particular, the dissociation of some triply threated complexes can be controlled by a chemical stimulus (solvent 31a or pH 31b ) in a stepwise fashion.

Mechanically locked bundles were prepared by using tristruncated cationic platforms 15e-f provided with stoppers. 32 The resulting mechanically locked bundle (14: 15) can be deprotonated by tert-BuOK with inconsequential structural changes. The initial structure is recovered by the addition of acid. Finally, two nanoscale molecular elevators were obtained by using triphenylene 14 (or a naphthalene derivative) and a twostation trivalent component 15g controlled by pH (Fig. 9). 33 The movement from one cationic station to the other one is operated by reversible deprotonation/protonation of the secondary ammoniums. The latter process is composed of three distinct steps. These molecular elevators were the first example of multivalent and cooperative binding species controlled by external chemical stimuli. Figure 9. A multivalent tris-(crown-ether) triphenylene 14 that forms a (1:1) supramolecular bundle with a complementary tris-ammonium 15a-f; An operating molecular elevator is obtained with complex (14: 15g).

Water-soluble triphenylenes for biological targets

Bibal et al. prepared a water-soluble hexacarboxylate triphenylene 16 designed for the complexation of biological ammoniums (Fig. 10). 34 This simple receptor then offered negatively charged groups and a hydrophobic core to target amphiphilic ammoniums such as neurotransmitters. In phosphate buffered water, host 16 recognized D-glucosamine (K ass = 87 M -1 ) and acetylcholine (K ass = 94 M -1 ) with a moderate strength. However, these values were remarkable for a water-soluble receptor without any cavity. The monitoring of acetylcholine complexation by infrared spectroscopy indicated that the ammonium group of the guest was interacting with the host carboxylate groups (exchange with sodium) meanwhile the ester group of the guest was desolvated during complexation. Concerning catecholamines (dopamine, Lnoradrenaline, L-adrenaline) and serotonin which are provided with an aromatic group, they were complexed with larger binding constants in the range of 200 M -1 in phosphate buffered water. Molecular dynamics highlighted two kinds of interactions between host and guests in water: ionic (between CO 2 -and + H 3 N groups) and π-π interactions. Interestingly, no interaction was detected between host and similar guests such as choline (more hydrophilic than acetylcholine), D-glucose (lack of an ammonium group) and L-dopa (α-aminoacid with a repulsive carboxylate group). Triphenylene 16 thus presented a slight selectivity towards biological ammoniums in phosphate buffered water.

In 2016, O. Hayashida prepared a water-soluble hexamacrocycle 17 (Fig. 11). 35 The hexa-alkoxy triphenylene is employed as a core platform for this multivalent receptor. The binding behavior of 17 is evaluated towards anticancer drug doxorubicin in an aqueous HEPES buffer using a monitoring by fluorescence emission (λ exc = 305 nm, λ em = 382 nm). The association constant is high (1.3 ×10 5 M -1 ) compared to those obtained with a single macrocycle (3.3 ×10 2 M -1 ), due to a multivalent effect. The driving force for this complex formation is proposed to be a hydrophobic effect that associates the triphenylene core and the amphiphilic guest, in addition to weak interactions. 

Triphenylene-based ligands for cation sensing

Described by V. Bhalla, systems 18a-b were composed of multiple ligands for metallic cations located around the triphenylene core (Fig. 12), in order to exploit the properties of coordinated cations. Triphenylenes 18a-b could be considered as platforms for metal coordination rather than molecular receptors.

Triphenylene 18a was provided with six iminoquinoline substituents and didn't show any fluorescence emission in THF:H 2 O (95:5), due to an intramolecular photo-induced electron transfer (PET). 36 Ligand 18a coordinated Zn 2+ with a stoichiometry of (1:3) and an overall binding constant of 1.7×10 13 M -3 . Although the precise structure of this complex was unknown, this (18a:3 Zn 2+ ) association was characterized by a fluorescence emission enhancement, attributed to the suppression of the PET. This phenomenon was not observed with other metallic cations. Triphenylene 18a can then be described as a selective Zn 2+ sensor (detection limit: 1 µM). The antioxidant properties of the (18a:3 Zn 2+ ) complex were also demonstrated in a THF/water solution.

