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ABBREVIATIONS

GENERAL INTRODUCTION

Since decades, transition-metal chemistry has made a remarkable headway, especially concerning palladium. Among the plethora of reactions catalyzed by palladium complexes, our group was interested by the dual palladium/norbornene catalysis in order to create polycyclic molecules. The use of nobornene in addition to palladium to achieve C-halide and C-H activations was first developed by the group of Catellani in the mid 1980's. Since then, numerous applications and extensions of this reaction have been realized around the world.

Our group recently reported a new methodology to synthesize the phenanthridine framework starting from ortho-substituted aryl halides and bromobenzylamines. The catalytic cycle involves three palladium oxidation states (0, II and IV). We were interested to extend this methodology in order to achieve the synthesis of natural products (Scheme 1).

Scheme 1 : C-Amination coupling variant of the Catellani reaction.

The first part of my Ph D. took place into this perspective. Benzo [c]phenanthridines possess relevant biological activities that make them an interesting and challenging goal to extend this methodology.

The second part of this Ph D. work concerned a new family of metal-aromatic tripalladium complexes. Recently reported in our group, these complexes are the first noble metal stable analogues of the cyclopropenyl cation [C 3 H 3 ] + . These clusters possess a perfectly equilateral core as regular aromatics. Calculations interestingly predicted that in spite of the presence of a delocalized positive charge, they could have a Lewis basic character. The original route to these complexes was long and tedious. This synthesis was an impediment to study and exploit their special properties. Efforts were made to develop a concise and modular route to these platforms. Taking advantage of the stability of these complexes, we wondered to know if their special properties could provide any catalytic activities. To answer this question, we chose to investigate a classical reaction in organic chemistry, namely the semi-reduction of alkynes.

This manuscript will be divided in three chapters dealing respectively with benzophenanthridines synthesis, all-metal aromatic complexes and their applications in catalytic reactions. Each chapter will contain a bibliographical part in which the relevant literature background will be reviewed. 

. Introduction on palladium/norbornene catalysis

In the last three decades, recent advances in palladium chemistry allowed chemists to realize a wide panel of new reactions, such as selective C-C or C-Heteroatom bond formation under mild conditions. In the early 90's Catellani and coworkers 1 reported a palladium/norbornene reaction to create a trisubstituted aryl system 3 in a one-pot procedure, starting from phenyl iodide 1 (Scheme 2). The oxidative addition of Pd(0) into the C-I bond followed by the carbopalladation of norbornene give access to the palladacycle 2. Indeed, norbornene is a strained olefin which cannot undergo a syn-β-hydride elimination and place the palladium well located to trigger aryl C-H activation.

Scheme 3 : Key intermediates in palladium/norbornene catalytic reactions.

In 2008, cyclovoltametric and kinetic studies by Amatore, Catellani and Jutand 6 determined the presence of Pd(IV) intermediates in the mechanistic pathway showed above in scheme 3. However, authors expressed reservations concerning the application of their model to aromatic arylation.

In the case of sp 2 -sp 2 bond formation, the situation is different. It is commonly known that Ar-X can easily do oxidative addition on Pd(0) but the ability of the same species to realize oxidative addition on a Pd(II) complex was not experimentally proved at that time.

Moreover, depending on the ligand used, the reductive elimination step can provide competitively sp 2 -sp 3 coupling between norbornene and the aryl moiety. This kind of coupling can lead to polycyclic molecules such as benzocyclobutene 7 or benzocyclohexene 89 derivatives. Catellani and coworkers observed interesting activities with differently substituted aryl iodides. 9 With o-substituted ones, they first observed the formation of the palladacyle 7 and then a total selectivity towards the sp 2 -sp 2 coupling, followed by extrusion of norbornene to give 8 (Scheme 4a). By contrast, the use of m-or p-substituted aryl iodides led to the formation of intermediate 10 which evolves through unselective sp 2 -sp 2 and sp 2 -sp 3 coupling eventually providing a mixture of complexes 11 and 12, as reported for unsubstituted aryl iodides (Scheme 4b). They decided to screen several ortho-substituted aryl iodides to see the limits of the reaction.

6 C. Amatore, M. Catellani, S. Deledda, A. Jutand, E. Motti, Organometallics 2008, 27, 4549-4554 7 M. Catellani, L. Ferioli, Synthesis, 1996, 769-772. 8 M. Catellani, G. P. Chiusoli, C. Castagnoli, J. Organomet. Chem., 1991, 407, C30-C33. 9 M. Catellani, E. Motti, New J. Chem., 1998, 22, 759-761. The direct arylation takes place in each case with good to excellent yields (61 to 99%) except for the bulky t Bu-substituent, which leads to the benzocyclobutene 8 compound resulting from reductive elimination of palladacycle 7. Catellani supposed that the resulting coupling occurs thanks to a steric influence of R-substituent on the palladacycle. She called this observation the "Ortho-effect".

If a substituent in ortho-position lead to selective aryl-aryl bond, the mechanim of this reaction was still unknown at that time. Catellani, Lautens and others 10 invoked a Pd(IV) intermediate 14 to justify the C(sp 2 )-C(sp They chose to study palladacycle 13 because of their cis-substitution with C(sp 2 ) and C(sp 3 ) and with PH 3 , water or formamide as ligand to simplify the calculations. They also chose to use vinyl iodide to model the C(sp 2 )-X bond of Ar-X. The results of calculations for Pd(IV) pathway is presented on figure 2. To summarize, the coordination previous to oxidative addition is exothermic for Pd(0)

and endothermic for Pd(II). This greatly favors the transmetalation pathway in order to create new C-C bonds. By extension of these results, aryl halides could more easily react with unsaturated Pd(0) complexes than with Pd(II) metallacyles. Whereas formation of Pd(IV)

intermediate was strongly supported by other experimental work 2-4 in the Catellani reaction involving alkyl halides, their results showed that it should not be the case for aryl halides.

However, the model utilized by Echavarren et al. greatly simplified the metalacycle, did not consider substituents on the alkyl chain and was unable to explain the so-called "ortho-rule" observed in Catellani reaction.

At that time, the real pathway of the aryl-aryl coupling was still a matter of debate because no significant proofs were reported in the literature to tip the balance towards one of the two proposed mechanisms.

In 2011, our group in collaboration with Catellani 12 reported computational analysis involving the real aryl-norbornyl metalacycle in order to get a better understanding the mechanism of aryl-aryl coupling step. They would like to understand the importance of a substituent on the ortho-position of the aryl moiety in the mechanistic pathway. They first started by the study of the mechanism using an unsubstituted metalacycle. Calculations have been realized for both of the pathways, in red, the Pd(IV) pathway and in blue the transmetalation one (Figure 4 and 5) For the Pd(IV) pathway, we can see that the transition state which leads to the crucial Pd(IV) intermediate, TS (25)(26), possesses the highest energy level (ΔG = +26.5 kcal.mol -1 ).

12 G. Maestri, E. Motti, N. Della Ca', M. Malacria, E. Derat, M. Catellani, J. Am. Chem. Soc., 2011, 133, 8574-8585. For transmetalation pathway, it is the transition state of the reductive elimination TS(29-30)

which possesses the higher level of energy. In comparison, the blue pathway needs less energy brought by the system than the red one to be achieved. They concluded that for an unsubstituted palladacycle the favored pathway would be that involving transmetalation between two Pd(II) species. Now, let us consider a palladacycle which possess a methyl group as substituent on ortho-position. TS (32)(33), the transition state of the oxidative addition of phenyl iodide to the Pd(II) complex 32, possesses the higher energy level (ΔG = +26.1 kcal.mol -1 ) of the red pathway. The energy of this transition state is very close to that has been calculated in the previous case for TS (25)(26). On the other side, the transition state TS (36)(37) of the reductive elimination to form the aryl-aryl bond has a ΔG of +27.8 kcal.mol -1 (more than 9 kcal.mol -1 higher than previsouly) for transmetalation pathway. Then, in this case, the palladium(IV) pathway is favored.

These outcomes act complementary to those presented by Echavarren et al. 11 and go further. Now assuming that ortho-substituted metalacycles undergoes an oxidative addition to form a Pd(IV) cluster, the question of the total selectivity towards the sp 2 -sp 2 coupling still remains an outstanding issue. A possible rationalization of "ortho-effect" is explained in the same publication (Figure 6). Calculations have been made for reductive elimination starting from palladium(IV) metalacycle 33. Aryl-norbornyl coupling is represented in green, while aryl-aryl coupling is depicted in red. The transition state TS(33-38) has a higher energy level than TS(33-34) (ΔΔG = 11.8 kcal.mol -1 ). This huge energetic difference shows why 38 has never been experimentally observed. For sake of comparison, several key intermediates are depicted in figure 7. On the structure modeled for 31 metalacycle, we can see that all the atoms in the palladium-containing five-membered ring are on the same plane, including the aryl moiety and its methyl substituent. The distance between the hydrogen of the methyl group and the bridgehead hydrogen borne by the norbornyl moiety is 2.22 Å. For the representation of TS (33)(34), the planar conformation of the metalacycle remains nearly the same. The distance between the two hydrogens lowers only of 0.03 Å, which means that the steric effect does not have a big impact on the oxidative addition reaction. In the case of TS(29-30) and TS (36)(37), the insertion of a second palladium atom breaks the planar conformation of the system and inducts a rotation of the aryl-norbornyl bond. For the transition state without ortho-substituent on aryl moiety TS(29-30), the rotation of the C(sp 2 )-C(sp 3 ) bond places the ortho hydrogen at 2.11 Å of distance from the bridgehead one of norbornene. For TS (36)(37), the rotation places the methyl group close to the norbornene upper face and the shortest hydrogen distance is about 1.99 Å. The steric effect is clearly more important in the latter situation and this is the reason why the transmetalation pathway is not favored compared to the Pd(IV) one.

This work is summarized in scheme 6. The presence of an R-substituent in ortho-position is very important for the selectivity of the reaction. If R=H, the reaction proceeds by a transmetalation pathway via intermediate 41. However, if R≠H, the preferred pathway goes on through a Pd(IV) crucial intermediate 39 and its geometrical feature fully explain the selectivity in favor of sp 2 -sp 2 coupling (ortho-rule).

Scheme 6 : Conclusion of mechanistic studies.

With these results in hand, several chemists worldwide including our group were interested in changing the nature of aryl partners in order to synthesize nitrogen-containing heterocycles 13 such as carbazoles 42, 14 phenanthridines 43 15,16,17 or dibenzoazepines 44. 18 (Figure 8) Della Ca'. Acc. Chem. Res., 2008, 41, 1512-1522. 14 N. Della Ca', G. Sassi, M. Catellani, Adv. Synth. Catal., 2008, 350, 2179-2182. 15 a) D. A. Candito, M. Lautens, Angew. Chem. Int. Ed., 2009, 48, 6713-6716. b) M. Blanchot, D. A. Candito, F. Larnaud, M. Lautens, Org. Lett., 2011, 13, 1486-1489. 16 G. Maestri, M.-H. Larraufie, E. Derat, C. Ollivier, L. Fensterbank, E. Lacôte, M. Malacria, Org. Lett., 2010, 12, 5692-5695. 17 N. Della Ca', E. Motti, M. Catellani, Adv. Synth. Catal., 2008, 350, 2513-2516. 18 For dibenzo [b,f]azepine, see: N. Della Ca', G. Maestri, M. Malacria, E. Derat, M. Catellani, Angew. Chem. Int. Ed., 2011, 50, 12257-12261. For dibenzo [c,e]azepines, see: V. Narbonne, P. Retailleau, G. Maestri, M. Malacria, Org. Lett., 2014, 16, 628-631. Our methodology, described in chapter 1.2.2.2.3, proved its robustness in term of yields and tolerates a lot of different functional groups. Several benzo [c]phenanthridines have been synthesized but none of them were reported to be found in natural products. According to the fact that the Institut de Chimie des Substances Naturelles is specialized on the synthesis of natural products, it was a great occasion to test our strategy in order to synthesize natural benzo [c]phenanthridines.

State of art 1.2.1. Biological interest of benzo[c]phenanthridines

Benzo [c]phenanthridines 46 (Figure 9b) are nitrogen-containing tetracyclic aromatic compounds, derived from the phenanthridine framework 45 (Figure 9a) and they bear a benzo-substituent on the c-bond position. These molecules are known since the middle of 19 th century. 19 These alkaloids have been isolated from Papaveraceous and Rutaceous plants during the 20 th century. A lot of natural derivatives have been reported, adopting either neutral or iminium forms (Figure 9b and9c). 19 QM. Probst, Ann, 1839, 29, 113-131 Some of them present relevant biological activities such as antifungal, antileukemic, antibacterial or antitumor properties. 20 For example, nitidine 50 and chelerythrine 51 (Figure 10) possess a good activity against Mycobacterium tuberculosis by inhibition of growth superior to 90% at 12.5 µg/mL.20 a The difference of biological activities lies in the molecular diversity on the substituents of benzo [c]phenanthridine core.

Synthesis

According to the relevant biological activities of benzo [c]phenanthridines, numerous syntheses have been reported since their discovery in the 20 th century. These syntheses are categorized in two classes: linear and convergent syntheses.

Linear synthesis

Many different linear syntheses have been employed to form benzo [c]phenanthridine derivatives. Nevertheless, these methodologies were tedious and provide the desired products with low overall yields or without diversity on the substituents. 21 In reason of a very large library of reported synthesis, only two pertinent linear strategies will be showed below.

20 a) T. Ishikawa, Med. Res. Rev., 2001, 21, 61-71. b) W. A. Denny, Curr. Med. Chem., 2002, 9, 1655-1665. c) The synthesis of 52 in a pure manner was delicate because of the non-selectivity of the nitration reaction with nitric acid. Furthermore, the key step of the reaction is the cyclisation of imine 55 using two equivalents of sodium amide. The first one attacks the imine group of to form an aminoamide. The negative charge of this intermediate is stabilized by the aryl substituent on the nitrogen. The second equivalent is used to form a benzyne intermediate. A

rearrangement of the aminoamide leads to a nucleophilic carbon in the ortho-position of the naphtyl moiety, which can attack benzyne and creates a new C-C bond. 23 The protonation and rearomatization steps occur and a sodium amide molecule is released. Despites the beauty of this key-step, authors isolated the desired product with a poor 24% yield only. Later, this strategy has been extended to synthesize other benzo [c]phenanthridines. 24 Nevertheless, the starting material and protecting groups had to be modified depending on the nature of the desired product.

1.2.2.1.2. Total synthesis of benzo [c]phenanthridines by Ishihara et al.

In 2011, Ishihara and coworkers reported this linear total synthesis of benzo [c]phenanthridines in 11 steps. 25 The details of their strategy are described in scheme 8. This methodology gives phenanthridines 15 74 with yields between 38 and 85% and tolerates several functional groups such as halides, trifluoromethyl or morpholine moiety.

However the protected imines are not very stable and uneasy to handle. The catalytic charge of palladium is up to 20 mol%. In 2010, Catellani reported a three-component reaction catalyzed by palladium/norbornene in order to synthesize phenanthridines in a one-pot procedure. 26 Her strategy is reported in scheme 10.

Scheme 10 : Catellani's methodology.

The reaction starts with a classical Pd/Norbornene coupling to form the aryl-aryl bond and affords 75 after norbornene extrusion. This complex undergoes a Heck-type reaction with methyl acrylate to give 76. The electron-poor olefin is attacked by the nitrogen to form the aza-Michael product 77. This tricyclic compound easily realizes a retro-Mannich reaction and provides the desired phenanthridine 78. This methodology affords differently substituted phenanthridines with good to excellent yields between 49 and 93%. However, this process is not very atom-economic. The use of methyl acrylate to insert only one carbon into the phenanthridine structure is not very elegant. The general idea was to realize the synthesis of the phenanthridine core in a one-pot procedure without protecting groups. They reasoned that in presence of palladium, the creation of C-C and C-N bonds could be achieved in the first place and then the catalyst could realize an oxidative dehydrogenation in presence of an oxidant to afford the desired aromatic heterocycle (Scheme 11).

Scheme 11 : Envisaged strategy.

The proposed sequence uses the Catellani reaction to create C(sp 2 )-C(sp 2 ) bond and ends via an intramolecular amination to obtain the dihydrophenanthridine 81. The oxidative dehydrogenation of the C-N bond to form 82 is realized by adding a balloon of dioxygen after full conversion of the starting material (Scheme 12).

Scheme 12 : Malacria's approach.

This protocol succeeded and provided differently substituted phenanthridines with yields between 22 and 97% and did not require a prefunctionalization of substrates or the presence of protecting groups.

During optimization of the oxidative dehydrogenation step, they found that when the palladium catalyst was missing, the transformation of 81 to 82 occurs but more slowly. This observation confirmed that palladium plays an essential role during this process. They also noticed that adding an excess of norbornene at 90% of conversion of starting material led to obtain the phenanthridine product (65% yield) without presence of dioxygen. This suggests that in presence of palladium catalyst, norbornene could act as sacrificial olefin and plays the role of formal "H 2 " acceptor (Scheme 13). The steric hindrance of E forces norbornene to be eliminated. Complex F undergoes the intramolecular amination to afford dihydrophenanthridine G. Adding dioxygen after full conversion of aryl iodide in presence of Pd(II) leads to the catalytic dehydrogenation reaction and form the desired product H but also water as coproduct.

Results and discussion

Objectives of the project

The purpose of the present work, 27 realized in collaboration with Dr. Tatiana Cañeque-Cobo, Filipe Gomes and Vanessa Narbonne, is to synthesize four natural benzo [c]phenanthridines: Nornitidine 48, O-Methylnorfagaronine 83, Noravicine 84 and Norallonitidine 85 by the convergent strategy reported by our group in 2010. These natural alkaloids could be obtained by a palladium/norbornene coupling followed by a dehydrogenation step and starting from two o-bromobenzylamines 86 and 87 and two iodonaphtalene derivatives 88a and 89a. (Scheme 15) However, the limited stability of the two iodonaphthalene derivatives 88a and 89a prevents their uses as reagents in our cascade.

Lautens and coworkers showed good results with triflates on this type of palladium catalyzed reactions, so we decided to choose to synthesize the 88b and 89b instead of the iodide derivatives ones.

Scheme 15 : Retrosynthetic scheme.

The synthesis of triflates 88b and 89b could be realized in three steps by following Lautens method. 15a (Scheme 16) Triflates coupling partners 88b and 89b could be obtained by In parallel, the o-bromobenzylamines 86 and 86 could be easily formed by the reduction of the corresponding oximes 96 and 97. These oximes could be prepared from the condensation of hydroxylamine on commercially available o-bromobenzaldehydes 98 and 99.

Synthesis of the coupling partners

Synthesis of naphtyl triflates

The synthesis starts with the Diels-Alder reaction involving dibromobenzenes 94 and 95 and furan (Scheme 17). The action of n-butyl lithium generates benzyne intermediate that can play the role of dienophile and form epoxynaphtalenes 92 and 93 with 56 and 81% yields respectively. Ring-opening step proceeds via the action of p-toluenesulfonic acid at 20 mol% in 1,2-dichloroethane to provide naphtalenols 90 and 91 with quantitative and 92% yield respectively. The triflation of alcohols using triflic anhydride in presence of pyridine delivers 88b and 89b with 89 and 88% yields.

Scheme 17 : Synthesis of naphtyltriflates.

Synthesis of o-bromobenzylamines

In parallel, we realized the synthesis of the second coupling partner (Scheme 18). The o-bromobenzaldehyde derivatives 98 and 99 react with hydroxylamine hydrochloride in presence of sodium bicarbonate in a mixture of water/ethanol to give the corresponding oximes 96 and 97 in 96 and 72% yield respectively.

Scheme 18 : Synthesis of o-bromobenzylamines.

These oximes were reduced by addition of solid zinc in a hydrochloric acid solution diluted in THF. After one day at reflux, o-bromobenzylamines 86 and 87 were obtained in 83 and 80% yield respectively after purification.

Coupling step

Having the two partners in hands, we were able to try the first attempt of the coupling reaction. We performed the reaction using conditions previously optimized in our group.

( 19).

Scheme 19 : First attempt of coupling reaction.

The first trial was realized using 5 mol% of palladium catalyst, 10 mol% of triphenylphosphine and 50 mol% of norbornene in DMF. A balloon of dioxygen was added after 24h at reflux to operate the oxidative dehydrogenation and the solution was stirred overnight. The yields after purification are reported on table We were delighted to observe the formation of 83 in 63% yield considering that an electron-rich bromobenzylamine was not the best candidate to provide an oxidative addition on Pd(II) metallacycle. However 48 and 85 were isolated in poor 18 and 17% yields respectively while 84 was not even observed. A short optimization of conditions was performed on the synthesis of 48 varying reaction parameters ( Decreasing the temperature to 90°C and changing the solvent to MeCN increased the yield by 4% (Table 2, Entries 1&2). Trifurylphosphine seems to be a less efficient ligand compared to triphenylphosphine (Table 2, Entry 3). When the catalyst charge is doubled, we obtain a yield of 29% (Table 2, Entry 4). We then thought that the reason of the poor yields observed for the last three products was due to the partial decomposition of their acetal groups. Oxidative dehydrogenation is a useful and atom-economic process to oxidize C-N bond into C=N bond but it forms water as coproduct. Water at 90 °C is able to transform acetals into the corresponding diols and thus decreases significantly the yields of the reaction.

The presence of water is clearly a problem that we wanted to bypass. According to the observations presented in previous work by Malacria et al., 16 norbornene can play the role of an acceptor during oxidative dehydrogenation step. We showed that our hypothesis was true by performing the reaction with 10 eq. of norbornene (Table 2, Entry 5). The pentacyclic product 48 has been obtained with a comfortable 72% yield. Encouraged by these results, we applied these conditions (Scheme 20) to the synthesis of the other phenanthridines.

Scheme 20 : Optimized reaction conditions.

The results of the coupling step are reported on table 3. We were surprised to observe an increase of yields for 48 and 85 up to 72% and remarkable overall yields of 36 and 37%

respectively. Regarding the first attempts with which we could not observe the presence of this alkaloid, we were excited for the yield of 84 (74% We completed the total synthesis of Noravicine 84 with 37% overall yield. Concerning O-Methylnorfagaronine 83, the isolated yields of the coupling step are pretty the same and led to obtain the tetracyclic molecule with comfortable 42% overall yield. It seems like our hypothesis concerning the role of water in the deprotection of acetals was confirmed with these results.

Previous computational and experimental studies let us consider the mechanism depicted on scheme 21. Steric hinderance favors the extrusion of norbornene and form the complex N which is suitable to a Buchwald/Hartwig intramolecular amination. The creation of the C-N bond provides benzo [c]dihydrophenanthridine O and regenerates the Pd(0) catalyst. The corresponding phenanthridine P was obtained thanks to the excess of norbornene, which acts as sacrificial olefin. In presence of a palladium catalyst, the two hydrogen atoms on the HC-NH group can be formally transferred to an acceptor and form the desired product and norbornane as coproduct. The latter can be easily removed by vacuum.

Conclusion

By introducing an excess of norbornene and removing dioxygen, we have been able to exploit the dual nature of this olefin. In one side, it played the role of the co-catalyst of the coupling reaction. On the other hand, it acted as sacrificial olefin in a sequential palladium catalyzed dehydrogenation.

Figure 11 : Summary

Eventually, we achieved the total synthesis of four natural products in four steps only starting from four commercially available reagents. Overall yields ranged from 35 to 42% (Figure 11). In the same time we demonstrated the feasibility of our method towards the total synthesis of biologically relevant products.

SUPPORTING INFORMATION -PART 1

1.5. Supporting Information ESI ionization source and a TOF detector.

General procedures

General procedure 1 (GP1): Synthesis of epoxynaphtalenes from corresponding dibromobenzenes.

A dried round-bottom flask was charged with the corresponding dibromoaryl (16.89 mmol, 1 eq) and furane (84.47 mmol, 5 eq.) in dry toluene (50 ml) under argon atmosphere. The solution was cooled at -78 ºC and n-BuLi 1.6 M in THF (18.58 mmol, 1.1 eq.) was added dropwise to the solution. After complete addition, the solution was warmed up to -40ºC and extracted with EtOAc (3x20 ml), dried over magnesium sulfate and concentrated under vacuum. The residue was purified by chormatography column (EtOAc/heptane).

General procedure 2 (GP2): Synthesis of alcohols from corresponding epoxynaphtalenes.

To a solution of the corresponding epoxynaphtalene (1.47 mmol) in DCE (10 ml) was added p-toluenesulfonic acid (0.29 mmol, 0.2 eq.) in DCE (2 ml). The reaction mixture was stirred at r.t overnight. The mixture was the diluted with DCM, washed with water and brine, dried over magnesium sulfate and concentrated under vacuum. The products were used for the next step without further purification.

General procedure 3 (GP3): Synthesis of triflates from corresponding alcohols.

To a solution of the corresponding naphtol (6.86 mmol) and pyridine (13.72 mmol, 2 eq.) in DCM (40 ml) at 0 ºC, was slowly added Tf 2 O (10.29 mmol, 1.5 eq.). After complete addition the mixture was warmed to rt and stirred until completion (1h). The mixture then was diluted with Et 2 O (20 ml), quenched with 10% aq HCl and washed with saturated NaHCO 3 solution and brine. After drying (Mg 2 SO 4 ), the solvent was removed and the residue was purified by chromatography column (EtOAc/heptane) providing the desired product.

General procedure 4 (GP4): Synthesis of ortho-bromobenzyloximes from corresponding aldehydes.

Hydroxylamine hydrochloride (0.775 mg, 11.15 mmol, 1.2 eq.) was added to a solution of NaHCO 3 (0.915 g, 10.9 mmol, 1 eq.) in 25 mL of water. The solution was added to a vigorously stirred suspension of bromobenzaldehyde (10.9 mmol; 1 eq.) in EtOH (25 mL).

The resulting mixture was stirred for 5h and then left at -20°C overnight. The suspension was filtered, washed with a few mL of cold ethanol and dried under vacuum to give the desired product.

General procedure 5 (GP5): Synthesis of ortho-bromobenzylamines from corresponding ortho-bromobenzyloximes.

To a solution of the corresponding hydroxylamine (7 mmol; 1 eq.) in THF (80 mL) was added a 2N solution of HCl (35.3 mL; 70.7 mmol, 10 eq.), followed by zinc (4. 62 g, 70.7 mmol, 10 eq.). The mixture was vigorously stirred under reflux for 2.5h until the reaction completed.

The reaction mixture was cooled to room temperature, filtered through a celite pad to remove the excess of zinc and condensed under reduce pressure to remove THF. The aqueous layer was extracted with EtOAc (30 mL) and the pH of the aqueous layer was adjusted to >10 by addition of saturated ammonia solution then extracted with EtOAc (3x 30mL). The organic layers were combined and dried over anhydrous K 2 CO 3 , filtered and evaporated to give the crude which was purified by flash column chromatography on silica gel (eluent: EtOAc/2% Et 3 N).

General procedure 6 (GP6): Coupling reactions between ortho-bromobenzylamines and naphthalene triflates.

To a Schlenk-type flask were added under argon Cs 2 CO 3 (170 mg, 0.52 mmol, 2.0 eq.), triphenylphosphine (7 mg, 0.026 mmol, 0.10 eq.), a solution of MeCN (6 mL) containing the aryl triflate (0.29 mmol, 1.1 eq.), the 2-bromobenzylamine (0.26 mmol, 1 eq) and norbornene

(245 mg, 2.6 mmol, 10 eq.) and Pd(OAc) 2 (6 mg, 0.026 mmol, 0.10 eq.). The same procedure could be adopted using 2-bromobenzylamines hydrochloric salts by adding 1 more equivalent of base in the reaction vessel. The resulting suspension was stirred with a magnetic bar at 130 °C until visible formation of palladium black (usually 48 h). Consumption of starting materials was assessed by 1 H NMR. The mixture was then allowed to cool to room temperature, diluted with EtOAc (30 mL), washed with a saturated K 2 CO 3 solution (3 × 30 mL) and dried over MgSO 4 . The solvent was removed under reduced pressure and the products were isolated by flash column chromatography on silica gel. Following GP2, from 92 (0.28 g), was obtained 90 as a white solid in quantitative yield. The product was shown to be spectroscopically identical to the material described in the literature. Following GP2, from 93 (0.3 g), was obtained 91 as a white solid with 92% yield. The product was shown to be spectroscopically identical to the material described in the literature. 4,148.8,145.3,132.5,127.3,123.8,123.5,118.7 (c,J = 320.5 Hz),116.4,104.7,101.7,97.4.

6,7-Dimethoxynaphthalen-1-yltrifluoromethanesulfonate, 89b

Following GP3, from 11 (1.40 g) were obtained 2.04 g (89% yield) of the product as a pale yellow solid.

1 H-NMR (500 MHz, CDCl 3 ) δ (ppm) 7.67 (dd, 1H, J = 1.6, 6.9 Hz), 7.32-7.28 (m, 3H), 7.14 (s, 1H), 4.00 (s, 3H), 3.99 (s, 3H).

13 C-NMR (75 MHz, CDCl 3 ) δ (ppm) 151. [START_REF]) δ (ppm[END_REF]150.5,144.7,131.1,126.6,123.5,122.0,118.7 (c,J = 319.8 Hz),116.4,106.4,99.3,56.0,55.9. 1.5.3.4. Preparation of the bromobenzyloximes 2-bromo-4,5-dimethoxy-benzaldehyde oxime,28 96

Following GP4, from 2-bromo-4,5-dimethoxy-benzaldehyde (2.67 g), was obtained 2.72 g (96% yield) of the product as white cristals which was shown to be spectroscopically identical to the material described. 6-bromo-1,3-benzodioxole-5-carbaldehyde oxime 28 , 97

Following GP4, from 6-bromo-1,3-benzodioxole-5-carbaldehyde (2.50 g), was obtained 1.96 g (72% yield) of the product as white powder which was shown to be spectroscopically identical to the material described. Following GP5, from 96 (1.82 g), was obtained 1.43 g (83% yield) of the product as white powder which was shown to be spectroscopically identical to the material described. 13 C NMR (75 MHz, CDCl 3 ): δ (ppm) 147. [START_REF]13 F 3 O + 230[END_REF]147.2,135.5,113.6,112.8,109.1,101.7,46.8. 1.5.3.6. Benzo[c]phenanthridines compounds 3, 149.7, 149.6, 148.0 (x2), 138.4, 129.3, 128.4, 127.9, 126.4, 121.8, 119.8, 119.2, 107.8, 104.5, 102.4, 101.4, 100.9, 56.2, 55.7.

2,3,8,9-Tetramethoxybenzo[c]phenanthridine (O-methylnorfagaronine), 83

Following GP6, from the triflate 89b (97 mg) and the bromobenzylamine 86 (64 mg), 58 mg were obtained as a whitesolid (64%). 150.0, 149.9, 149.7, 149.6 (C6), 14003, 128.9, 128.3, 127.5, 126.1, 122.1, 119.8, 118.0, 107.3, 107.0, 104.2, 101.6, 56.2, 56.1(x2), 56.0. Following the GP6 from the triflate 88b (93 mg) and the bromobenzylamine 87 (60 mg), 61 mg were obtained as a white solid (74%). 7, 148.1, 147.9, 141.9, 130.5, 129.6, 129.4, 126.7, 123.1, 122.4, 120.3, 119.2, 104.9, 104.6, 102.2, 101.5, 101.0, 100.1.

2,3-dimethoxybenzo[c][1,3]dioxolo[4,5-j]phenanthridine (Norallonitidine), 85

Following GP6, from the triflate 89b (97 mg) and the bromobenzylamine 87 (60 mg), 52 mg were obtained as a white solid (60%) 13 C NMR (75.4 MHz, CDCl3): δ 151. 5, 149.8, 149.5, 147.7, 139.6, 130.4, 128.0, 126.4, 126.1, 123.1, 119.9, 118.8, 107.5, 104.8, 103.7, 102.1, 100.0, 55.5 (x2).

PART gave the name of "phène" 33 to the radical of the chlorophenesic acid, from the ancient Greek verb "" meaning bringing to light, because benzene was found in illuminating gas (acetylene). This word was the root of well-known words that chemists use nowadays, such as "phenyl" or "phenol". At the time, all scientists worldwide pointed the differences between "benzin" and classical hydrocarbon chain but none of them had an idea about the chemical structure. The theory of carbon tetravalency 34 permitted scientists to assign structures to linear saturated molecules such as butane or hexane, but also to linear unsaturated products such as acetylene. 35 Nevertheless, no one could imagine a cyclic structure at that time. In 1865, August Kékule, a German chemist, was the first to postulate a cyclic structure in which "the carbon is more condensed than fatty substances". 36 He described a sort of core composed by six carbon atoms common to all aromatic compounds. He followed the formulation reported by Hofmann in 1855 to classify a family of smelly acidic compounds he named 'aromatics". 37 In 1866, the French chemist Marcelin Berthelot was able to synthesize benzene from acetylene. The electric arc formed between carbon poles under hydrogen atmosphere in a special glass that he called "oeuf électrique" or also "calorimeter bomb" proved its usefulness in the synthesis of actelyene (Figure 12). 38 Berthelot used the same method to realize acetylene polymerization, forming mainly benzene but also toluene and styrene as byproducts. This was the first demonstration that it is possible to effect simple conversion of an aliphatic to an aromatic compound (and by the way, the first example of eco-compatible [2+2+2] cyclotrimerization). 39 Despite his success in acetylene and benzene synthesis, Berthelot remained outside the development of chemical structures pioneered by Butlerov and Kekulé. Instead of that, he distinguished chemical compounds according to their degrees of saturation, e.g. C 2 H 6 was a "carbure complet", C 2 H 4 a "carbure incomplet" and C 2 H 2 a second order "carbure incomplet". According to this system, he considered benzene as an incomplete hydrocarbon of the fourth order.

It took until 1872 to see the first rational structure of benzene 40 represented on figure 13. Kekulé described two static structures containing three fixed double bonds in which each carbon atom is linked to one atom of hydrogen, one atom of carbon and twice to a second carbon nucleus. He reported two isomers of this triene (Figure 13), which will be proved later to be equivalent through the existance of the C 6 symmetry axe. At the end of 19 th century, Kekulé's theory was not unanimous. 41 results on graphite carbon powder led to two proposals (Figure 14). double bond (1.33 Å). They also postulated that if graphite carbon occured in a planar conformation, benzene should have the same arrangement. In the other side, Hull 46 proposed a hexagonal but puckered structure with carbon diameter of 1.54 Å. Each carbon of this structure possesses a tetrahedral arrangement and could be derived from diamond. But in fact, the projection the puckered hexagon on the (0001) plane of graphite is perfectly identical to the planar structure described by Debye and Scherrer.

Because of the difficulty to obtain benzene crystals, investigations have been made on liquid benzene and powder. Many crystallographers studied the conformation of benzene units, 47 but so far the only facts established are the unit cell dimensions, the space group, the number and approximate positions of the molecules in the cell and the central but not planar symmetry of the molecule. In parallel, Bragg 48 and Plummer 49 exploited the more easily crystallizable naphthalene, anthracene and hexabromobenzene and showed that all the species were centro-symmetric and all their atoms are on the same plane embedded in a flat configuration. In the same time, Hassel and Mark 50 and, independently, Bernal bond are omitted). The double bond character is stronger in benzene's case and thus leads to a smaller carbon-carbon bond length than graphite.

Electronic properties of aromatic compounds

The structure of benzene discovered by Kékule was admitted by the scientific community but experiments on benzene showed that this species is significantly more resistant to oxidizing and reducing agents than classical olefins. Armstrong 57 and von Baeyer 58 (Figure 16a). However, he did not gain recognition because of deficiencies in this axiom such as the case of nitrogen-containing compounds. Several years later, Thiele proposed a structure in which each bonds shares a partial valence with its neighbors in order to justify the weaker reactivity of benzene compared to olefins (Figure 16b). He also postulated that all cyclic compounds possessing a conjugated system of double bond are aromatic. Thiele's hypothesis was invalidated after the report of the synthesis of cyclooctatetraene by Willstätter 59 which proved to be an olefinic compound rather than an aromatic one.

The discovery of the electron and thus, of the electron theory of valence allowed chemists to think about benzene structure with a rather different approach. Much inspired by Lewis' octet-rule 60 and Crocker's work 61 , Armit and Robinson 62 reported six-membered ring carbon cycle bearing a system of six electrons which resists disruption. They called this system the "aromatic sextet" and the representation is showed on figure 17. This delocalized system results from a combination of six -electron in a stable association which is responsible for the aromatic character. This theory reminds what

Armstrong proposed several years before if we replace the term "affinity" with the word "electron". Armit and Robinson pointed out that the sextet rule can be applied on heteroaromatics like pyridine for instance, but even to smaller molecules such as thiophene, pyrroles or furan. This implies the participation of one lone electron pair of the heteroatom to the delocalization of electrons. Thanks to this observation, they could reason, as others, 63 on the basicity or the acidity of several compounds (Figure 18). Pyridine 100 and pyrrole 101 are two nitrogen-containing aromatic heterocycles which respect the sextet rule but differences on their Brönsted basisity can be noted. In the case of pyridine (Figure 18a), the lone pair is not involved in aromaticity and thus remains available to play the role of a base. On the contrary, the lone pair on nitrogen in the pyrrole molecule is involved in the aromatic sextet and is not available anymore. This can justify why pyrrole is a weaker base. Another example is the Brönsted acidic character observed for the cyclopentadiene 102 (Figure 17b). The deprotonation of this compound leads to the stable anion 103 which possesses six  electrons. The aromatic sextet provides stability to this anion and explains its acidic character.

Several electronic benzene formulas have been reported but none of them were relevant and will not be discussed here. 64 After the birth of quantum mechanics, physical chemists attempt to solve the electronic benzene structure. The planar chemical structure was proven by Lonsdale Pauling, J. Am. Chem. Soc., 1926, 48, 1132-1143. g) H. J. Lucas, J. Am. Chem. Soc., 1926, 46, 1827-1838. 65 H. F. Biggs, Philos. Mag., 1928, 6, 659-664. 66 J. C. Slater, Phys. Rev., 1931, 37, 481-489. 67 E. Hückel, Z. Physik, 1931, 70, 204-286. dissociate -electrons from the  ones. According to the molecular orbital theory, it was stated that a double bond is composed by a -bond in which the recovery of the two atomic orbitals is linear and by a -bond in which the recovery between two atomic orbitals is orthogonal (Figure 19). Hückel examined the aromatic sextet with the two approximate methods of quantum chemistry available at that time, namely Valence Bond (VB) and Molecular Orbitals (MO).

Without going into details, wave function for VB theory is a linear superposition of the wave functions that represent all the canonical structures. For the MO theory, the wave function is the linear combination of atomic orbitals of each atom contained in the molecule. Hückel concluded that because the MO method could explain the stability of aromatic sextet, it would be more suitable to treat -electrons than the VB method. These results were contradicted by Pauling and Wheland in 1933, who found that benzene stability was due to the resonance of five canonical structures using VB method (Figure 20). However their results were considered uncertain because they indicate that cyclobutadiene should have been more stable than benzene. All this calculations were made taking into account only the six -electrons but not the  ones. This was the observation of Penney when he reported his results in 1934. 68 Using the VB method, he found that the stability of benzene mainly depended on the -bonds.