Triphenylene 18b was designed to selectively coordinate Cu(II) through triazole ligands in DMSO. 37 Similarly to the (18b:3 Zn 2+ ) association, platform 18b can be considered as a copper fluorescent sensor, with a (1:3) stoichiometry and a strength of 1.1 ×10 13 M -3 (overall binding constant) in DMSO. Interestingly, (18b:3 Cu 2+ ) complex was demetallated by CN - and therefore the fluorescence emission from triphenylene was subsequently recovered. The detection of cyanide anion in tap water and blood serum was demonstrated by supporting the complex on TLC strips. The detection limit for CN -was about 5 ×10 6 M -1 .

Figure 12.

Multivalent ligand-based triphenylenes for metallic cation coordination. Left: hexa-(iminoquinoline) compound 18a can coordinate Zn(II) to form a complex with antioxidant properties. Right: hexatriazole 18b is a ligand for Cu(II) to prepare a complex that detects cyanide anions.

Metal-complex Triphenylene for catalysis

Recently, E. Peris et al. investigated a series of tris(Nheterocyclic carbene) triphenylenes as ligands for transition metals (Fig. 13). 38 These polyaromatic ligands can interact with aromatic substrates close to the metal center and then can induce a positive impact on catalysis. The tris(NHC) triphenylene complexes of gold(I) chloride (19a) and Pd(II) (19b) were evaluated as catalysts in three benchmark reactions involving aryl substrates: the hydroamination of phenylacetylene for 19a, a Suzuki-Miyaura coupling and a Csp 3 -Csp 2 (aryl) coupling for 19b. Indeed, compared to monometallic (benzimidazol-2-ylidene ligand) and unconjugated tris-metallic (triptycene ligand) analogues, catalysts 19a and 19b were slightly more efficient as the yields of catalyzed reactions were higher by 7 to 20% compared to uncatalyzed reactions. Further investigations would allow a better understanding of the positive effect of tris(NHC) ligand on gold(I) and Pd catalysis. 

Porous crystalline materials for advanced host-guest chemistry

Since 1998, porous crystalline coordination polymers emerged as new materials that combines several properties including a shape control, the selectivity of guest capture and advanced functions such as sensing and response to external stimuli. 39 Such crystal lattices can be considered as extended receptors when they are able to interact with their molecular environment, and they can be classified in the field of host-guest chemistry. Metal and covalent organic frameworks (MOFs and COFs) are the main porous crystalline solids and they are obtained by coordination chemistry between ligands and metallic cations, and through covalent chemistry respectively. [START_REF] Almeida Paz | For a selection of reviews about MOF[END_REF]41 These structures present a high internal order combined with a high porosity, a thermal and chemical stability and large surface areas. Therefore, promising applications for MOFs and, more recently, COFs can be found in gas storage and separation, sensing, proton and ion conduction, catalysis, optoelectronics, energy storage and magnetism. Surprisingly, tri-and hexa-substituted triphenylenes were exploited only recently as rigid building-blocks for porous crystals. Herein, the review focuses on the description of porous crystals involving triphenylene platforms and showing (host:guest) properties, when available.

Triphenylene-based MOFs

Interestingly, only three triphenylenes were employed so far to prepare MOFs, by taking advantages of their electronic properties and their coordination geometry (Figure 14). These triphenylenes provide three coordination sites that are bidentate: catecholate (from HHT), benzene-1,2-thiolate (from HTT) or carboxylate groups (from TTCA).