At that time, quantum mechanics did not provide clear results, perhaps because even if the methods of calculation were efficient, chemists' overview of the benzene problem was partially limited. Hückel and others were engaged in a global race for the discovery of what rules make aromatic compounds so stable. The answer of this question was very close and it was the introduction of the "mesomeric effect" theory which helped them to solve the problem.

In parallel to quantum mechanics studies, the discovery of the electron allowed organic chemistry to make a lot of progress, especially concerning the understanding of electronic 68 W. G. Penney, Proc. R. Soc. London A, 1934, 146, 223-238. 69 K. E. Cooper, C. K. Ingold, E. H. Ingold, J. Chem. Soc., 1926, 129, 1868-1872. This new vision of electronic effects was recognized to be possible by the scientific community and was applied to the case of aromatic electrophilic substitutions. 70Experimentally, it is known that the selectivity of electrophilic substitutions on monosubstituted aryls depends on the type of the substituent (Figure 21a). If the substituent is electrowithdrawing such as an ester or a nitro group, the orientation is in meta-position. On the contrary, if the substituent is an electrodonating group such as ethers or alkyl fragments, the orientation of the electrophilic substitution is in ortho and parapositions. After many argumentations between Hückel, Robinson and Ingold, calculations of aromatic sextet were made by Hückel 71 to observe the charge distribution as a function of substituents in order to justify the selectivity experimentally observed (Figure 21b). The calculated charges were completely the opposite of what was observed at the bench. These results showed that the theory of the "aromatic sextet" was maybe not efficient enough to describe benzene bonding unlike that of mesomeric effects (Scheme 23). The mesomeric effect of benzene bearing an electron-donating group leads to four canonic forms which can explain the selectivity of aromatic electrophilic substitution. The negative charge of the zwitterion created by the delocalization of electrons leads to three nucleophilic positions in ortho and para of mono-substituted rings. On the opposite, the presence of an electron-withdrawing group provides another delocalized system. The delocalization forms too a zwitterionnic species but this time it is a positive charge that results stabilized on the aromatic ring. Electrophilic positions are found in ortho and para positions and so nucleophilic positions results in meta. This corresponds to the selectivity experimentally observed. Hückel accepted mesomerism principle and, through the aid of MO theory, he expressed what we call nowadays "Hückel's rules" for aromaticity:

 A conjugated delocalized -system, most of time, arranged in alternated single and double bond.

 All atoms of the molecule are on the same plane.

 Contributing atoms are arranged in one or several rings.

 4n + 2 delocalized -electrons (n is a positive integer).
At that time these rules gained no credit however, because they were not applicable to the stable seven-membered ring tropolone's family 108a-c (Figure 22a) isolated in 1942. In 1945, Dewar attributed them a seven-membered ring structure and an aromatic character. 72 The tropone skeleton is composed of a conjugated triene part and a carbonyl group. At that time this structure was more easily explainable with the aromatic sextet rule than with Hückel's rules (Figure 22b). 73 Other chemists such as Dauben Jr., thought that mesomerism 72 M. J. S. Dewar, Nature, 1945, 155, 50-51. 73 a) W. v. E. Doering, F. L. Detert, J. Am. Chem. Soc., 1951, 73, 876-877. b) W. v. E. Doering, L. H. Knox, J. Am. Chem. Soc., 1952, 74, 5683-5687. theory could explain the stability of this ring by the delocalization of a positive charge (Figure 23). Doering stated that the degree of stabilization of the positive charge was very large and in accord with molecular orbital theory, therefore also with Hückel's rules. The cycloheptatrienylium cation appears as a new aromatic system in which very large resonance energy originates specifically from the cyclic nature of the system. At this point, the "aromatic sextet" rule was completely abandoned to describe aromatic systems in favor of Hückel's rules.

Hückel's rules have been accepted to describe monocyclic aromatic compounds however, as Roberts mentioned, 75 these rules cannot describe every polycyclic aromatic system, For example, pyrene 113 is a planar tetracycle which own a full delocalized double-bond system.

It is yet considered as an aromatic compound while it possesses 16 delocalized -electrons (Figure 24). The same observation has been made for coronene 114 which possesses 24 delocalized electrons and it is also planar. Since a long time, the case of cyclobutadiene 115 has been open to debate but it was classified as non-aromatic compound because of its only four delocalized -electrons which did not respect Hückel's rules. 68,71,76 The smallest and simplest organic aromatic is the cyclopropenyl cation. Composed of two -electron and a positive charge, the core of this species has been synthesized the first time in 1958 by Ronald Breslow. 77 This cation was obtained by removing a cyanide from 116 with boron trifluoride etherate (Scheme 25).

Scheme 25 : First synthesis of the cyclopropenyl cation by Breslow.

Breslow described the cationic compound 117 as a stable cycle in spite of its cycle strain.

By NMR analysis, he only observed one phenyl signal compared to the two signals of the starting material 116. Later, the synthesis has been improved 78 and the cyclopropenyl cation

[C 3 H 3 ] + has been isolated.
To summarize, aromaticity is a bonding mode that enables to minimize energetic levels of molecules. In most cases, it appears to be effective when theses molecules, respect some 76 a) G. W. Wheland, J. Am. Chem. Soc., 1941, 63, 2025-2027. b) Soc., 1970, 92, 984-987. specific criteria, namely, Hückel's rules. Each aromatic molecule possesses resonance energies due to the delocalization of -electrons in the orbitals that are orthogonal to the plane of the cyclic molecule. This system of parallel orbitals creates an electronic ring upon (and below) the cycle that stabilizes the whole structure. These observations are somehow straitfoward nowadays for aromatic compounds containing main group elements because all of them have "s" and "p" electron shells. However, the concept of aromaticity can be also applied to molecules owing d-type electrons. They will be discussed in the following part.

All-Metal Aromaticity

All-metal aromaticity is a little bit different from classical aromaticity because it involves the participation of d-and sometimes f-atomic orbitals in the construction of delocalized molecular orbitals. The "d" electron shell is present in every atom from the fourth line of the periodic table to the end. In this group of atoms, transition metals are special because their "d" electronic shell is not completed and provides them remarkable and peculiar properties.

Several years before the birth of all-metal aromatic compounds, Thorn and Hoffmann predicted that some hypothetical metallacycles 118 and 119 should exhibit delocalized bonding and some aromatic character (Figure 25). 79 They predicted that electrons in d xz or d yz atomic orbitals of metals could be involved in aromaticity. During the same year, Bursten and Fenske 80 introduced the term of "metalloaromaticity". Inspired by this work, several organometallic chemists isolated and characterized aromatic metallacycles (Figure 26). 81 The first example of osmabenzene 120 was reported by 79 D. L. Thorn, R. Hoffmann, Nouv. J. Chim., 1979, 3, 39-45. 80 B. E. Bursten, R. F. Fenske, Inorg. Chem., 1979, 18, 1760-1765. 81 J. R. Bleeke, Chem. Rev., 2001, 101, 1205-1227. Elliot in 1982. 82 Iridabenzene derivatives 121 were synthesized by Bleeke and coworkers in the following years. 83 The first dimetallobenzene molecule 122 was reported by Rothwell et al.. 84 Despite d-or f-orbitals from metal nuclei are involved in the electron delocalization of these clusters, the resulting aromaticity remains of -like symmetry because of the pronounced contribution of p-orbitals from the organic fragments. The synthesis of this metalloaromatic complex paved the way to the discovery of plenty of metal and metalloid aromatic clusters. 87 . 90 All previously cited clusters are composed by heavy atoms, which have a "d" electron shell, compared to classical aromatic compounds currently found in organic chemistry. Aromatic character is provided by the valence electron shell and in these cases the "p z " ones, creating delocalized molecular orbitals of  symmetry, lead to aromaticity. It is reasonable to think that a possible new type of aromaticity involving d-type atomic orbitals exists.

Nucleus Independent Chemical Shift (NICS)

NICS was introduced by Schleyer in 1996 91 and improved in the following years. 92 NICS indices correspond to the negative of the magnetic shielding computed at chosen points in the vicinity of molecules. The negative values in interior positions of rings indicate the presence of induced diatropic ring currents. This is a hallmark of aromaticity, whereas positive values denote paratropic ring current or anti-aromaticity. On the benzene example depicted on figure 28, all the values from 0 to 3 Å are negative as expected for an aromatic ring. As Schleyer stated, NICS has several advantages compared to other aromaticity criteria.

It does not require reference standards or increment schemes. It depends a little bit of the ring size but mostly of the number of delocalized -electrons and it can be computed in an easy manner. All these advantages make NICS a method of choice to identify aromatic systems.

-type aromaticity

It would be improper to talk about -aromaticity without saying a few words about bonding in metal-metal bonds. In 1964, Cotton and coworkers 93 reported the structure of [Re 2 Cl 8 ] 2-124 in which the Re-Re bond is considered as very strong and unsupported by halide bridges (Figure 29). Quadruple Re-Re bond was measured 2.24 Å. This is lower than single Re-Re bond, 2.62 Å, but interestingly, higher than a triple Re-Re bond evaluated at These studies showed that it was possible to observe and characterize -bonds in metalmetal bonding. The presence of this bonding mode suggests that cyclic multicenter species composed with transition metals and with completely delocalized -bond could exist and potentially provide -aromatic compounds as analogous of -aromatic molecules made combining main group elements.

Indeed, the first -aromatic compound was identified by Boldyrev and Wang, 95 in the form of a tantalum triangular anion 126 in which each metal is bridged by an oxygen atom (Figure 31). 

Stable triangular all-metal aromatics

Since its opening 50 years ago, numerous triangular clusters have been deposited in the Cambridge Crystallographic Data Center. Though their numbers increased a lot these past years, only a few of them are metalloaromatics and will be shortly described in the following sessions.

Robinson trigallium cluster

In 1995, Robinson and coworkers 85 published the structure of a twice negative charged gallium triangle in which each gallium atom bears a bulky 2,6-mesitylphenyl ligand. The cluster was obtained from gallium trichloride and 2,6-mesitylphenyl lithium 127 and it was isolated in 50% yield after two steps (Scheme 26). This synthesis is however not easy to handle because it employs sensitive and harmful reagents. They required furthermore a glovebox to be safely manipulated.

Scheme 26 : Synthesis of Robinson's cyclogallene.

The trigallium core composes an equilateral triangle in which the three Ga-Ga-Ga angles are perfectly equal to 60°. All Ga-Ga bond lengths are equal to 2.441 Å. This is smaller than the Ga-Ga single bond of the dimer [[(Me 3 Si) 2 CH] 2 Ga] 2 previously synthesized and than the diameter of gallium metal, 2.541 Å and 2.70 Å, respectively. Interestingly, the position of the two sodium atoms are above and below the triangular plane. They are arranged in a perfect trigonal pyramid in which the distance [Ga 3 ]-Na is 3.220 Å. Concerning electronical properties, the gallium core can be considered as the association of two Gallium(0) with one Gallium(I). According to its -aromatic character provided by 3p-orbitals of Gallium, it can be also described as three Gallium(I) with two delocalized electrons. Anyway, the formal oxidation state of each gallium atom is not an integer but 1/3 because there are two negative charges delocalized on three metallic centers. Compound 123 was the first -aromatic allmetal analogue of the cyclopropenyl cation [C 3 H 3 ] + .

(tris)gold clusters

Very recently, Sadighi and Bertrand independently reported two different approaches towards aromatic (tris)gold complexes.

Sadighi's approach

In 2012, Sadighi and coworkers reported the synthesis of a (tris)gold monocation 96 which is an isolobal analogue of the [H 3 ] + cation. This cationic species bears a bluky NHC carbene ligand on each gold atom. The synthesis depicted on scheme 26 starts from two gold complexes 129 and 130 which forms the cationic siloxide-brigded digold cluster 131. This intermediate reacts with another equivalent of 129 under a carbon dioxide atmosphere to give the cationic (tris)gold carbonate 132. The slow reduction of 132 under a carbon monoxide atmosphere at room temperature provides the desired (tris)gold cluster 133 with 41% yield.

However, a glovebox is also needed to prevent its decomposition by oxygen and moisture, as for Robinson's synthesis for [Ga 3 ] 2-.

Scheme 27 : Synthesis of Sadighi's (tris)gold cluster.

Contrary to what one might think, the (tris)gold core is not an equilateral triangle. Au-Au bonds are between 2.644 and 2.663 Å and the angles between 59.60° and 60.33°. Despite bond lengths are not equal, the -type highest occupied molecular orbital represented in figure 32, composed mainly from 5s orbitals of gold atoms, shows a completely delocalization of electron density on the three gold atoms. This is consistent with the presentation of this molecule as a -aromatic one. Furthermore, this cluster possesses a significant gap between its frontier orbitals of 5.42 eV, which is reminiscent of that found in [H 3 ] + and that makes this species relatively inert. Following the same principles of 123, the formal oxidation state of each gold atom is +1/3.

Bertrand's approach

In 2014, Bertrand and coworkers proposed another method to synthesize a similar tris(gold) cluster (Scheme 28) by using cyclic (alkyl)(amino)carbenes (CAAC). 97 The reduction of 134 with Ag 2 O in presence of NaBF 4 affords the (tris)gold based pyramid 135.

By putting 135 under a carbon monoxide atmosphere, a subsequent reduction step occurs to provide the desired product 136. 97 L. Jin, D. S. Weinberger, M. Melaimi, C. E. Moore, A. L. Rheingold, G. Bertrand, Angew. Chem. Int. Ed., 2014, 126, 9205-9209. Scheme 28 : Bertrand's synthesis of (tris)gold clusters.

Bertrand stated that 136 is indefinitely air and moisture stable compared to 133. This could be attributed to the chosen CAAC ligands 98 which are more electron donor than NHCs or phosphines and thus give a better stabilization to the cluster. This compound possesses similar properties to the tris(zinc) 137 even though its core is an isosceles triangle (Figure 34). Both Cu-Zn-Zn angles are of 60.34° whilst the Zn-Cu-Zn angle is of 59.33°. The two Cu-Zn bond distances (2.381 Å) are slightly shorter than in 137 and so as the Zn-Zn bond, which was 2.357 Å. The negative NICS values also confer an aromatic character to this heterocluster. However these compounds are unfortunately not stable at room temperature and neither to air and moisture.

2.1.2.3.4. Maestri's tripalladium cluster

First generation synthesis

The structure of novel Pd 3 + clusters was serendipitously found when our team was investigating the oxidative addition ability of the C-S bond of isothioureas on low valent palladium complexes. The first generation synthesis of the Tripod cluster was realized with reaction conditions depicted in scheme 29. 100 The isothiourea reacts with one equivalent of Pd(dba) 2 and one equivalent of triarylphosphine in degassed dichloromethane under argon 100 S. Blanchard, L. Fensterbank, G. Gontard, E. Lacôte, G. Maestri, M. Malacria, Angew. Chem. Int. Ed. 2014, 53, 1987-1991. atmosphere. After adding silver hexafluoroantimonate at full conversion, the cluster can be isolated in the form of red powder after filtration and washings with cold diethylether. In contrast with previously reported all-metal aromatic clusters, these powders revealed to be very stable to air and moisture and can be stored without any drastic precautions. In comparison with Boldyrev's work, 95 this new family of tripalladium clusters is the first stable and isolable -aromatic species analogue of the cyclopropenyl cation.

Scheme 29 : Pd 3 + tripod first generation synthesis.

The formation of this triangular cluster seems to occur via oxidative addition of isothiourea's C-S bond on palladium(0) because only the presence of the thiolate moiety is observed in the final product. Whatever the nature of the aryl substituents R and R' (electrondonor or electron-withdrawing), this methodology provides Pd With this strategy, only clusters with aryl substituents could be obtained. If an alkyl phosphine or an alkyl isothiourea is used, intractable mixtures and very poor yield were observed. Despite the good selectivity towards the formation of the desired clusters, the synthesis of the isothioureas reveals to be much less convenient. According to the procedure reported by our group, 101 isothioureas could be obtained in two steps from isothiocyanates derivatives (Scheme 30).

Scheme 30 : Synthesis of isothioureas in two steps from isothiocyanates.

This methodology provides differently substituted isothioureas with yields between 19 and 93% in a fast and convenient manner. For our cluster synthesis however, this procedure is not that effective because only the thiolate moiety of the starting material is kept in the palladium complex structure. This strategy is thus not atom-economic and need to be improved.

Steric and electronic properties

Our cluster of interest possesses a core of three palladium atoms perfectly arranged in an equilateral triangle. Each palladium atom bears a phosphine group and two palladium atoms are respectively bridged by a thiolate moiety (Figure 35 and a symmetry plane that contain the palladium core. It is commonly observed that in many Pd(II) dimers, their square planar configuration is not suitable to an adequate overlapping of d z² orbitals and this leads to increase the energy level of the corresponding molecular orbital, which is usually the HOMO instead. 102 In the case of our cluster, the overlapping of these atomic orbitals is optimal and thus reduces the energy level of the corresponding MO. The last represented molecular orbital is the HOMO -36 DFT calculations brought us another data which is interesting and strange at the same time. The measurement of the quadrupole moment, in fact the component towards z axis of the magnetic tensor, leads to a value of -52 Buckingham, which is largely negative. It is stated in the literature that molecules having a large negative quadrupolar moment possess a Lewisbasic character and thus should bind other cations. However, the palladium core also bears a delocalized positive charge which gives to it a Lewis-acidic character. These characteristics are reminiscent of Frustrated Lewis Pairs (FLP) which are pairs of molecules containing Lewis acid and Lewis base moieties. These observations will be discussed more thoroughly in the next part.

Nucleus independent chemical shifts (NICS) were calculated on 143 and also on its theoretical tricationic analogue in which the two electrons of the HOMO were voluntarily removed. The results are plotted in figure 37. Calculated chemical shifts for 143 showed to be negative from 0 to 5 Å above the palladium core plane. According to NICS theory, these results are in agreement with the presence of an aromatic ring current. Interestingly, the same calculations for the tricationic analogue of 143 showed positives theoretical chemical shifts at the same distances. As expected, the removal of two electrons of the HOMO resulted in the loss of the aromatic character of the cluster.

Concerning classical analysis, the tripalladium pattern coupled with its monocationic charge makes this cluster easily suitable for ESI-MS analysis (Figure 38). Besides its heavy molecular weight, the peculiar isotopic pattern of this cluster is very characteristic and renders it easy to identify (Figure 38 Left). Moreover, the NMR spectrum of thiolate substituents (Figure 38 Right) shows a particular chemical shift distribution. In most of palladium-thiolate clusters, chemical shifts lies in the area between 6.80 and 7.50 ppm and the distribution is usually in the ortho/para/meta order (from lower chemical shift to the higher) thanks to the inductive effect of the sulfur atom. In the case of our tripalladium cluster, the chemical shift is in ortho/meta/para order instead and this can be explained by the presence of a shielding cone perpendicular to the palladium-containing plane. Indeed, in every aromatic system, electron delocalization creates a magnetic field that can affect the electronic environment of each atom included in it even though its effect decreases with the distance.

To have more information on the electronic structure of this new family of clusters, measurements of magnetic susceptibility were realized by SQUID experiments on complex 143. Usually, SQUID experiments are a tool to enhance the paramagnetic or the diamagnetic properties of chemical species. 103 For example, spin ½ paramagnetic radical molecules such as 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) have a magnetic susceptibility value T of 0.5 emu.K.mol -1 at 300K. This value decreases proportionally with the temperature to zero value at 0 K. On the contrary, diamagnetic molecule does not exhibit magnetic susceptibility with a T of 0 emu.K.mol -1 . Complex 143 showed an intermediate value of 0.41 emu.K.mol -1 and also proved to be independent of the temperature between 300 and 20 K. The same 103 a) J. Aihara, J. Am. Chem. Soc., 2006, 128, 2873- peculiar observations were made for other species presenting -electrons ring currents. 104 In agreement with these data, the presence of a ring current in diamagnetic complex 143 was justified.

Results and discussions

Aim of the project

The previously described -aromatic tripalladium clusters were isolated in our team starting from isothioureas. However the way to get these compounds was not convenient and the first part of the project was to improve this synthesis. The second part concerned the extension of the synthesis towards analogues of the tripod cluster in order to verify if the principle of -aromaticity could be extend to heteroclusters, like Fischer proved for - The fourth part of the project was to exploit the stability of the cluster coupled with its potential Lewis dual-nature in order to realize the first catalytic application of an all-metal aromatic complex. This latest will be described in Part 3 of this manuscript.

Second generation synthesis of tripalladium clusters

The synthesis of palladium tripod from isothioureas was serendipitously found when our team was interested on the activation of carbon-sulfur bonds. However, the isolated product only bore the thiolate moiety. According to the fact that isothioureas are difficult to synthesize even with the methodology well developed in our group, 101 we were concerned by the atomeconomy of this synthesis. The loss of the aminoacetamide moiety during the process was a problem that we had to overcome. Moreover, the synthesis of tripalladium clusters using Salkyl isothioureas led to intractable mixtures. It would be very appropriate to find a new way to synthesize our complex of interest by merging a more atom-economic process and a more substituent-tolerant synthesis.

To bypass these problems, we turned ourselves towards the activation of disulfides by transition metals. It is known since decades that palladium(0) can catalyze the addition of disulfides or diselenides on terminal alkynes (Scheme 31).105 

Scheme 31 : Disulfide or diselenide addition on terminal alkynes catalyzed by palladium(0).

Ananikov et al. 106 studied the mechanism and found that a palladium(II) dimeric species (Figure 39) was involved in the reaction as proposed by Graziani 107 several years ago. These works showed that palladium(0) is able to activate S-S bond and thus we decided to test this method in order to get the palladium tripod cluster. The first experiment that we tried was performed with one equivalent of 4-chlorophenyldisulfide, two equivalents of tri(ptolyl)phosphine and two equivalents of Pd(dba) 2 in degassed chloroform (Scheme 32). In contrast with the first generation synthesis, reactions in dichloromethane did not work.

Scheme 32 : First trial involving disulfide as starting material.

After four hours stirring in chloroform at room temperature, the starting dark violet solution turned to dark orange and we were excited to observe the formation of the desired cluster almost without formation of any byproduct in crude 1 H NMR analysis. After addition of silver hexafluoroantimonate, we managed to purify the complex by the reported method.

After evaporation of the solvent, the resulting dark brown solid was washed with cold diethyl ether via canula. The dark red solid obtained was solubilized in THF and filtered through a celite pad. THF was removed in vacuo and the desired cluster was isolated as red solid with 89% yield. We were particularly satisfied to observe that this method worked well with good selectivity starting from commercially available reagents in a one-pot procedure. Just by curiosity, we then wanted to go further and test other disulfides, especially alkyl ones, in order to synthesize other examples of [Pd 3 ] + . We thus did the same reaction with dimethyl disulfide 146 and tri(4-Fluorophenyl)phosphine 147 (Scheme 33).

Scheme 33 : First experiment with dialkyl disulfide.

Crude 1 H NMR and ESI-MS analyzes of this sample were beyond our expectation. The starting material was totally consumed, the major product being tripalladium triangle 148 together with traces of phosphine oxide were observed. We managed to do the usual treatment to remove the excess of dibenzylideneacetone (dba) in order to purify the cluster but we observed that the cluster was partially soluble in cold diethyl ether (Table 5, Entry 1).

According to this observation, another purification method needed to be found. We first thought that diethyl ether was a too polar solvent so we chose to try several less polar solvents, such as methyl tert-butyl ether (MTBE). MTBE at -78 °C did solubilize neither dba nor 148 while the same solvent at room temperature solubilized both. Indeed, 1 H NMR analysis of the fraction showed the presence of the cluster (Table 5, Entries 2 & 3). We then chose to use even less polar solvents. By using n-hexane at -78 °C, nothing was soluble.

Entry

At room temperature, dba was slightly soluble but the cluster was not (Table 5, Entries 4 & [START_REF]13 F 3 O + 230[END_REF]. The use of several liters of n-hexane permitted us to isolate the desired complex with high yields, but through this method, the "green" side of our new synthesis would be badly affected. n-pentane solubilized dba at -78 °C and at room temperature ( We tested four polar solvents coupled with n-hexane. According to the observed results, oxygen-containing solvents at room temperature were less efficient than chloroform to precipitate this cluster. Even if diethyl ether at 0 °C leads to the precipitation with a volume ratio of 1/30, we chose to keep the chloroform/n-hexane duet for the following of our studies.

Having this new method of purification in hands, we then applied it to the synthesis of other clusters ( We first wanted to obtain clusters which were synthesized with the first generation method in order to compare the efficiency of the synthesis (Table 7, Entries 1 to 3). Despite cluster 140 get a 4% lower yield than the first generation synthesis, 143 and 145 were isolated instead with almost quantitative yields. Classical NMR and mass analyses revealed to be the same and this proved that the second generation is at least as efficient as the first one. The synthesis tolerates others silver salts ( 7). This difference could be explained by the steric hindrance that is more important in the case of S-aryl clusters than in S-methyl ones.

Good to excellent yields were observed for the synthesis of tripalladium aromatic clusters in a one pot procedure and starting from commercially available reagents. The robustness and the flexibility of this synthesis have been tested and it tolerates alkyl and aryl substituents that the first generation synthesis could not support. To go further, we proposed to extend this outstanding methodology to the creation of analogues of [Pd 3 ] + clusters.

Toward the synthesis of analogues of [Pd 3 ] +

At this point, we hoped that our methodology could be extended to other clusters.

According to Beletskaya et al., 106 palladium(0) easily undergoes oxidative addition on disulfides but also on diselenide which can be a good starting point to our trials. In another side nickel and platinum are valence isoelectronic to palladium and could provide the same reactivity. This work was realized in collaboration with Dr. Yanlan Wang. 109

Analogues.

To extend our methodology to platinum analogues, we first had to synthesize Pt(dba) 3 by using standard procedure reported in the literature. 110 This compound in hands, we put it in reaction in order to get [Pt 3 ] + (Table 8). Even if analogues of [Pd 3 ] + were isolated with modest yields, the methodology proved its feasibility in term of tolerance of functional groups. According to the fact that platinum has isoelectronic properties of palladium, we wondered that if we could be able to synthesize mixed bimetallic Pd/Pt clusters in order to study their metal-metal bonding.

Entry Complex R' R M Y Yield 1 155 4-Cl-C 6 H 4 - 4-F-C 6 H 4 - Pt S 60% 2 

Mixed palladium and platinum heteroclusters

In the large library of trimetallic-core complexes, almost 300 X-ray structures contains Pd 3 or Pt 3 triangle pattern. However, no PdPt 2 cluster has been reported yet and only two clusters containing the Pd 2 Pt core were described (Figure 40). Reaction with ratio A provided a mixture of several trimetallic complexes which could be easily identified by HRMS thanks to their heavy molecular weights and typical isotopic patterns (Figure 41). 149 was identified to be the major product (66%) but we were delighted to observe cluster 161 in a 21% ratio. 162 and 155 were also detected in respectively 7% and 2% ratios.

In spite of the unexpected ratio of these four products, the presence of Pd Magnetic susceptibilities were measured by SQUID experiments and gave the values of 0.22 and 0.26 emu.K.mol -1 respectively for complexes 161 and 162. These values were much lower compared to those observed for their homonuclear analogues but significantly higher than the quasi-symmetric but non-aromatic triangular cluster [Pd(CO)PPh 3 ] 3 which had a value of 0.04 emu.K.mol -1 . 115 . The decreases of these values are not very surprising according to the fact that heteroarenes usually presents lower diamagnetic susceptibility than the corresponding arenes. 103 The measured susceptibilities reminded almost independent from temperature above 20 K, in agreement with the presence of a ring current in these diamagnetic clusters.

Molecular modeling based on the crystalline structures of 149, 161, 162 and 155 was realized. After optimization of the structures without any symmetry constraint, we were surprised to observe that these four complexes had the same bonding HOMOs (Figure 43).

The major part of the electron density of each of these MO is composed by combination of NICS have been also realized on these four clusters and the results are plotted on Figure 45. Theoritical chemical shifts have been calculated from a distance of 0, 0.2, 0.5, 1, 2, 3, 4 and 5 Å respectively above and below the metallic plane. The chart showed that they display negative values for all calculated points and thus confirmed the presence of cyclic delocalization of electrons. The trend of the curves parallel that described for Pd 3 triangles obtained from S-aryl isothioureas.

In conclusion, the second generation synthesis of all-metal aromatic [Pd 3 ] + clusters was optimized in our group, especially the purification method. This method showed good to excellent yields from commercially available reagents compared to the first generation one.

Most of all, it proved its robustness and its feasibility enabling an extension to analogue clusters. Platinum triangles [Pt 3 ] + could be isolated and showed a triple aromaticity (,  and ) as their palladium homonuclear palladium peers. Doubly ( and ) aromatic heteronuclear clusters [Pd 2 Pt] + and [PdPt 2 ] + owned the same electronic and structural properties as homonuclear ones. On this pattern, palladium and platinum were equivalent and shared the formal +4/3 oxidation state. 

Non-covalent cation- interactions

Non-covalent -interactions are weak interaction compared to covalent bonding but they help to stabilize the relevant structures. Carbon graphite described above is a key example.

With its superimposed planar sheets in which -electrons are fully delocalized, the total structure is stabilized by --interactions between these sheets. 50,51 Among these weak interactions, cation- interactions are usually observed in biology and chemistry. This noncovalent interaction between a cationic species and delocalized electrons on an aromatic ring are theoretically well-documented for main group aromatics. 116 A correlation between the quadrupolar moment of aromatic compounds and their ability to bind ions has been established. According to that, differently substituted arenes could be predicted to bind cations or anions (Figure 46) For the case of benzene (Figure 46 left), hydrogen substituents are electron-donor that make the ring electron-rich. The quadrupole moment is -8.7 B and the electron density is thus polarized to bind cationic species. On the contrary, with electron-withdrawing substituent such as fluorine in the case of hexafluorobenzene (Figure 46 and suitable for binding anions. Matile proved the existence of the chlorine-bound species depicted in figure 47 by using several specific analyses. However, no X-ray data were available. In the previous part of this manuscript, the large negative quadrupole moment of [Pd 3 ] + clusters (-52 B) was evoked. According to this data, [Pd 3 ] + should be able to bind cationic species. In addition to this observation, Tsipis and Tsipis predicted by calculations the tendency of ligand-stabilized aromatic trigold clusters to interact with Lewis acids. 118 To the best of our knowledge, no stable all-metal aromatic compound possessing a large negative quadrupole moment has been isolated yet. In spite of the possibility that the charge repulsion between two positively charged moieties could be a too severe cliff for our experiments, we

were interested in studying the potential of [Pd 3 ] + to bind other cationic species such as Li + , Cu + or Ag + .

Tripalladium-based tetrahedral structures

To prevent a potential anion metathesis between [Pd 3 ] + X -clusters and general salts Y + X' - , a library of [Pd 3 ] + X -was previously synthesized varying their counter-anion ( We first started by performing reactions in dry THF at room temperature involving 163 and lithium triflate. Several experiments were realized by varying the molar ratio of the lithium salt (Scheme 35). After one hour of reaction and filtration through a celite pad to remove unsolubilized salts, we examined the products by 1 H NMR analyses (Figure 48)

Figure 48 : 1 H NMR of reactions with X eq. of lithium triflate.

1 H NMR showed that with one equivalent of lithium salt, the spectrum did not changed compared to the naked [Pd 3 ] + 163 (Figure 48 blue spectrum). When 10 equivalents were added, the chemical shifts of H 2 and H 3 stayed unchanged but we observed a slightly shift of 0.01-0.02 ppm to the left of the spectrum for protons on the thiolate H 7 and H 8 (Figure 48 green spectrum). Surprisingly, with only four equivalents of lithium, we distinguished a double signal around thiolate chemical shifts that implies the presence of two species. One was the naked triangle and the other could have a new molecule, maybe the pyramidal cluster we were looking for. The same observation was made by treating compound 164 with an excess of LiBF 4 and a shift of 0.02-0.04 ppm of the thiolate signals was identified while phosphine ones remind unchanged. We then turned to HRMS and X-ray analyses to get more information of this new compound. Unfortunately, HRMS analysis gave only the m/z isotopic pattern of the "naked" triangle 163. We thought that the ionization potential used in electrospray apparatus was strong enough to break the weak interaction between lithium ion and [Pd 3 ] + cluster. Sadly, X-ray analyses were as lackluster as HRMS. After many attempts, crystals revealed to be also the classical naked triangle and 1 H NMR of the crystals confirmed it did not showing anymore shifts presented in figure 48. As HRMS, the potential lithiumcontaining compound possibly degraded during the crystallization process.

Disappointed by the results with lithium, we kept the faith and we turned ourselves to more Lewis acidic compounds such as silver salts. We realized several reactions which turned out to be more fruitful than the previous ones ( We were glad to observe the typical slight shifts of thiolate protons in 1 H NMR for the three presented attempts (0.01-0.11 ppm). 31 P NMR presented shifts of 0.35 to 2.55 ppm to the lower field. The presence of a cationic atom perpendicularly to the trimetallic plan should disturb the electron density of the aromatic system. In addition to NMR analyses, HRMS measurements gave us a supplementary clue to confirm the presence of the pyramidal clusters (Figure 49). Ag-Pd distances were between 2.824 and 2.853 Å. A slight distortion that breaks the perfect symmetry of the palladium triangle occurred. Two Pd-Pd distances are 2.899 Å and the third one is 2.917 Å, rendering it isosceles. The case of 168 (Figure 50 right) was a little bit different. The silver atom is also tetracoordinated but there was a participation of the counteranion BF 4 -into the coordination. The palladium triangle is closer to the silver atom with Ag-Pd distances between 2.793 and 2.819 Å that formed a slightly distorted pyramid.

Interestingly in both of the cases, the silver atom adopts a tetrahedral conformation. Both complexes can be regarded as typical 18 electrons Ag(I) complexes with four ancillary ligands. Therefore, this observation suggests that the tripalladium complex plays the role of Ltype ligand and give two electrons to the silver atom as drawn on figure 51. So far this new type of bonding mode has never been described. Several metallic tetrahedral structures have already been published, mostly using neutral partners. We did not find any analogies of present results in the literature. However, we found a single precedent that we associate to this bonding mode. By adding a cation on a 44 cve triplatinum monocationic triangle, Braunstein et al. concluded that their [Pt 3 ] + cluster is electron-rich enough to bind cationic metallic species without further explanation of this phenomenon. 119 Even if their triplatinum cluster was not perfectly symmetrical, they probably missed the metal-aromatic character which could adequately justify the cation-cation bonding. Encouraged by these probative results, we managed to test several other Lewis acids, such as FeCl 3 , Fe(OTf) 2 , Fe(OTf) 3 , Sc(OTf) 3 , Yb(OTf) 3 , Bu 2 Sn(OTf) 2 , Hg(OTf) 2, Bi(OTf) 3 , Dy(OTf) 3 . In all cases reactions were tested with 4 and 8 equivalents. Unfortunatly, none of these triflates worked and the starting material was recovered.

We also tried the gold complex AuPPh 3 SbF 6 with triangular [Pd 3 ] + 149. This reaction led to a mixture of complexes in which the triphenylphosphine ligand of the gold complex was exchanged with the tri(4-fluorophenyl)phosphine of the tripalladium cluster. To overcome this problem, we tried complex 166 that possessed triphenylphosphine as ligand. Hopefully, the gold atom was coordinated by the triangle of palladium. No small shifts were detected by 1 H NMR however, but HRMS proved the formation the desired pyramid 170 with m/z = 2230.8426 as expected for a Pd 3 Au core(Figure 52). As for pyramidal gold-containing cluster 170, no shifts of thiolate signals were observed in 1 H NMR but HRMS analysis provides us the correct mass of the desired tetrahedral compound (Figure 53).

Conclusions

During this work, we developed and optimized a new methodology in order to synthesize previously reported all-metal -aromatic [Pd 3 ] + clusters. This very convenient synthetic way uses commercially available reagents and affords desired clusters in good to excellent yields in one-pot, without chromatography columns. Moreover, it tolerated several other types of ligands (trialkylphosphine or alkyl disulfide) that the first method did not allow to use. This robust method could be extended to the synthesis of homo-and heteronuclear analogues which revealed to have a metal-aromatic character too. One of the most promising properties of all-metal aromaticity was the theoretical and peculiar property of tripalladium clusters to realize sort of cation -interactions mimicking regular donor ligand formed assembling main group elements. In this case, cation d-orbital-interaction seems a more appropriate definition of this bonding mode. Despite the unavoidable charge repulsion, we were the able to prove this ability by the identification of several metallic tetrahedral complexes [M 3 M'] 2+ .

SUPPORTING INFORMATION -PART 2

2.5. Supporting Information

General remarks

Disulfides, diselenides, phosphines and Pd(dba) 2 were purchased from commercial sources and used as received. Pt(dba) 3 was synthesized according to the procedure described in the literature. 1 Solvents were degassed by bubbling argon for at least 30 minutes prior to use.

Reactions and filtrations were carried out under argon using standard Schlenk technique. data while cooling from 300 to 2 K.

General procedures

General procedure 1 (GP1): Synthesis of triangular tripalladium clusters.

Pd(dba) 2 (0.2 mmol, 115 mg, 1 eq.) was added to a 50 mL Schlenk-type flask. The vessel underwent at least three vacuum/Ar cycles. 20 mL of freshly degassed CHCl 3 were then syringed under Ar. The desired phosphine (0.2 mmol, 1 eq.) and the disulfide or diselenide (0.1 mmol, 0.5 eq.) were immediately added to the mixture under Ar. The resulting solution was kept under stirring at r.t. for 2 hours, the desired silver salt (0.067 mmol, 0.33 eq.) was

then added under Ar and the solution was put in the dark. Stirring was maintained for 1 hour and the mixture was then filtered through a short pad of celite under Ar to remove traces of black metals. The solvent was removed under vacuum to leave a deep red solid that was purified by CHCl 3 /hexane washings (1/30 v/v, 3 x 30 mL). Evaporation of solvents under vacuum afforded pure clusters as orange/red solids. Crystals suitable for X-Ray diffractions were obtained by vapor diffusion using THF/hexane or CHCl 3 /hexane.

General procedure 2 (GP2): Synthesis of triangular triplatinum clusters.

Pt(dba) 3 (0.1 mmol, 89.7 mg, 1 eq.) was added to a 50 mL Schlenk-type flask. The vessel underwent at least three vacuum/Ar cycles. 10 mL freshly degassed CHCl 3 were then syringed under Ar. The desired phosphine (0.1 mmol, 1 eq.) and the disulfide or diselenide (0.05 mmol, 0.5 eq.) were immediately added to the mixture under Ar. The resulting solution was kept under stirring at r.t. for 2 hours, AgSbF 6 (0.033 mmol, 11.4 mg, 0.33 eq.) was then added under Ar and the solution was put in the dark. Stirring was maintained for 1 hour and the mixture was then filtered under Ar through a short pad of celite to remove traces of black metals. The solvent was removed under vacuum to leave a deep yellow-brown solid that was washed with a CHCl 3 /hexane solution (1/30 v/v, 3 x 30 mL). Desired clusters were purified by chromatography using acetone/hexane (1/2 v/v) as eluent. Evaporation of solvents under vacuum provided pure complexes as yellow solids. Crystals suitable for X-Ray diffraction were obtained by vapor diffusion using THF/hexane.

General procedure 3 (GP3): Synthesis of triangular heterobimetallic cluster 161.