First reported in 2012, 2D metal-catecholate MOFs based on Co 2+ and Ni 2+ were stable and porous solids with Brunauer-Emmett-Teller (BET) surface areas of 490 and 425 m 2 .g -1 respectively. 42 In 2018, the dioxygen electroreduction activity of the latter MOF was reported. 43 A series of 3D metal catecholates with titanium(IV), iron(II, III) in (1:1) ratio, or vanadium(IV) showed different BET surface areas of 450, 10 and 725 m 2 .g -1 respectively. 44 In particular, the iron-catecholate MOF exhibited a proton conductivity similar to the ones of Nafion ™ and the best MOF materials, under equivalent conditions. Hexa-thiol triphenylene (HTT) was employed by Z. Xu to prepare robust MOF containing Pt 2+ or Pb 2+ . Taking advantages of the square-planar coordination of Pt 2+ and the bidentate character of 2,3,6,7,10,11-hexathiolate triphenylene, a porous framework HTT.(Pt) 1.5 .(Na) 0.9 was isolated with similar features as those of catecholate-based frameworks: a BET surface area of 329 m 2 .g -1 , a pore volume of 0.124 cm 3 .g -1 and a pore size of 0.57 nm. 45 This Pt-MOF showed ion exchange properties by exchanging Na + by either Cs + (ion exchange > 90%) or Li+ (ion exchange > 95%). The initial Pt-MOF was recovered by a simple soaking in aqueous solution of NaCl. Based on the same electron-rich HTT ligand, a semiconducting porous network HTT.(Pb 3 OH 0.5 ) was also reported. 46 The electronic conduction of this material was sensitive to air moisture and showed potential application in sensing. 48 The material is highly porous (calculated porosity: 72.4%) and the pores were occupied by DMA and water molecules that can be exchanged by alcohols (methanol, ethanol, propanol and n-butanol). Solutions of TNT, 2,4,6-trinitrophenol, 2,4-dinitrotoluene and nitrobenzene in ethanol strongly quenched the luminescence of Tb(TTCA).(DMA) 7 .(H 2 O) 9.5 compared to solutions of electron-deficient aromatic compounds, due to a favored photoinduced electron transfer. This fluorescent MOF can be recycled at least five times without any decrease in sensing ability.

Triphenylene-based COFs

So far, two main triphenylene cores were exploited as COF building-blocks: hexahydroxy-triphenylene 1b (HHT) and hexaazatriphenylene (HAT) with amine substituents (Figure 15). For the moment, the triphenylene-based COFs showed potential applications in the fields of carbon dioxide storage 49 and photoelectronics 41c,50 .

Build from the condensation of boronic acids and phenols, boron-based COFs were the first class of COFs discovered by Yaghi. 51 Hexahydroxy-triphenylene 1b was associated with various di-, tri-or tetra-boronic acid partners to obtain numerous COF structures that were recently reviewed by T. Bein 41e . As an example, mesoporous 2D COF-10 (S BET = 1760 m 2 .g -1 ; pore volume = 1.44 cm 3 .g -1 ; pore size = 2.6 nm) was prepared by the condensation of triphenylene 1b (C 3 symmetry) and 4,4'dibiphenyldiboronic acid (C 2 symmetry). 52 The capacity of CO 2 uptake for COF-10 was strongly dependent on pressure: 27 cm 3 .g -1 at 1.0 bar (273 K) and 514 cm 3 .g -1 at 55 bar (298 K). The latter high value for a 2D boron-COF is due to their large BET surface and pore volume. In this line, 3D boron-COFs usually show a larger CO 2 capture. Besides, due to electronic affinities, nitrogen-based COFs presented a higher CO 2 adsorption than boron-COFs.

In 2018, the implementation of reversible silicon chemistry for the obtention of anionic COFs was successfully achieved by linking hypercoordinate silicon nodes to triphenylene 1b under basic conditions. 53 The resulting 3D Si-COF-5 crystallized in a two-fold interpenetrated topology, and presented an apparent BET surface area of 370 m 2 .g -1 . Stable to air and organic solvents, further properties of Si-COFs should be reported later.