Pt(dba) 3 (89.7 mg, 0.1 mmol, 0.33 eq.) and Pd(dba) 2 (115 mg, 0.2 mmol, 0.66 eq.) were added to a 100 mL Schlenk-type flask. The vessel underwent at least three vacuum/Ar cycles. 50 mL of freshly degassed CHCl 3 were then syringed under Ar and the solution became deeply violet. Tri(4-fluorophenyl)phosphine (94.9 mg, 0.3 mmol, 1 eq.) and bis(4chlorophenyl)disulfide (43.1 mg, 0.15 mmol, 0.5 eq.) were immediately added to the mixture under Ar and the resulting solution was kept under stirring at r.t. for 2 hours. AgSbF 6 (34.2 mg, 0.1 mmol, 0.33 eq.) was eventually added and the solution was put in the dark. Stirring is maintained for 1 hour and the mixture was filtered through a short pad of celite under Ar.

Solvent was removed under vacuum to leave an orange-red solid. General procedure 4 (GP4): Synthesis of triangular heterobimetallic cluster 162.

Pt(dba) 3 (179.4 mg, 0.2 mmol, 0.67 eq.) and Pd(dba) 2 (57.5 mg, 0.1 mmol, 0.33 eq.) were added to a 100 mL Schlenk-type flask. The vessel underwent at least three vacuum/Ar cycles. General procedure 6 (GP6): Synthesis of gold-containing tetrahedral cluster 170.

AuPPh 3 Cl (0.0667 mmol, 1 eq.) and AgSbF 6 (0.0667 mmol, 1 eq.) were added to freshly degassed CHCl 3 10 mL in a Schlenk-type flask under argon and the mixture stirred for 1h in the dark. After filtration through a celite pad to remove the formed AgCl, the solvent was evaporated to dryness under vacuum, the residue was dissolved in THF 10 mL and the resulting solution was added to a solution of 5 (0.0667 mmol, 1 eq.) in THF 10 mL under Ar.

The mixed solution was put in the dark. Stirring was maintained for 1 hour and the mixture was then filtered through a short celite pad under Ar. Evaporation of solvents under vacuum afforded orange/red solids. Then the compound was further purified by recrystallization by vapor diffusion using THF/hexane.

General procedure 7 (GP7): Synthesis of gold-containing tetrahedral cluster 171.

(CF 3 SO 3 Cu) 2 •PhCH 3 (0.0222 mmol, 4 eq.) was added to a solution of compound 1 (0.0111 mmol, 1 eq.) in CHCl 3 5 mL in a Schlenk-type flask under Ar. The deep red solution was put in the dark. Stirring was maintained for 1 hour and the mixture was then filtered through a short pad of Celite under Ar. The solvent was removed under vacuum to afford a deep red solid. Then the compound was further purified by recrystallization by vapor diffusion using THF/hexane.

Synthesis of triangular homo-and heterometallic clusters

Preparation of tripalladium clusters

Complex 145

Following GP1, from tri(p-tolyl)phosphine and di(4-chlorophenyl)disulfide, was obtained 123 mg (97% yield) of 145 as an deep-red powder which was shown to be spectroscopically identical to the material described. IR (cm -1 ): 2919,1597,1496,1445,1396,1303,1189,1094,1017,946,803,708,653.

Complex 140

Following GP1, from tri(4-Fluorophenyl)phosphine and di(p-tolyl)disulfide and on 0.4 mmol scale of Pd(dba) IR (cm -1 ): 3069,2923,1588,1494,1394,1232,1159,1092,825,806,655.

Complex 143

Following GP1, from triphenylphosphine and diphenyldisulfide, was obtained 108 mg (97% yield) of 143 as a deep red powder. Spectroscopic data correspond to the literature. 100

¹H NMR (300 MHz, CDCl 3 ): (ppm): 7.31 (t, 9H, J = 6.9 Hz, H4), 7.16 -7.07 (m, 36H, H2, H3), 6.93 (t, 3H, J = 7.5 Hz, H8), 6.65 (t, 6H, J = 7.8 Hz, H7), 6.23 (d, 6H, H6). IR (cm -1 ): ν 3069, 2955,2924,2855,1587,1493,1470,1392,1236,1158,1092,1011,940,824,814,744.

UV-vis: c = 1.59 × 10 -5 mol/L in CHCl 3 , λ max = 244 nm, ε max = 0.44 × 10 5 M -1 cm -1 .

Complex 150

Following GP1, from tri(p-tolyl)phosphine and di(4-Chlorophenyl)disulfide, was obtained 105 mg (89% yield) of 150 as a deep red powder.

¹H NMR (300 MHz, CDCl 3 ):  (ppm) , 2920, 2864, 1597, 1496, 1469, 1189, 1092, 802, 654.

UV-vis: c = 1.18 × 10 -5 mol/L in CHCl 3 , λ max = 246 nm, ε max = 4.9  10 4 M -1 cm -1

.

Complex 151

Following GP1, from tri(4-Methoxyphenyl)phosphine and di(4-Chlorophenyl)disulfide and on 0.4 mmol scale of Pd(dba) , 2923, 2853, 1590, 1497, 1467, 1253, 1176, 1094, 1021, 1011, 795, 655.

Complex 148

Following GP1, from tri(4-Fluorophenyl)phosphine and dimethyldisulfide, was obtained 93 mg (85% yield) of 148 as an deep-red powder.

¹H NMR (300 MHz, CDCl , 2920, 1586, 1493, 1393, 1230, 1160, 1091, 1012, 945, 824, 812, 653.

UV-vis: c = 1.12 × 10 -5 mol/L in CHCl 3 , λ max = 241 nm, ε max = 4.8  10 4 M -1 cm -1 .

Complex 153

Following GP1, from triethylphosphine and di(p-tolyl)disulfide, was obtained 80 mg (98% yield) of 153 as an deep-red powder.

¹H NMR (300 MHz, CDCl 3 ): (ppm): 7.12 (d, J = 4. , 2934, 2878, 1485, 1452, 1414, 1253, 1032, 1015, 811, 770, 751.

UV-vis: c = 1.67 × 10 -5 mol/L in CHCl 3 , λ max = 244 nm, ε max = 1.2  10 4 M -1 cm -1 .

Complex 154

Following GP1, from triethylphosphine and di(4-Chlorophenyl)disulfide, was obtained 71 mg (97% yield) of 154 as an deep-red powder.

¹H NMR (500 MHz, CDCl , 2940, 2902, 1470, 1450, 1385, 1237, 1086, 1031, 1009, 831, 766, 737, 649, 624.

Complex 157

Following GP1 and purification by flash chromatography (acetone/hexane = 1:2, Rf = 0.30), from tri(4-Fluorophenyl)phosphine and diphenyldiselenide, was obtained 52.6 mg (50% yield) of 157 as an deep-red powder. IR (cm -1 ): 3360,2956,2925,2852,1736,1589,1495,1470,1234,1161,1093,1013,827,772,938,658.

UV-vis: c = 1.56 × 10 -5 mol/L in CHCl 3 , λ max = 254 nm, ε max = 0.37 × 10 5 M -1 cm -1 .

Complex 163

Following GP1, from tri(4-Fluorophenyl)phosphine, di(4-Chlorophenyl)disulfide and silver triflate, was obtained 99 mg (90% yield) of 163 as a deep red powder. , 2926, 2853, 1589, 1497, 1470, 1394, 1271, 1238, 1162, 1093, 1030, 1011, 827.

UV-vis.: c = 8.5 × 10 -6 mol/L in CHCl 3 , λ max = 243 nm, ε max = 9.5  10 4 M -1 cm -1 .

Complex 164

Following GP1, from tri(4-Fluorophenyl)phosphine, di(4-Chlorophenyl)disulfide and silver trifluoroborate, was obtained 101 mg (85% yield) of 164 as a deep red powder. IR (cm -1 ): ν 3068, 2925,2853,1711,1588,1494,1472,1394,1234,1161,1089,1050,1010,825.

UV-vis.: c = 1 × 10 -5 mol/L in CHCl 3 , λ max = 244 nm, ε max = 9.3  10 4 M -1 cm -1 .

Complex 165

Following GP1, from tri(4-Fluorophenyl)phosphine, di(4-Chlorophenyl)disulfide and silver trifluoroborate, was obtained 116 mg (89% yield) of 165 as a deep red powder. IR (cm -1 ): ν 3067, 2954,2922,2853,1686,1667,1586,1495,1470,1394,1232,1154,1088,1010,811,751,705.

UV-vis.: 5 × 10 -6 mol/L in CHCl 3 , λ max = 242 nm, ε max = 7.2  10 4 M -1 cm -1 .

Complex 166

Following GP1, from triphenylphosphine and di(4-Chlorophenyl)disulfide, was obtained 108 mg (92% yield) of 166 as an deep-red powder. , 2922, 2857, 1700, 1588, 1572, 1479, 1470, 1435, 1388, 1216, 1185, 1094, 1010, 823, 743, 691.

UV-vis.: c =1 × 10 -5 mol/L in CHCl 3 , λ max = 246 nm, ε max = 6.2  10 4 M -1 cm -1 .

Preparation of triplatinum clusters

Complex 155

Following GP2, from tri(4-Fluorophenyl)phosphine and di(4-Chlorophenyl)disulfide, was obtained 88 mg (60% yield) of 155 as a yellow powder. + 1963.9975, found: 1963.9880. 2919,2851,1587,1494,1470,1393,1260,1233,1160,1093,1010,817,742,709,655.

IR (cm -1 ): ν 2958,
UV-vis.: c = 1.40 × 10 -5 mol/L in CHCl 3 , λ max = 241 nm, ε max = 0.50 × 10 5 M -1 cm -1 .

Complex 156

Following GP2, from tri(p-tolyl)phosphine and dimethyldisulfide, was obtained 50 mg (40% yield) of 156 as a yellow powder. IR (cm -1 ): ν 2959, 2923,2853,1598,1497,1456,1189,1098,806,711,658.

UV-vis.: 1.64 × 10 -5 mol/L in CHCl 3 , λ max = 243 nm, ε max = 0.40 × 10 5 M -1 cm -1 .

Complex 158

Following GP2, from tri(4-Fluorophenyl)phosphine and diphenyldiselenide, was obtained 61 mg (41% yield) of 158 as a yellow powder. IR (cm -1 ): ν 3064, 2328,1590,1496,1394,1238,1162,1095,1013,828,737,659.

UV-vis.: c = 2.10 × 10 -5 mol/L in CHCl 3 , λ max = 246 nm, ε max = 0.43 × 10 5 M -1 cm -1 .

Preparation of heterobimetallic cluster 161

Following GP3, 161 could be isolated as orange crystals. , 2928, 2853, 1657, 1630, 1586, 1494, 1470, 1392, 1235, 1160, 1096, 1010, 942, 820, 747, 709, 656.

UV-vis.: c = 1.00 × 10 -5 mol/L in CHCl 3 , λ max = 241 nm, ε max = 0.90 × 10 5 M -1 cm -1 .

Preparation of heterobimetallic cluster 162

Following GP4, 162 could be isolated as orange crystals. 31 P NMR (acetone-d 6 ): δ (ppm) 6.10 (apparent t, 1 J Pt-P = 4159 Hz, 2P, Pt-P), 3.60 (br s, 1P, Pd-P).

19 F NMR (acetone-d 6 ): δ (ppm) -109.44 (s, 2F, Pt-P), -109.03 (s, 1F, Pd-P).

195 Pt NMR (107 MHz, acetone-d 6 ): δ (ppm) -5713 (d, 1 J Pt-P = 4274 Hz).

HRMS calcd. for C 72 H 48 Cl 3 F 9 P 3 PdPt 2 S 3 + 1875.9376, found 1875.9320.

IR (cm -1 ): ν 2959, 2928,2856,1737,1657,1632,1589,1494,1465,1366,1230,1215,1204,1162,1092,1012,890,827,770,707,658.

UV-vis.: c = 0.90 × 10 -5 mol/L in CHCl 3 , λ max = 240 nm, ε max = 0.87 × 10 5 M -1 cm -1 .

Preparation of silver-containing tetrahedral cluster

Complex 167

Following GP5 and using AgSbF 6 , was obtained 19 mg (76% yield) of 167 as a red crystals. , 2928, 2856, 1737, 1657, 1632, 1589, 1494, 1465, 1366, 1230, 1215, 1204, 1162, 1092, 1012, 890, 827, 770, 707, 658.

UV-vis.: c = 5 × 10 -6 mol/L in CHCl 3 , λ max = 242 nm, ε max = 7.8  10 4 M -1 cm -1 .

Complex 168

Following GP5 and using AgBF 4 , was obtained 17 mg (78% yield) of 168 as a red crystals. IR (cm -1 ): ν 2955,2926,2857,1657,1587,1498,1468,1392,1232,1160,1092,1011,826.

UV-vis.: c = 5 × 10 -6 mol/L in CHCl 3 , λ max = 245 nm, ε max = 9.4  10 4 M -1 cm -1 .

Complex 169

Following GP5 and using AgO 2 CCF 3 , was obtained 16 mg (72% yield) of 169 as a red crystals. IR (cm -1 ): ν 3069, 2926,2854,1899,1664,1586,1495,1470,1394,1237,1195,1160,1089,1010,814,798,721.

UV-vis.: c = 5 × 10 -6 mol/L in CHCl 3 , λ max = 242 nm, ε max = 6.2  10 4 M -1 cm -1 .

Preparation of gold-containing tetrahedral cluster 170

Following GP6, was obtained 18 mg (72% yield) of 170 as a red crystals. IR (cm -1 ): ν 3058, 2923,2853,1572,1479,1470,1435,1388,1308,1216,1185,1095,1070,1010,820,744,691.

UV-vis.: c = 1 × 10 -5 mol/L in CHCl 3 , λ max = 244 nm, ε max = 5.2  10 4 M -1 cm -1 .

Preparation of copper-containing tetrahedral cluster 171

Following GP7, was obtained 17 mg (75% yield) of 171 as a red crystals. IR (cm -1 ): ν 3100, 3070,2925,2845,1699,1589,1497,1470,1395,1265,1237,1161,1093,1030,1011,827.

UV-vis.: c = 7.5 × 10 -6 mol/L in CHCl 3 , λ max = 244 nm, ε max = 8.7  10 4 M -1 cm -1 . In parallel, we reported a new synthesis to easily access to [Pd 3 ] + clusters with diversity on its substituents. This method could be greatly valued if the clusters could provide any catalytic reactions. So far, only one example involving all-metal aromatics in catalytic reactions was reported by Bertrand and coworkers (Scheme 36). 97 With 2.5 mol% of trigold cluster 174 they realized catalytic carbonylation of amines in presence of 30 psi of carbon monoxide and 10 psi of dioxygen to form the corresponding urea.

PART 3: CATALYSIS

Scheme 36 : Catalytic amine carbonylation by using aromatic trigold catalyst.

This reaction provided very modest to good yields and also other transition metal catalysts were efficient to do this transformation such as palladium, ruthenium or nickel 120 .

However it was the first application of all-metal aromatics in catalysis.

We thought semi-reduction of alkynes appropriate in order to exploit the high stability of [Pd 3 ] + cluster and its peculiar dual Lewis nature.

State of art

Since several decades, alkynes semi-reduction reactions have been well-studied and many methods to realize this transformation have been reported. 121 According to that, only a nonexhaustive list of the most recent and relevant homogeneous methods will be described in this manuscript.

Semi-reduction reactions using palladium catalysts

Among reported alkyne semi-reduction methods, the majority were realized via palladium catalysis. Lindlar reported the first poisoned palladium catalyst in 1952. 122 However this method using gaseous dihydrogen was not convenient because it presented some reproducibility issues and if the reaction was not stopped immediately after full conversion of alkyne, the formed alkene could react with excess of hydrogen and afford overreduction products. Since then, a lot of progress has been made in heterogeneous and homogenous catalysis.

Elsevier and coworkers developed a new types of palladium(0) catalyst (Figure 55). First generation complex 175 is composed by a bidentate bis(arylimino)acenaphtalene ligand and a molecule of maleic anhydride as ancillary ligands (Figure 55, left). 123 By activation of dihydrogen and ligand exchange between maleic anhydride and alkyne, they could be able to selectively reduce alkyne to alkene under mild conditions (Scheme 37).

Scheme 37 : Semi-reduction of alkynes by using Elsevier's first generation catalyst.

122 a) H. Lindlar, Helv. Chim. Act., 1952, 57, 446-450. b) H. Lindlar, R. Dubuis, Org. Synth., 1966, 46, 89-91. 123 a) M. W. van Laren, C. J. Elsevier, Angew. Chem. Int. Ed., 1999, 38, 3715-3717. b) A. M. Kluwer, T. S. Koblenz, T. Jonischkeit, K. Woelk, C. J. Elsevier, J. Am. Chem. Soc., 2005, 127, 15470-15480. They obtained good to excellent selectivities with terminal and internal alkynes either electron-rich or electron-poor. However, this method provided over-reduction products for some examples (between 3 and 13% yields). The hydrogenation method using gaseous dihydrogen was not really controllable even if the catalyst was rendered less active by adding excess ligands or other metallic salts.

In parallel, studies have been realized on transfer hydrogenation by using hydrogen donor instead of hazardous gaseous dihydrogen. 124 So far, many hydrogen donors have been listed such as ammonium formiates, 1,4-cyclohexadiene 125 or Hantzsch esters 126 to cite the most famous ones.

Reactions of alkynes with formic acid/triethylamine in presence of palladium(0) catalyst gave preferentially Z-alkene. 127 In 1993, Sato proposed a mechanism of the transfer hydrogenation (Scheme 38). 128

Scheme 38 : Sato's proposed mechanism of transfer hydrogenation by HCO 2 H/Et 3 N.

This mechanism used two oxidation states of palladium (0 and +II). The first step was the oxidative addition of the O-H bond of formic acid on palladium(0) to give intermediate Q.

Alkyne moiety was inserted into the Pd-H bond in a cis configuration to afford intermediate However, if alkene has good -accepting properties (electron-withdrawing substituents), the strength of Pd-alkene bond will increase and so does intermediate Y lifetime. The competition between the two ligands is no longer in favor of acetonitrile, thus Y is more suitable to undergo another catalytic cycle and provide the corresponding over-reduced product.

Up to now, all reported palladium-catalyzed methods for semi-reduction of alkyne used palladium(0) catalyst.

Method using FLP

Since last decade, the utilization of Frustrating Lewis Pairs to realize metal-free reactions has been stated. 132 These species are known to activate dihydrogen in order to reduce polarized multiple bond such as imines, enamides, silyl ether, 133 ,β-enones 134 or ynones 135 with very mild conditions. Very recently, Papai and Repo reported a method to semihydrogenate alkyne to Z-alkene by using aminoborane FLP 177 (Scheme 40)

Scheme 40 : Semi-reduction of alkyne by using FLP

The precatalyst 177 was activated by a first molecule of dihydrogen to give the reactive specie Z, releasing in the same time a molecule of pentafluorobenzene. Alkyne moiety inserted into the boron-hydrogen bond to afford AA and then the system activates a second molecule of H 2 to provide intermediate AB. The carbon-boron bond attacked the hydrogen atom borne by the ammonium ion and the desired alkene was released regenerating the active catalyst. This method proved to be efficient at 2.2 bar of H 2 and 5 mol% of organocatalyst.

Several alkynes were synthesized with excellent selectivities except for electron rich or bulky alkynes for which the conversion was low and the selectivity modest. However, with this metal-free method no alkanes were detected.

Results and discussions

Aim of the project

The purpose of the project was not to just add a new method to the plethora already listed. The real aim was to observe the potential catalytic activity of our stable [Pd 3 ] + species on a simple and already well-investigated reaction in order to gain insights on their behavior pivoting on existing literature to understand analogies and differences.

Optimization of the reaction

Inspired by the work of Elsevier 129 with its first generation catalyst, we started our investigation by the reaction depicted on scheme 41.

Scheme 41 : First catalytic reaction with dihydrogen.

We performed the first reaction by using phenylprop-1-yne 178 as model substrate with 1 mol% of catalyst 140 in THF under dihydrogen atmosphere. The reaction was then stirred during one day at room temperature (25 °C). GC-MS analysis of the crude reaction showed no conversion of the starting material so we decided to warm the solution to reflux in THF.

Sadly, after three days stirring at reflux, no conversion was observed. We thought that 1 bar of dihydrogen pressure was not enough. Unfortunately, Institut de Chimie des Substances

Naturelles was not equipped to realize high pressure hydrogenation. We thus decided to replace hazardous gaseous dihydrogen by a safer hydrogen source, namely the couple formic acid/triethylamine (Scheme 42).

Scheme 42 : Reaction with formic acid/triethylamine as hydrogen donor.

The reaction was conducted with the same conditions presented above but with five equivalents of formic acid and triethylamine under argon (Table 12, Entry 1). After 24h, we were excited to see a conversion of 20% of the starting material by GC-MS. The reaction was stirred for three additional days until the observation of black particles stuck on the sides of the Schlenk. Conversion stopped at 86% a surprising selectivity of 92% towards the Z-alkene 179a was observed. Small quantities of E-alkene 179b (3%) and double-bond isomerization product allylbenzene 179c (5%) were identified. Moreover, no presence of the over-reduced product 180 was detected. It seems that the current method worked pretty well, however incomplete conversion upon four days meant that parameters needed to be improved. We thus decided to screen several [Pd 3 ] + complexes previously synthesized in Part 2 of this manuscript ( Inversion of electron-withdrawing and electron-donating groups on fragments increased the activity of the catalyst to the detriment of the selectivity of the reaction (Table 12, Entries 1 & 2). All-phenyl substituted cluster provided a selectivity of 83% toward Z-alkene 179a but revealed to be inactive after 48h (Table 12, Entry 3). Modification of the electronic structure seemed to have no beneficial effects on the reaction. We thus turned to modify the steric arrangement of the catalyst. Complexes bearing alkyl phosphine substituents remained completely inactive ( This chart showed a significant difference of 0.61 eV between the LUMO of 152 and that of 156. Whereas the HOMOs possessed nearly the same energy level, the difference of the LUMOs made [Pd 3 ] + 152 a better Lewis acid than [Pt 3 ] + 156 and could explain why the reaction did not work with triplatinum catalyst (vide infra). These results were counterintuitive considering the mono-platinum clusters are more electrophilic than their palladium peers. 136 Having the best catalyst in hands, further optimization and comparison tests were realized, varying several parameters (Table 13).

136 a) T. Caneque, F. M. Reaction with 0.1 mol% of 152 provided a correct selectivity however, after 120 hours of stirring, the conversion stopped at only 9% (Table 13, Entry 1). We were also interested to investigate micro-wave heating which should warm the solution more homogeneously but unfortunately after 30 minutes at 80 °C, the conversion was less than 1% (Table 13, Entry 2).

According to the proposed mechanism by Elsevier 131 (Scheme 39), triethylamine should be catalytic. Reaction without triethylamine showed no conversion, which indicated that the catalyst is not able to activate the O-H bond of formic acid (Table 13, Entry 3). Adding only 0.1 eq of triethylamine afforded 18% of conversion and a correct selectivity of 78% towards Z-alkene without over-reduced product (Table 13, Entry 4). As expected, no conversion was observed for the reaction without catalyst (Table 13, Entry 5). As 152 was composed of three palladium atoms, we were curious to see the comparison of results with 1 and 3% of palladium(0) catalyst (Table 13, Entries 6 & 7). Reaction using 1 mol% of Pd(dba) 2 gave a good selectivity 81% towards Z-alkene, but 8% of over-reduced product was detected.

Increasing the catalytic amount to 3 mol% of palladium(0) provided 60% of the corresponding alkane 180. The two latter experiments showed the efficiency and the chemioselectivity of [Pd 3 ] + catalyst. In agreement with the good results obtained with the model substrate phenylprop-1-yne 178, we wanted to extend the reaction to differently substituted alkynes.

Alkynes syntheses

Synthesis of aromatic alkynes

The synthesis of aromatic alkynes was realized by a classical Sonogashira-type coupling using palladium(II) reduced in situ and copper iodide ( With this method, aromatic alkynes were obtained in moderate to excellent yields and were purified in order to be engaged in semi-reduction reactions. We tuned the electronic environment of alkynes with electron-withdrawing and electron-donating groups such as methyl ester or methoxy group.

Aromatic alkyne 184 was obtained by a different method. Starting from the corresponding terminal alkyne, deprotonated by n-butyllithium and then sequential methylation with methyliodide by a SN 2 type reaction delivered 184 in 63% yield (Scheme 43).

Scheme 43 : Synthesis of alkyne 184.

Synthesis of aliphatic alkynes

To be very rigorous concerning the nature of our scope, we performed the syntheses of other aliphatic alkynes bearing different type of functional groups starting from propargylic alcohol derivatives ( No optimization was realized for these synthesis but seven aliphatic alkynes 193 -199

were isolated with moderate to good yields and were suitable for semi-hydrogenation reactions.

Extension of the semi-reduction reaction catalyzed by [Pd 3 ] + catalyst

We first tested the semi-reduction reaction on previously synthesized and commercial aromatic alkynes. These species are known to be more difficult to reduce than aliphatic ones because of their stabilization by -electrons delocalization with the conjugated aromatic ring. Compared to the results obtained with phenylprop-1-yne 178, increasing the length of the aliphatic side chain demanded a longer reaction time to achieve full conversion and implied a fall of selectivity to 78 and 70% in favor of alkenes 201a and 202a respectively (Table 16, Entries 1 & 2). The tripalladium catalyst 152 kept cyano and trifluoromethyl groups untouched (Table 16, Entries 3 & 4). Alkyne 185 bearing a conjugated ketone was semireduced into Z-alkene 205a, which isomerized in situ to give 100% of the E-product 205b upon full conversion (Table 16, Entry 5). Electron-poor olefins are very sensitive to hydrogenation condition but no traces of corresponding alkane was detected (Table 16, Entries 5 & 6). Alkynes substituted by two aryl groups were semi-reduced with excellent selectivities between 98 and 100% towards Z-alkene 207a-211a whatever the electronwithdrawing or electron-donating characters of the substituents (Table 16, . It seemed that the catalyst also tolerated chlorine atoms, which was interesting and not common for a palladium complex (Table 16, Entry 9). A tolerance for heterocyclic molecules was shown with total selectivity obtained for pyridine containing alkyne 191 (Table 16, Entry 11).

According to these results, we interestingly noticed that the [Pd 3 ] + catalyst was more effective with biaryl substituted alkynes. This observation could be due to potential -stacking interactions between aryl group on the phosphine and those borne by the alkyne which favored the coordination of the alkyne to the palladium cluster.

Satisfied by the good results obtained with aromatic alkynes, we thus turned ourselves to aliphatic alkynes ( Compound 192 was semi-reduced in 4 hours affording 212a in quantitative yield (Table 17, Entry 1). Silyl ethers-containing alkyne 193 was also tolerated by the catalyst and produced Z-alkene 213a with a selectivity of 90% (Table 17, Entry 2). Benzyl protecting groups on alcohol were known to be reduced by hydrogenation conditions but in our case, they were not affected (Table 17, . Despite the presence of a bromide on compound 197, the catalyst remained selective for towards carbon-carbon triple bonds and provided 217a in 87% yield (Table 17, Entry 6). These two positions were suitable for isomerization but experimentally we only observed the thermodynamically less stable terminal alkene, likely for steric reasons (Figure 57). Reaction with propargylic ester 198 gave an unexpected outcome (Table 17, Entry 7).

After 18 hours, full conversion was achieved but no reduction product or polymers were obtained.

To understand what happened, we realized the reaction with a heavier alkyne 199 (Table 17, Entry 8). After 20 hours, we isolated a mixture of three isomers of phenylpropene 179a, 179b and 179c in a 29/27/44 respective ratio. The cleavage of propargylic esters under hydrogenation conditions 137 has been already described for monometallic complexes 138 in order to synthesize allenes. 139 These observation led us to think that [Pd 3 ] + cluster could act as its mono-nuclear electrophilic peers.

We also realized reactions on the model substrate phenylprop-1-yne 178 with deuteriumlabeled formic acids in order to get a better understanding of the mechanism (Scheme 44).

Scheme 44 : Semi-reduction reactions using deuterated formic acids.

Three different deuterated formic acids were used for this study: HCO 2 D, DCO 2 H and DCO 2 D. We first observed that with HCO 2 D, the reaction required ten hours to achieve full conversion as observed with regular formic acid. However, with deuterium on the formiate position, the reaction time to reach full conversion increased to 24 hours. This data suggested that hydride transfer had an impact on the catalytic cycle and might be the rate-determining step of the reaction. Moreover, we observed a non-selective distribution of the deuterium atom in 2 D NMR (Figure 58). We next wondered if our catalyst was homogeneous or heterogeneous. Several additional experiments were performed in order to get more information. The first one was the test of the mercury drop. 140 Liquid mercury was known to form an amalgam with heterogeneous catalyst and also with nano-particles and should, in theory, let the homogenous metallic complexes untouched. We realized two reactions, one by adding a drop of liquid mercury at the beginning of the reaction and the second by adding the mercury drop after five hours (Scheme

46).

Scheme 46 : Mercury drop test.

The reactions were followed by GC-MS. Addition of mercury at t = 0 provided no conversion even if the reaction was warmed for 10 hours. The plot of alkyne conversion and the distribution of products were presented in the following chart (Figure 59) Before adding a mercury drop to the solution, the conversion was comparable with the one observed with classical conditions. After adding mercury, the conversion rate decreased a lot but alkyne was still converted from 75 to 78% after one hour of heating. Then, the previously red solution turned to colorless and no conversion was observed for the next 14 hours of heating. This experiment presented a slight clue towards the fact that the catalyst could be homogeneous. Unfortunately, this proof was not significant enough to be conclusive.

We thus turned to the Sheldon test. 141 Sheldon test consisted of a filtration through a celite pad at 50% of conversion to remove the heterogeneous species of the batch. We realized this test on the classical reaction with phenylprop-1-yne. At 50% of conversion, a filtration over celite was realized and the resulting filtrate was put to heat instantly. The GC-MS analysis was plotted on figure 60. This chart showed that conversion still went on to 100% after removing all the heterogeneous particles. Even if a loss of the selectivity was observed during this experiment, the active species of the reaction should be homogeneous. In addition to that, the celite which contained heterogeneous species was put into another Schlenk vessel and a new batch of solvent, reactants and reagents were added. The suspension was heated to reflux of THF but no conversion was detected.

Cycloisomerization of enynes

In the latter part, we showed that tripalladium complex 152 could be a very efficient catalyst to realize semi-hydrogenation of alkynes. To go further, we wondered if the Lewis acidic character of these cationic clusters was strong enough to perform cycloisomerization of enynes. Usually, cycloisomerization catalysts are mostly based on mononuclear Pt or Au Filtration through a celite pad under argon

Conclusions

The presented work showed the first application of tripalladium aromatic clusters into catalytic reactions. 143 Even if the purpose of this work was to prove that this new family of complexes could have catalytic activities, the relevant chemioselectivity of the catalyst was beyond our greatest expectations. The trinuclear catalyst showed efficiencies at least as good as mononuclear complexes and provided Z-alkenes without any traces of over-reduced products. The high tolerance towards various chemical groups and the small amount of catalyst used made this new semi-hydrogenation reaction competitive. Preliminary studies suggest that the catalyst could operate through molecular mechanisms that differ from those observed for mononuclear catalyst. However, the nature of the active specie is still not known and will be further investigated. Seminal work on cycloisomerisation of enynes showed that [Pd 3 ] + cluster are also able to catalyse this reaction but reaction conditions need to be further improved.

Supporting Information

General Remarks

All chemicals those syntheses are not reported hereafter were purchased from commercial sources and used as received. Solvents were dried and stored over 4 Å molecular sieves previously activated in a household microwave oven (five minutes at 900 W). Prior to use, they were degassed by bubbling argon for at least 30 minutes. For catalytic reductions, M 3 catalysts did not require the use of dry solvents. THF directly taken from bottles was simply degassed prior to use. Reactions and filtrations were carried out under argon using standard Schlenk technique. 1 H NMR, 13 C NMR, 19 F NMR and 31 P NMR spectra were recorded at 300 K on a Bruker 300 AVANCE spectrometer fitted with a QNP probehead at 300. 1 and 75.4 MHz respectively, using the solvent as internal standard (7.26 ppm for 1 H NMR and 77.00 ppm for 13 C NMR for CDCl 3 ) and 85% H 3 PO 4 as external standard for 31 P (0.00 ppm).

Reported assignments are based on decoupling, COSY, NOESY, HSQC and HMBC correlation experiments. The terms m, s, d, t, q and quint represent multiplet, singlet, doublet, triplet, quadruplet and quintuplet respectively, and the term br means a broad signal. Exact masses were recorded on a LCT Premier XE (Waters) equipped with an ESI ionization source and a TOF detector. IR spectra were recorded with a PerkinElmer Spectrum 100 FT-IR Spectrometer. Hydrogenation reactions were followed on a Shimadzu GCMS-QP2010.

Calculations were performed with Gaussian 09 at DFT level. 144 The geometries of complexes here reported were optimized without any constraints at the generalized gradient approximation using the M06 hybrid functional of Zhao and Truhlar. 145 Optimizations were carried out using LACVP (d) 146 and Def2-svp basis sets. 147 Harmonic frequencies were calculated at the DFT level to characterize stationary points by the absence of imaginary frequency in the Hessian matrix.

General procedures

General procedure 1 (GP1): Synthesis of aromatic alkynes.

The desired aryl iodide (1.0 mmol), the terminal alkyne (1.1 mmol, 1.1 eq.) and THF (10 mL, 0.1 mol/L) were added to a Schlenk-type flask previously dried at 600°C under vacuum. The mixture put under stirring and Pd(PPh 3 )Cl 2 (35.1 mg, 0.05 mmol, 0.05 eq.), CuI (11.4 mg, 0.06 mmol, 0.06 eq.) and triethylamine (200 µL, 2.0 mmol, 2.0 eq.) are sequentially added.

The resulting black mixture was stirred for 5h at room temperature and then diluted with 30 mL of ethyl acetate. The solution was extracted with brine (3 x 20 mL). The organic layers was dried over MgSO 4 , filtered and evaporated under vacuum. The desired internal alkyne was isolated by flash chromatography on silica gel.

General procedure 2 (GP2): Synthesis of compound 184.

1-ethynyl-2-(trifluoromethyl)benzene (500 mg, 2.94 mmol) was added into a three-neck balloon and diluted by 20 mL of dry THF. Then the solution was cooled to -15 °C tanks to an ice/salt bath. n-Butyllithium (3 mL of a 1.6 mol.L -1 solution in THF, 4.41 mmol, 1.5 eq.) was added dropwise and the solution was stirred for 1h. Methyl iodide (709 mg, 5.00 mmol, 1.7 eq.) was then added dropwise and the mixture was stirred for one more hour. The solution was let to room temperature and stirred overnight. 20 mL of ethyl acetate and then 20 mL of saturated ammonium chloride solution were added and the organic layer was washed by 3 x 20 mL of saturated ammonium chloride solution. The resulting organic layer was dried under MgSO 4 and then evaporated. After chromatography column on silica gel, the desired product was isolated (116 mg, 63% yield).

General procedure 3 (GP3): Synthesis of aliphatic alkynes.

To a previously dried at 600°C under vacuum Schlenk-type flask, were added sodium hydride 60% w/w (314 mg, 7.85 mmol, 1.1 eq.) and 20 mL of dry THF. The suspension was cooled to 0 °C with an ice bath and then but-2-yn-1-ol (500 mg, 7.14 mmol) was added dropwise. The solution was stirred until bubbles disappeared. The desired benzylbromide (7.85 mmol, 1.1 eq.) was then added. The solution was let warm to room-temperature and was stirred overnight. 10 mL of water were put dropwise and the THF was removed under vacuum. The resulting suspension was extracted by 3 x 25 mL of MTBE and the organic layers were collected and dry over MgSO 4 . The desired compound was isolated after chromatography column.

General procedure 4 (GP4): Synthesis of propargylic esters.

The desired organo-halide (3.00 mmol) and degassed DCM (15mL) were added to a 50mL Schlenk-type flask previously dried at 600°C under vacuum. The mixture was stirred until complete solubilization and triethylamine (3.30 mmol, 1.1 eq.) and 2-butyn-1-ol (4.50 mmol, 1.5 equiv.) were then added via syringe. The resulting suspension was stirred at room temperature and samples were periodically taken for TLC analyses. Upon complete consumption of starting material (2-16 h), the mixture was diluted with ethyl acetate (40 mL) and washed with brine (3 x 40 mL). The organic layer was dried over MgSO 4 and evaporated.

Products were purified by flash chromatography on silica gel.

General procedure 5 (GP5): Synthesis of Z-alkenes from corresponding alkynes.

The tripod catalyst (5.0 mg, 0.0031 mmol, 1 mol%, see table 1 entry 7) and freshly degassed THF (3.1 mL, 0.1 mol of alkyne/L) are added under argon to a Schlenk-type flask. The same results are obtained using either dry THF or wet solvent taken from its bottle. The desired alkyne (0.31 mmol, 1 eq.), triethylamine (210 µL, 1.55 mmol, 5 eq.), formic acid (58 µL, 1.55 mmol, 5 eq.) and p-xylene for reaction followed also via GC (38 µL, 0.31 mmol, 1 eq.) were sequentially added via syringes. The mixture was heated to reflux and the conversion was followed analyzing sampes via GC-MS using p-xylene as internal standard (100 L of crude each, diluted with 900 L of MeOH). Upon complete conversion of the alkyne, the solution was diluted with 20 mL of ethyl acetate and washed with brine (3 x 20 mL). The organic layer was dried over MgSO 4 and evaporated under vacuum. Desired alkenes were then isolated by flash chromatography on silica gel.

General procedure 6 (GP6): Synthesis of tetrahydrofuran derivatives.

Tripod catalyst 143 (5.3 mg, 0.00317 mmol, 1 mol%) is solubilized in degassed toluene (5.2 mL) under argon. Benzoic acid (39 mg, 0.319 mmol, 1 eq.) and enyne (100 mg, 0.314 mmol) are then sequentially added. The solution is kept under stirring at 45° for 72 hours. The mixture is then filtered through a celite pad and concentrated under reduced pressure. he product was purified by flash column chromatography.

Synthesis of aromatic alkynes Compound 6-(4-methoxyphenyl)hex-5-ynenitrile: 183

Following GP1, from hex-5-ynenitrile and 4-methoxyphenyl iodide was obtained 159 mg (80% yield) of 183 as an white powder.

¹H NMR (300 MHz, CDCl 3 ) (ppm): 7.32 (d,2H,J = 8.7 Hz,H4),6.82 (d,2H, J = 9.0 Hz, H3), 3.80 (s, 3H, H1), 2.58 (t, 2H, J = 6.9 Hz, H8), 2.56 (t, 2H, J = 7.2 Hz, H10), 1.95 (quint., 2H, J = 6.9 Hz, H9). 

Compound methyl 4-((4-methoxyphenyl)ethynyl)benzoate: 188

Following GP1, from methyl 4-ethynylbenzoate and 4-methoxyphenyl iodide was obtained 218 mg (82% yield) of 188 as an white powder. Spectroscopic data correspond to the literature.148 ¹H NMR (300 MHz, CDCl 3 ) (ppm): 8.00 (d,2H,J = 5.1 Hz,H4),7.55 (d,2H,J = 4.8 Hz,H5),7.48 (d,2H, J = 5.1 Hz, H10), 6.89 (d, 2H, J = 5.4 Hz, H11), 3.92 (s, 3H, H1), 3.83 (s, 3H, H13). 