The chemistry from Schiff bases was also employed to prepare COFs. Hexa-amine-azatriphenylene 18 was reacted with building-blocks with two 54 or three 55 formyl functions to provide 2D COFs. In particular, the COF prepared from 18 and tris-(4formylphenyl)amine (BET surface = 628 m 2 .g -1 ; pore volume = 0.68 cm 3 .g -1 ) presented CO 2 uptakes of 9.4 wt% at 273 K and 5.3 wt% at 298 K.

Besides, a fully conjugated COF (CS-COF) was prepared by the condensation of 2,3,6,7,10,11-hexa-amine triphenylene (C 3 symmetry) and tert-butylpyrene tetraone (C 2 symmetry). 56 Hexagonal shaped CS-COF is microporous (BET surface = 776 m 2 .g -1 ; pore volume = 0.34 cm 3 .g -1 ; pore size ≈ 1.6 nm). Interestingly, fullerene C 60 can be accommodated in the nanochannels of the crystal, in a ca. 25 % wt. The resulting CS-COF⊃C 60 was evaluated as a donor-acceptor photoconductive system. An optimized device produced a photocurrent of 2.0 µA whereas the dark current was 0.029 pA at 1.5V. The best on-off photoswitch performance of this system was 5.9 × 10 7 , a value superior to those of other COFs. Finally, the higher level of COF's structural complexity and diversity was reached with a one-pot synthesis using three components. This strategy relies on a bifunctional linker with two different reactive groups that will selectively connect to the two other COF building-blocks. 57 As an example, 4-formylphenylboronic acid was reacted with hexahydroxy-triphenylene 1b and a tris-amine to form a hexagonal COF with a pore size estimated to 2.6 nm (BET surface = 1619 m 2 .g -1 ; pore volume: 0.86 cm 3 .g -1 ). 57a Its ability for gas storage was evaluated towards CO 2 and H 2 : At 273 K and 1.0 bar, the COF can store up to 10.2 wt% of CO 2 whereas at 77K and 1.0 bar, it can uptake 1.55 wt% of H 2 , a high value for a COF material.

Conclusions and outlook

The interest for triphenylenes in the field of molecular receptors and self-assembled materials has been constant for two decades. Indeed, this polyaromatic pattern allows a fast and easy functionalization to access either cavitands or multi-functional platforms, based on a polyaromatic core. Recent studies have shown the usefulness of the triphenylene derivatives for several functions (movement, catalysis and charge mobility) including molecular sensing, in particular. The recognition, detection and sensing of aromatic or charged small molecules was achieved by molecular receptors in different solvents meanwhile MOF and COF materials allowed the capture of CO 2 or fullerene, by a suitable tuning of their pores.

The contribution of the triphenylene core has been demonstrated at several levels: (i) concerning the molecular recognition, solvophobic effects or favorable π-π interactions were largely exploited, (ii) concerning the optical properties, a few sensitive fluorescent hosts or materials were reported, and (iii) concerning the electronic properties, the examples of energy or electron transfer from the triphenylene core are still limited to discotic liquid crystals.

The medium-term prospects of triphenylene-based receptors and self-assembled materials are oriented towards the search for advanced supramolecular architectures for major areas of interest such as molecular detection, energy storage and catalysis. An improved communication between core and periphery of triphenylenes would allow access to receptors, ligands and porous coordination polymers that are more sensitive to their environment and thus can adjust their (host:guest) properties.

Figure 1 .

 1 Figure 1. Triphenylene scaffolds for recognition (arrows indicate the binding sites for guests). Left: an endo-receptor, i.e. a flattened cavitand based on a triphenylene core with concave rigid R substituents that form a persistent cavity. Right: an exo-receptor with multiple R binding sites. The aromatic core is a possible additional interacting site.

Figure 2 .