Catalytic semi-reductions of alkynes

Following GP5, from Phenylprop-1-yne 178, a mixture of 179a, 179b and 179c was obtained as a colorless oil (37 mg, quantitative yield). The ratio between isomers of 93/3/4 was determined by GC-FID and GC-MS and NMR spectra were obtained after chromatography column.

GC at time 0 GC at 10h ¹H NMR (300 MHz, CDCl 3 ) (ppm): 6.08-5.93 (m, 1H, H2), 5.16-5.06 (m, 2H, H1), 3.42 (d, 2H, H3).

Following GP5, from Phenylbut-1-yne 181, a mixture of 201a, 201b and 201c was obtained as a colorless oil (41 mg, quantitative yield). The ratio between isomers of 78/21/1 was determined by GC-FID and GC-MS and NMR spectra were obtained after chromatography column.

GC at time 0:

GC at t = 22h: Following GP5, from Phenylpent-1-yne 182, a mixture of 202a, 202b and 202c was obtained as a colorless oil (45 mg, quantitative yield). The ratio between isomers of 70/29/1 was determined by GC-FID and GC-MS and NMR spectra were obtained after chromatography column.

GC at time 0 GC at t = 66h Following GP5, from 184, a mixture of 204a, 204b and 204c was obtained as a colorless oil (57 mg, 99% yield). The ratio between isomers of 92/4/4 was determined by GC-FID and GC-MS and NMR spectra were obtained after chromatography column. Following GP5, from 193, a mixture of 213a, 213b and 213c was obtained as a white solid (91 mg, 99% yield). The ratio between isomers of 90/6/4 was determined by GC-FID and GC-MS and NMR spectra were obtained after chromatography column.

¹H

¹H NMR (300 MHz, CDCl 3 ) (ppm): 7.73-7.66 (m, 2H, H6), 7.47-7.36 (m, 2H, H7, H8), 5.68-5.85 (m, 1H, H3), 5.55-5.44 (m, 1H, H2), 4.27 (d, 2H, J = 6 Hz, H4), 1.47 (d, 3H, J = 6.9 Hz, H1), 1.06 (s, 9H, H10). ¹H NMR (300 MHz, CDCl 3 ) (ppm): 5.92-5.77 (m, 1H, H2), 5.10-4.99 (m, 2H, H1), 3.72 (t, 2H, J = 6.9 Hz, H4), 2.41-2.29 (m, 2H, H3).

Following GP5, from 194 and after 86% conversion, a mixture of 214a, 214b and 214c was obtained as a colorless oil (50 mg, 86% + 14% starting material). The ratio between isomers of 83/14/3 was determined by GC-FID and GC-MS and NMR spectra were obtained after chromatography column.

¹H NMR (300 MHz, CDCl 3 ) (ppm): ¹H NMR (300 MHz, CDCl 3 ) (ppm): 7.47-7.27 (m, 5H, H7, H8, H9), 5.76-5.57 (m, 2H, H2, H3), 4.50 (s, 2H, H5), 3.99-3.94 (m, 2H, H4), 1.73 (dd, 3H, J = 6.0, 0.9 Hz, H1).

13 C NMR (75 MHz, CDCl 3 )  (ppm): 136.1 (C6), 71.9 (C5), 70.9 (C4), 17.9 (C1).

¹H NMR (300 MHz, CDCl 3 ) (ppm): 5.83-5.75 (m, 1H, H2), 5.15-5.01 (m, 2H, H1), 3.53 (t, 2H, J = 6.9 Hz, H4), 2.43-2.36 (m, 2H, H3).

Following GP5, from 195, a mixture of 215a, 215b and 215c was obtained as a white solid (56 mg, 99% yield). The ratio between isomers of 74/21/5 was determined by GC-FID and GC-MS and NMR spectra were obtained after chromatography column.

¹H NMR (300 MHz, CDCl 3 ) (ppm): 7. 49-7.40 (m, 1H, H7), 7.32-7.22 (m, 1H, H9), 7.17 ¹H NMR (300 MHz, CDCl 3 ) (ppm): 7. 49-7.40 (m, 1H, H7), 7.32-7.22 (m, 1H, H9), 7.17-7.10 (m, 1H, H8), 7.08-7.00 (m, 1H, H10), 5.79-5.57 (m, 2H, H2, H3), 4.57 (s, 2H, H5), 4.00 (d, 2H, J = 6.9 Hz, H4), 1.73 (d, 3H, J = 6.3 Hz, H1). ¹H NMR (300 MHz, CDCl 3 ) (ppm): 5.90-5.82 (m, 1H, H2), 5.15-5.03 (m, 2H, H1), 3.57 (t, 2H, J = 6.9 Hz, H4), 2.43-2.35 (m, 2H, H3).

Following GP5, from 196 and after 86% conversion, a mixture of 216a, 216b and 216c was obtained as a colorless oil (75 mg, 86% + 14% starting material). The ratio between isomers of 87/11/2 was determined by GC-FID and GC-MS and NMR spectra were obtained after chromatography column.

¹H NMR (300 MHz, CDCl 3 ) (ppm): 7.52 (s, 1H, H11), 7.41 (dd, 1H, J = 7.5, 1.5 Hz, H9), 7.37-7.17 (m, 2H, H7, H8), 5.77-5.55 (m, 2H, H2, H3), 4.48 (s, 2H, H5), 4.09 (d, 2H, J = 6.3 Hz, H4), 1.66 (d, 3H, J = 6.6 Hz, H1). Following GP5, from 199, a mixture of 179a, 179b and 179c was observed and a ratio between isomers of 29/27/44 was determined by GC-FID and GC-MS.

GC at t0 GC at t = 20h

Following GP6, from product 218, was obtained 68 mg (68% yield) of 219 as a white powder.

¹H NMR (400 MHz, CDCl 3 ) (ppm): . For sake of comparison, a plot of alkyne conversion through time is provided below MS spectra. These data came from GC-FID analyses, containing p-xylene as internal standard, over the same samples used for the above-mentioned UPLC ones.

Conversion 199 (%) 0 6 100

GENERAL CONCLUSION GENERAL CONCLUSION

During this Ph.D. work we were able to synthesize four natural benzo [c]phenanthridines by using palladium/norbornene joint organometallic catalysis. We bypassed the issue of the deprotection of acetal motifs present on these natural alkaloids by introducing an excess of norbornene. It acts both as a cocatalyst and as a sacrificial olefin, ensuring yields between 60 and 74% for the key dual catalytic step and therefore the synthesis of these natural compounds with over-all yields between 35 and 42%.

The second project concerned tripalladium all-metal aromatic complexes, first noble metal analogue of the cyclopropenyl cation [C 3 H 3 ] + which was previously isolated in our group. These structures were obtained in four steps from commercial compounds. We developed a second-generation synthesis one-pot synthesis using readily available chemicals.

This highly tunable method proved practical, efficient and tolerant towards a significantly broader scope of functionalities, delivering a large pallette of [M 3 ] + clusters in 80%-99% In order to better understand the chemistry of metal-aromatic species through these [M 3 ] + clusters, we then wanted to study their behavior in catalysis. We developed a method for the selective semi-reduction of alkynes. The best [M 3 ] + cluster presented an interesting activity at low loadings and provided good stereoselectivity for Z-alkenes. Furthermore, the use of these complexes enables to achieve complete chemioselectivy towards C-C triple bonds, completely excluding any over-reduced product. Unlike most mononuclear electron-rich species, they might trigger electrophilic activation of alkynes. This hypothesis is supported by encouraging preliminary results on enyne cycloisomerizations.

RESUME EN FRANÇAIS RESUME EN FRANCAIS

Depuis plusieurs décennies, la chimie du palladium a connu un véritable essor. Afin de de continuer dans cette voie, plusieurs axes de recherche ont été étudiés dans le cadre de cette After optimization of a new synthetic route, we could be able to isolate platinum analogues and also heterometallic clusters which interestingly had the same asymmetric unit than their homonuclear peers. Despite the unavoidable charge repulsion, the Lewis basic character revealed to be strong enough to bind other cationic species. Indeed, we reached to synthesize tetrahedral [M"(M 3 )(L n )] 2+ complexes. In another side, we wondered if the stability and special properties of [Pd 3 ] + clusters could confer to it some catalytic activities. Our studies were focused on semireduction reactions of alkynes. After optimization process, the catalyst [Pd 3 (SMe) 3 {P(C 7 H) 3 ) 3 }] + showed results beyond our greatest expectations. Indeed, this cluster selectively produced thermodynamically less stable Z-alkene without traces of over-reduced compound. Total chemioselectivity towards alkynes was proved by the reaction on several molecules bearing functional groups which are sensitive to hydrogenation conditions.

Figure 1 :

 1 Figure 1 : Structure of tripalladium complexes family.

Scheme 4 :

 4 Scheme 4 : Results by employing differently substituted aryl iodides.

Figure 2 :

 2 Figure 2 : Palladium(IV) pathway calculations with H 2 O as ancillary ligands. (B3LYP/LANL2ΔZ)

Figure 3 :

 3 Figure 3 : Transmetalation pathway calculations with H 2 O as ancillary ligands. (B3LYP/LANL2ΔZ)

Figure 4 :

 4 Figure 4 : Mechanistic studies of the reaction involving palladacycle with unsubstituted aryl.

Figure 5 :

 5 Figure 5 : Mechanistic studies of the reaction involving palladacycle with ortho-substituted phenyl iodide.

Figure 6 :

 6 Figure 6 : Selectivity towards aryl-aryl coupling; explanation of the ortho-effect.

Figure 7 :

 7 Figure 7 : Modeled structures of intermediates.

  13 a) A. Martins, B. Mariampillai, M. Lautens, Top.Curr. Chem. 2010, 292, 1-33. b) M. Catellani, E. Motti, N.

Figure 8 :

 8 Figure 8 : Structures of nitrogen-containing heterocycles.

Figure

  Figure 9: a) Phenanthridine b) Benzo[c]phenanthridine ; c) Benzo[c]phenanthridinium salt.

Figure 10 :

 10 Figure 10 : Examples of bioactives benzo[c]phenanthridines.

Scheme 13 :

 13 Scheme 13 : Norbornene as sacrificial olefin.

Scheme 21 :

 21 Scheme 21 : Proposed reaction mechanism.

Figure 12 :

 12 Figure 12 : Berthelot's "oeuf électrique"

Figure 13 :

 13 Figure 13 : First proposal for benzene structure.

Figure 14 :

 14 Figure 14 : Two proposed structures of benzene molecule

Figure 15 :

 15 Figure 15 : Bond length in function of single-or double-bond character.

Figure 16 :

 16 Figure 16 : Several proposition of the electronic structure of benzene.

Figure 17 :

 17 Figure 17 : Armit and Robinson structure of benzene.

Figure 18 :

 18 Figure 18 : Acidity and basicity

Figure 19 :

 19 Figure 19 : Atomic orbitals.

Figure 20 :

 20 Figure 20 : Pauling's five canonical structures contributing to the normal state of the benzene molecule.

  scheme 22b. The negative malonate ion 105, stabilized by the two ester groups, can attack the electrophilic position of the acrylate moiety and create a C-C bond. The formed enolate 106 recovers a proton and regenerate the base to obtain the triester product 107.

Figure 21 :

 21 Figure 21 : a) Partial charges in function of the substituent. b) Hückel's calculated charge distribution (double bonds were omitted for clarity).

Scheme 23 :

 23 Scheme 23 : Mesomeric effect depending of the substituents. a) Electron-donor group. b) Electron-withdrawing group.

Figure 22 :

 22 Figure 22 : a) Tropolone compounds family. b) Aromatic sextet rule justifying tropolone stability.

Figure 23 :Scheme 24 :

 2324 Figure 23 : Delocalization of the positive charge on tropone ring.

Figure 24 :

 24 Figure 24 : Pyrene and coronene structures

Figure 25 :

 25 Figure 25 : Examples of predicted aromatic metallocycles.

Figure 26 :

 26 Figure 26 : Isolated mono-and bimetallocycles.

Figure 27 :

 27 Figure 27 : Robinson's metal-aromatic cyclogallene.

Figure 28 :

 28 Figure 28 : NICS values for benzene molecule.

2 .

 2 20 Å. The eclipsed conformation was justified by the overlapping between the two d xy orbitals of each rhenium atoms which enabled a better stabilization despite the chlorinechlorine interaction. 93 F. A. Cotton, N. F. Curtis, C. B. Harris, B. F. G. Johnson, S. J. Lippard, J. T. Mague, W. R. Robinson, J. S.Wood, Science, 1964, 145, 1305-1307. 

Figure 29 :

 29 Figure 29 : X-Ray structure of [Re 2 Cl 8 ] 2-.

Figure 30 :

 30 Figure 30 : (Left) Electron density surfaces and energies for the Cr-Cr bonding orbitals. (Right) Chemical structure of the fivefold Cr-Cr bond complex.

  94 T. Nguyen, A. D. Sutton, M. Brynda, J. C. Fettinger, G. J. Long, P. P.Power, Science, 2005, 310, 844-847. 

Figure 31 :

 31 Figure 31 : (Left) Five valence molecular orbitals responsible for the Ta-Ta bonding. (Right) [Ta 3 O 3 ] -complex.

Figure 32 :

 32 Figure 32 : Highest occupied molecular orbital of the simplified (tris)gold cation.

  2.1.2.3.3. Fischer's trizinc clusters and zinc-copper heteroaromaticsVery recently, Fischer reported a (tris)zinc cluster 99 analogous of [H 3 ] + as Sadighi's and Bertrand's gold complex. Cluster 137 shown on figure33, was synthesized by the condensation of Carmona's compound [Zn 2 Cp* 2 ] 138 with [ZnCp* 2 ] 139 in presence of a stabilized boric acid derivative. In spite of a degradation of the starting material during the dissolution process, the desired cluster, when formed, has a rather slow decomposition rate and can be isolated.

Figure 33 :

 33 Figure 33 : Fischer's (tris)zinc -aromatic cluster.

Figure 34 :

 34 Figure 34 : Crystal structures of [Zn 3 ] + (left) and [Zn 2 Cu] (right).

Figure 35 :

 35 Figure 35 : X-Ray picture of Pd 3 + cluster 140.

Figure 36 :

 36 Figure 36 : Pictures of relevant molecular orbitals of 143.

Figure 37 :

 37 Figure 37 : NICS zz calculations for complex 143 and its tricationic analogue.

Figure 38 :

 38 Figure 38 : Isotopic pattern of complex 140 in ESI-MS analysis (Left). NMR spectrum of phenylthiolate substituent in complex 143 (Right).

  aromaticity with [Zn 3 ] + and [Zn 2 Cu]. The third part was to study the predicted Lewis-basic ability of the [Pd 3 ] + cluster to bind other cations in order to confirm or invalidate DFT results.

Figure 39 :

 39 Figure 39 : Dimeric palladium(II) specie.

Figure 40 :

 40 Figure 40 : Two Pd 2 Pt metallic core clusters.

Figure 41 :

 41 Figure 41 : HRMS analyses of reactions with ratio A & B.

1 H

 1 NMR showed as expected, that chemical shifts of the ortho-protons of the thiolate moiety are more shielded than meta-ones. As their homonuclear analogues, the presence of a shielding cone orthogonal to the metallic plane is able to provide this effect. 100 Nevertheless, this effect could be also induced by -stacking interactions between the well-aligned aryl groups borne by the phosphine and those from the thiolate. Regarding crystal structures, both 161 and 162 presented an asymmetric unit identical to 149 and 155 (Figure42). Beside the non-coordinating counter-anion, each unit was composed of only one metal atom, a thiolate fragment and a phosphine moiety. They presented a statistical disorder on the nature of the metal ion. The refinement procedure has been realized to obtain the best model of the site occupation factor of the metallic position.

Figure 42 :

 42 Figure 42 : X-ray asymmetric units.

  d x²-y² orbitals of metals and is delocalized on the trimetallic core. These bonding molecular orbitals have a sigmoidal symmetry and thus provide a -aromatic character to these clusters. HOMOs -36 of these clusters are depicted in Figure 44. As for HOMOs, HOMOs -36 were identical among these four clusters and were formed by combining d xz atomic orbitals of each metal. The symmetry of these MO revealed to be -like. A -type molecular orbitals has been found in 155 (HOMO -12) which was totally delocalized on the trimetallic core, as previously observed in the case of [Pd 3 ] + clusters. 100 These observations conferred to 155 triple aromaticity (,  and ).

Figure 43 :

 43 Figure 43 : Representations of HOMOs for cationic clusters 149, 161, 162 and 155.

Figure 44 :

 44 Figure 44 : Representations of HOMOs -36 for cationic clusters 149, 161, 162 and 155.

Figure 45 :

 45 Figure 45 : NICS values.

Figure 46 :

 46 Figure 46 : Quadrupole moment and anion/cation affinities.

Figure 47 :

 47 Figure 47 : Molecular modeling of Matile's naphtalenediimide binding a chlorine atom.

Scheme 35 :

 35 Scheme 35 : Synthesis of pyramidal [Pd 3 Li] 2+ .

Figure 49 :

 49 Figure 49 : HRMS analysis of 167.

Figure 50 :

 50 Figure 50 : X-ray pictures of pyramidal clusters 167 and 168. Hydrogens and substituent on sulfur and phosphorous atoms were omitted for clarity.

Figure 51 :

 51 Figure 51 : Two different representations of complex 167.

  119 C. Archambault, R. Bender, P. Braunstein, Y. Dusausoy, R.Welter, Dalton Trans., 2014, 43, 8609-8619. 

Figure 52 :

 52 Figure 52 : HRMS of compound 170.

Figure 53 :

 53 Figure 53 : HRMS analysis of compound 171.

  50 mL of freshly degassed CHCl 3 were then syringed under Ar and the solution became deeply violet. Tri(4-fluorophenyl)phosphine (94.8 mg, 0.3 mmol, 1 eq.) and bis(4chlorophenyl)disulfide (43.2 mg, 0.15 mmol, 0.5 eq.) were immediately added to the mixture under Ar and the resulting solution was kept under stirring at r.t. for 2 hours. AgSbF 6 (34.2 mg, 0.1 mmol, 0.33 eq.) was eventually added and the solution was put in the dark. Stirring is maintained for 1 hour and the mixture was filtered through a short pad of celite under Ar.Solvent was removed under vacuum to leave an orange solid. The latter was washed with a CHCl 3 /hexane solution (1/30 v/v, 5 x 50 mL). The crude orange solid was dried under vacuum providing 134.2 mg of a mixture of triangular complexes 149, 155, 161 and 162. Their relative ratio (Pd 3 :Pd 2 Pt:PdPt 2 :Pt 3 = 15:11:51:21) was estimated comparing the total ion current of each trimetallic cation via HRMS. Comparable results were obtained comparing 1 H and 31 P NMR signals. The mixture of complexes was purified by chromatography using acetone/hexane (1/2 v/v) as eluent. Complexes were collected in twelve fractions that were separately analyzed by NMR. Desired PdPt 2 cluster 161 was more abundant in fractions 6-9, which were then separately dried in vacuum. Crystals of 161 suitable for X-Ray diffraction were obtained by recrystallization of the content of fraction 7 (vapor diffusion using THF/hexane). General procedure 5 (GP5): Synthesis of silver-containing tetrahedral clusters 167, 168 and 169.AgX (0.0444 mmol, 4 eq.) was added to a solution of [Pd 3 ]X (0.0111 mmol, 1 eq.) in 5 mL of CHCl 3 in a Schlenk-type flask under Ar. The deep red solution was put in the dark. Stirring was maintained for 1 hour and the mixture was then filtered through a short celite pad under Ar. The solvent was removed under vacuum to afford a deep red solid. Then the compound was further purified by recrystallization. Crystals of 6 suitable for X-Ray diffractions were obtained by vapor diffusion using THF/hexane.