 2 Figure 2. (a) The general strategies of cyclotrimerization towards building-blocks 1-5 that can be further functionalized as triphenylene-based receptors: route A: oxidative cyclotrimerization of catechol and derivatives; route B: dehydrating trimerization of 4-methylcyclohexanone; route C: a benzyne-like trimerization via organometallic chemistry (route C). (b) Tris-ketal triphenylenes 1c are C 3 symmetric receptors synthesized as a (1:3) mixture of allsyn and anti-anti-syn isomers that can be separated (spheres stand for binding groups).

Figure 3 .

 3 Figure 3. Electron-rich triphenylenes 6 as donor partners in (host:guest) discotic liquid crystals with complementary acceptor polyaromatic compounds: 2,4,7-trinitrofluorenone (TNF) or hexaazatriphenylenes 7 provided with aryl or imide substituents.

Figure 4 .

 4 Figure 4. Triphenylene monomer 8 designed for the self-assembly of a twelve hydrogen-bonded dimeric capsule that is capable of cyclohexane encapsulation.

Figure 5 .

 5 Figure 5. Top: all-syn flexible (9) and rigid (10a-b) tris-ketal substituted triphenylenes provided with urea binding groups.Bottom: representation of stereofacial α and β complexes, between chiral receptors 10 and caffeine, with small and large spheres symbolizing substituents with their volume.

Figure 6 .

 6 Figure 6. All-syn tris-(Tröger's base) triphenylene 11 that can detect trinitrotoluene (TNT).

Figure 7 .

 7 Figure 7. Multivalent hexaphosphorylated triphenylene 12a-b that can selectively bind catechols.

Figure 8 .

 8 Figure 8. Multivalent hexacarbazole triphenylene 13 for the detection of nitroaromatic explosives in a (THF:H 2 O) (95:5) mixture.

Figure 10 .

 10 Figure 10. Water-soluble hexacarboxylate triphenylene 16 and biological ammonium targets.

Figure 11 .

 11 Figure 11. Water-soluble multivalent triphenylene 17 with six macrocycles, that can detect doxorubicin, an anticancer drug.

Figure 13 .

 13 Figure 13. Triphenylene-based tris(N-heterocyclic carbene) ligands for gold(I) (19a) and Pd(II) (19b), that showed catalytic benefits in benchmark reactions.

Figure 14 .

 14 Figure 14. Triphenylene-based ligands (HHT, HTT and TTCA) and the corresponding metallic cations for the construction of metalorganic frameworks (MOFs). The use of triphenylene-2,6,10-tricarboxylic acid (TTCA) in MOF construction was first described in 2006 and allowed the obtention of double interwoven 3D porous networks M 3 (TTCA) 2 .(DMF) 6 .(H 2 O) 7 , with M = Zn 2+ or Cd 2+ . 47 Later, a fluorescent MOF based on lanthanide Tb 3+ and TTCA was prepared: Tb(TTCA).(DMA) 7 .(H 2 O) 9.5 (DMA: N,N'-dimethyl acetamide).48 The material is highly porous (calculated porosity: 72.4%) and the pores were occupied by DMA and water molecules that can be exchanged by alcohols (methanol, ethanol, propanol and n-butanol). Solutions of TNT, 2,4,6-trinitrophenol, 2,4-dinitrotoluene and nitrobenzene in ethanol strongly quenched the luminescence of Tb(TTCA).(DMA) 7 .(H 2 O) 9.5 compared to solutions of electron-deficient aromatic compounds, due to a favored photoinduced electron transfer. This fluorescent MOF can be recycled at least five times without any decrease in sensing ability.

Figure 15 .

 15 Figure 15. Main triphenylene cores as building blocks for covalent organic frameworks (COF): hexahydroxy-triphenylene 1b (HHT) for boron-COF and silicon nodes-COF preparation and hexaazatriphenylene (HAT) 18 provided with six amine functions for imine-COF synthesis.
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