  3 ): (ppm): 7.21 (d, J = 9.0 Hz, 6H, H5), 7.18 (d, J = 9.0 Hz, 6H, H4), 1.79-1.67 (br s, 18H, H1), 0.92-0.85 (m, 27H, H2).

13 C 3 (

 133 NMR (75 MHz, acetone-d 6 ): δ (ppm) 165.0 (d, J = 251.9 Hz, C4), 137.8 (C7), 137.C2), 135.8 (C8), 129.4 (C5), 129.0 (C6), 128.4 (br s, C1), 116.4 (C3).

31 P

 31 NMR (acetone-d 6 ): δ (ppm) 0.65 (apparent tt, 1 J P-Pt = 4301 Hz, 2 J P-Pt = 74 Hz).

19 F

 19 NMR (acetone-d 6 ): δ (ppm) -109.57. 195 Pt NMR (107 MHz, acetone-d 6 ): δ (ppm) -5474 (d, 1 J Pt-P = 4400 Hz). HRMS calcd. for C 72 H 51 F 9 P 3 Pt 3 Se 3 + 2001.9528, found: 2001.9459.

13 C

 13 NMR (125 MHz, ): δ (ppm) 165.4 (d, J = 252.1 Hz, C4),137.5-136.4 (m, C2, C6, C7, C8), 129.4 (C5), 127.9 (br s, C1), 117.1-116.4 (m, C3).

(Figure 54 )Figure 54 :

 5454 Figure 54 : Different types of Frustrated Lewis Pairs.

Figure 55 :

 55 Figure 55 : Palladium(0) catalysts

Scheme 39 :

 39 Scheme 39 : Proposed mechanism for alkyne semi-reduction.

Figure 56 :

 56 Figure 56 : Frontier orbitals of complexes 152 (left) and 156 (right).

Figure 57 :

 57 Figure 57 : Possible double-bond isomerization products.

Figure 58 :

 58 Figure 58 : Deuterium NMR of deuterated phenylpropene.

  140 G. M. Whitesides, M. Hackett, R. L. Brainard, J.-P. P. M. Lavalleye, A. F. Sowinski, A. N. Izumi, S. S. Moore, D. W.Brown, E. M. Staudt, Organometallics, 1985, 4 1819-1830. 

Figure 59 :

 59 Figure 59 : GC-MS analysis for mercury drop test.

Figure 60 :

 60 Figure 60 : GC-MS analysis for Sheldon test.

1 H

 1 NMR (300 MHz, CDCl 3 ) δ (ppm): 7.41 -7.15 (m, 5H, H6, H7, H8), 5.53 -5.45 (m, 2H, Hvinyl), 3.43, 3.34 (2 d, 2H, J = 5.0 and 6.0 Hz, CH 2 allyl), 1.75, 1.71 (2 d, further split, 3H each, J = 5.0 and 6.0 Hz, CH 3 ).

13 C

 13 NMR (75 MHz, CDCl 3 )  (ppm): 159.0 (C2), 131.4 (C6), 127.1 (C4), 125.3 (C7), 119.5 (C11), 113.9 (C3), 55.2 (C1), 31.6 (C8), 25.1 (C9), 16.4 (C10).

  NMR (300 MHz, CDCl 3 ) (ppm): 7.66 (d, 1H, J = 8.0 Hz, H8), 7.50 (dd, 1H, J = 7.5, 7.5 Hz, H6), 7.35-7.32 (m, 2H, H5, H7) 6.65 (d, 1H, J = 11.5 Hz, H3), 5.92 (dq, 1H, J = 11.5, 7.0 Hz, H2) 1.73 (dd, 3H, J = 7.0, 2.0 Hz, H1).

13 C

 13 NMR (75 MHz, CDCl 3 )  (ppm): 135.6 (C6), 133.9 (C5), 129.9 (C3), 129.5 (C8), 127.6 (C7), 125.2 (C2), 60.0 (C4), 26.8 (C10),19.1 (C9).¹H NMR (300 MHz, CDCl 3 ) (ppm): 7.73-7.66 (m, 2H, H6),7.47-7.36 (m, 2H, H7, H8), 5.68-5.85 (m, 1H, H3), 5.55-5.44 (m, 1H, H2), 4.14 (dt, 2H, J = 4.8, 1.5 Hz, H4),1.72-1.67 (m, 3H, H1).

  -7.10 (m, 1H, H8), 7.08-7.00 (m, 1H, H10), 5.79-5.57 (m, 2H, H2, H3), 4.59 (s, 2H, H5), 4.13(d, 2H, J = 6.3 Hz, H4), 1.67(d, 3H, J = 5.1 Hz, H1).

13 C

 13 NMR (75 MHz, CDCl 3 )  (ppm): 160.7 (d, J = 245.0 Hz, C11), 130.0 (d, J = 4.2 Hz, C7), 129.2 (d, J = 8.1 Hz, C9), 128.3 (C2 or C3), 126.6 (C3 or C2), 125.5 (d, J = 14.8 Hz, C6), 124.0 (d, J = 3.5 Hz, C8), 115.9 (d, J = 21.4 Hz, C10), 65.7 (C4), 65.4 (d, J = 3.7 Hz, C5), 13.2 (C1).

19 F

 19 NMR (CDCl 3 ) (ppm): -119.1. HRMS calcd. for C 11 H 13 FO + 180.0945, found 180.0939.

13 C

 13 NMR (75 MHz, CDCl 3 )  (ppm): 160.7 (d, J = 245.0 Hz, C11), 130.1-129.9 (m, C7), 129.1 (d, J = 7.8 Hz, C9), 127.3 (C2 or C3), 126.6 (C3 or C2), 125.5 (d, J = 14.6 Hz, C6), 124.0 (m, C8), 115.9 (d, J = 21.4 Hz, C10), 71.2 (C4), 65.2 (d, J = 3.7 Hz, C5), 17.8 (C1).

  (m, 2H, H7, H8), 5.77-5.55 (m, 2H, H2, H3), 4.46 (s, 2H, H5), 3.96(d, 2H, J = 6.0 Hz, H4),1.75-1.71 (m, 3H, H1).

13 C

 13 NMR (75 MHz, CDCl 3 )  (ppm): 138.4 (C10), 122.3 (C6), 72.1 (C4), 71.0 (C5), 17.8 (C1).¹H NMR (300 MHz, CDCl 3 ) (ppm): 5.95-5.84 (m, 1H, H2), 5.19-5.01 (m, 2H, H1), 3.53 (t, 2H, J = 6.6 Hz, H4),3.96 (d, 2H, J = 6.0 Hz, H4), 3H, H1).

  yields. It allowed to access triplatinum [Pt 3 ] + and heterometallic [Pd 2 Pt] + and [PdPt 2 ] + complexes. They parallel core structural and electronic properties of their [Pd 3 ] + peers.Heterometallic complexes are analogues of traditional heteroaromatics. Unlike those built assembling main-group elements, [Pd 2 Pt] + and [PdPt 2 ] + complexes present asymmetric crystallographic units identical to their homonuclear peer. Bond-length equalization in heteronuclear system could be observed thanks to lanthanide contraction that makes suitably delocalized M-M and M-M' bonds degenerate. DFT modeling suggested that these [M 3 ] + clusters possessed a potentially strong Lewis basic character as regular donor ligands. Despite their electrostatic charge they quadrupolar moment should have allowed them to bind other cationic species. We proved that cationic metal-aromatic platform can act as neutral and anionic ligands by synthesizing [M"(M 3 )(L n )] 2+ complexes. The coordination can deliver stable species, as 18-electron silver(I) complexes in which four ancillary ligands arrange in an almost perfect tetrahedral geometry around Ag + ions. Three can be neutral species and the first coordination sphere of silver nuclei can be filled by a [M 3 ] + unit in spite of the charge repulsion between two cations.

  thèse. Grâce aux récents développements de la catalyse duale palladium/norbornene, plusieurs structures polycycliques azotées complexes ont pu être synthétisées, comme par exemple les dibenzoazépines, les carbazoles ou encore les phénanthridines. Concernant ces dernières, notre groupe a mis au point la réaction de couplage entre des iodures aryliques et phénanthridine avec de bons rendements. Cette méthodologie permet de créer une liaison C-C ainsi qu'une liaison C-N pour former la dihydrobenzo[c]phénanthridine correspondante. Grâce au palladium encore présent dans le milieu et à l'ajout d'un ballon de dioxygène à la fin de la conversion, l'oxydation de la liaison C-N conduit à la formation de la benzophénanthridine naturelle n'a été produite en utilisant cette méthode et c'est dans ce contexte que le projet a vu le jour. Le but était de synthétiser quatre produits naturels via la méthode de couplage séquentiel palladium/norbornène préalablement mise au point dans notre groupe. Le problème de l'hydrolyse des groupements acétals pendant l'étape de couplage a été identifié et résolu après optimisation des conditions réactionnelles. En effet, un excès de norbornène a permis non seulement d'assurer son rôle de co-catalyseur mais également de servir d'oléfine sacrificielle en acceptant formellement une molécule de dihydrogène générée lors de l'oxydation pallado-catalysée de la liaison C-N. Ces conditions optimales ont été appliquées et quatre benzo[c]phénanthridines naturelles, à savoir la Noravicine, la Nornitidine, la O-Methylnorfagaronine et la Norallonitidine, ont pu être isolées en seulement quatre étapes avec des rendements globaux allant de 35 à 42%. Quelques mois avant le commencement de cette thèse, une nouvelle famille de complexes triangulaires de palladium a été isolée dans notre groupe à partir d'isothiourées. Cette espèce arborant 44 électrons de valence et une charge positive délocalisée sur son coeur trimétallique, est la première molécule stable qui présente un caractère métallo-aromatique de type . De manière contre-intuitive, les calculs DFT effectués sur ces molécules ont prédit un fort caractère basique au sens de Lewis malgré la présence d'une charge positive. Durant cette thèse, nous avons mis au point une nouvelle voie d'accès à cette famille de complexes [Pd 3 ] + à partir de disulfures. Cette synthèse, plus efficace en termes de rendements globaux, est également plus tolérante envers divers groupements fonctionnels. Elle présente l'avantage d'être économe en atome mais aussi de partir de réactifs commercialement disponibles et d'utiliser une purification par précipitation, évitant ainsi la chromatographie sur silice. Avec les conditions optimales en main, cette synthèse a été étendue à des analogues de platine de type [Pt 3 ] + qui possèdent une configuration électronique sensiblement proche des complexes [Pd 3 ] + et qui présentent également une aromaticité de type . Utilisant la même synthèse, des complexes hétéro-métalliques de type [Pd 2 Pt] + et [PdPt 2 ] + ont aussi pu être obtenus et de manière intéressante, ceux-ci possèdent la même unité asymétrique que leurs pairs homonucléaires. Malgré l'inévitable répulsion entre deux charges positives, le caractère base de Lewis de ces complexes s'est révélé assez fort pour coordiner d'autres espèces cationiques. En effet nous avons réussi à synthétiser et à isoler des espèces tétrahédrique de type [Pd 3 M] 2+ dans lesquelles M est un cation Au + , Ag + , ou même Cu + . Ces complexes présentent une stabilité appréciable qui nous a permis de les manipuler sans précautions drastiques et ainsi d'obtenir des cristaux adaptés pour des analyses R-X. D'autre part, au-delà des propriétés spéciales des complexes de type [Pd 3 ] + , nous voulions savoir s'ils possédaient une activité catalytique. Notre étude s'est portée sur la réaction de semi-hydrogénation d'alcynes. Suite au processus d'optimisation de la réaction, un de nos catalyseurs [Pd 3 (SMe) 3 {P(C 7 H) 3 ) 3 }] + a montré des résultats allant au-delà de nos espérances. En effet, ce complexe produit sélectivement des alcènes de configuration Z, thermodynamiquement moins stables sans présence de produit doublement réduit. Une totale chimio-sélectivité envers les alcynes internes a été prouvée par la tolérance de ce catalyseur pour plusieurs groupements fonctionnels ordinairement sensibles aux conditions d'hydrogénation. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Titre : Voie d'accès aux benzophenanthridines naturelles et la chimie des composés métalloaromatiques stables Mots clés : Benzo[c]phenanthridines, Metallo-aromaticité, Hydrogénation, Palladium, Catalyse Résumé : Depuis plusieurs décennies, la chimie du palladium a connu un véritable essor. Afin de de continuer dans cette optique, plusieurs axes de recherche ont été investigués dans le cadre de cette thèse. Grâce aux récents développements de la catalyse duale palladium/norbornène des motifs benzophénanthridines naturels. En parallèle, une nouvelle famille de complexes triangulaires de palladium a été isolée dans notre groupe. Cette espèce arborant 44 électrons de valence et une charge positive délocalisée sur son coeur trimétallique, est la première molécule stable qui présente un caractère métallo-aromatique de type . Après l'optimisation d'une nouvelle voie de synthèse, nous avons pu accéder à des analogues de platine mais aussi à des composés hétéro-métalliques possédant des unités asymétriques similaires. Le caractère base de Lewis de ces complexes a permis l'isolation de composés tétraédraux de type [M"(M 3 )(L n )] 2+ malgré la répulsion des charges positives. Ces espèces triangulaires aromatiques ont aussi prouvé leur habileté en tant que catalyseur pour la réaction de semihydrogénation d'alcynes. En effet, ce complexe transforme chimiosélectivement les alcynes en alcènes de configuration Z sans présence de produit doublement réduit. Title : Convergent assembly of natural benzophenanthridines and the chemistry of stable all-metal aromatic complexes Keywords : Benzo[c]phenanthridines, All-Metal aromaticity, Hydrogenation, Palladium, Catalysis Abstract : Recent developments on dual palladium/norbornene catalytic reactions led to one-pot synthesis of complexes polyheterocyclic molecules. By extension of this reaction, the coupling of aryl triflates and bromobenzylamines permitted us to synthesize natural benzophenanthridine. In parallel, a new family of triangular palladium complexes has been isolated in our research group. These 44 valence electrons complexes possessing a positive charge delocalized on the trimetallic core were the first stable compounds which presented -type aromaticity.

  

  

  

  

  

  

  

  

  

  

  

  

  

Scheme 5 : Two possible routes to achieve aryl-aryl coupling.

  

2 ) bond observed in final products but in 2006, Cardenas and Echavarren 11 postulated that the aryl-aryl bond could be engendered by a transmetalation pathway via intermediate 15 (Scheme 5). 10 a) M. Catellani, Top. Organomet. Chem. 2005, 14, 21-53. b) M. Lautens, D. Alberico, C. Bressy, Y.-Q. Fang, B. Mariampillai, T. Wilhelm, Pure Appl. Chem. 2006, 78, 351-361. c) C. Bressy, D. Alberico, M. Lautens, J. Am. Chem. Soc. 2005, 127, 13148-13149. d) A. Rudolph, N. Rackelmann, M. Lautens, Angew. Chem., Int. Ed. 2007, 46, 1485-1488. e) K. M. Gericke, D. I. Chai, N. Bieler, M. Lautens,

Angew. Chem., Int. Ed. 2009, 48, 1447-1451. 11 

D. J. Cárdenas, B. Martín-Matute, A. M. Echavarren, J. Am.

Chem. Soc. 2006, 128, 5033-5040 

  1.2.2.1.1 Total synthesis of benzo[c]phenanthridines by Stermitz et al.In 1974, Stermitz and coworkers published one of the first syntheses of norfagaronine 22 57 in 6 steps with an overall yield of 18% starting from nitronaphtalene derivative 52.

	(Scheme 7)

Scheme 7 : Stermitz et al. strategy.

  1. 

	Compound	R	R'	Isolated Yield
	Nornitidine 48	-Me	-CH 2 -	18%
	O-Methylnorfagaronine 83	-Me	-Me	63%
	Noravicine 84	-CH 2 -	-CH 2 -	n.d.
	Norallonitidine 85	-CH 2 -	-Me	17%

Table 1 : First results on coupling reaction.
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Table 2

 2 

	).

Table 2 : Optimization of the reaction conditions for the synthesis of 48. a : reaction has been performed with 3 eq. of Cs 2 CO 3 during 24h before adding a balloon of dioxygen. b : Reaction performed with 3 eq. of Cs 2 CO 3 during 24h.
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  ).

	Compound	R	R'	Isolated Yield	Overall Yield
	Nornitidine 48	-Me	-CH 2 -	72%	36%
	O-Methylnorfagaronine 83	-Me	-Me	64%	42%
	Noravicine 84	-CH 2 -	-CH 2 -	74%	37%
	Norallonitidine 85	-CH 2 -	-Me	60%	35%

Table 3 : Coupling step with optimized conditions.

 3 

1.5.3. Coupling of ortho-substituted aryl iodides and ortho-bromobenzylamines 1.5.3.1. Preparation of the epoxynaphtalenes 5,8-dihydro-5,8-epoxynaphto[2,3-d][1,3]dioxo, 15 92

  

	Following GP1, from 5,6-dibromo-1,3-benzodioxole (4.73 g) were obtained 3.17 g of 92
	(81% yield) as a white solid which was shown to be spectroscopically identical to the material
	described in the literature.
	¹H-NMR (300 MHz, CDCl 3 ): δ (ppm) 7.07 (s, 2H), 6.86 (s, 2H), 5.96 (d, 1H, J = 1.4 Hz),
	5.91 (d, 1H, J = 1.4 Hz), 5.66 (s, 2H).
	1,4

-dihydro-6,7-dimethoxy-1,4-epoxynaphtalene 29 , 93 Following GP1, from

  

	4,5-dibromoveratrol (5 g), 1.91 g of 93 (56% yield) were obtained as a
	white solid which was shown to be spectroscopically identical to the material described in the
	literature.
	¹H-NMR (500 MHz, CDCl 3 ): δ (ppm) 7.01 (s, 1H), 6.94 (s, 1H), 5.65 (s, 1H), 3.82 (s, 6H).

1.5.3.2. Preparation of the naphtyl alcohols Benzo[f][1,3]benzodioxol-5-ol, 15 90

  

-Dimethoxynaphthalen-1-ol, 30 91

  

	1 H-NMR (300 MHz, CDCl 3 ) δ (ppm) 7.50 (s, 1H), 7.32-7.25 (m, 1H), 7.16 (t, 1H, J = 7.8
	Hz), 7.11 (s, 1H), 6.70 (d, 1H, J = 7.4 Hz), 6.05 (s, 2H), 5.04 (s, 1H).
	6,7

1.5.3.3. Preparation of the naphtyl triflates Naphtho[2,3-d][1,3]dioxol-5-yltrifluoromethanesulfonate, 28 88b

  

	Following GP3, from 90 (1.29 g), were obtained 2.19 g (89% yield) of the product as a pale
	yellow solid which was shown to be spectroscopically identical to the material described.
	1 H-NMR (500 MHz, CDCl 3 ) δ (ppm) 7.66 (dd, 1H, J = 3.6, 5.5 Hz), 7.33-7.31 (m, 3H), 7.16
	(s, 1H), 6.11 (s, 2H).
	13 C-NMR (75 MHz, CDCl 3 ) δ (ppm) 149.
	1 H-NMR (500 MHz, CDCl 3 ) δ (ppm) 7.44 (s, 1H), 7.28 (d, 1H, J = 8.0 Hz), 7.14 (apt, 1H, J =
	7.4, 8.0 Hz), 7.08 (s, 1H), 6.68 (d, 1H, J = 7.4 Hz), 5.11 (s, 1H), 4.00 (s, 3H), 3.98 (s, 3H).
	30 M. Ballantine, M. L. Menard, Tam, W. J. Org. Chem. 2009, 74, 7570-7573.

Bromobenzo[d][1,3]dioxol-5-yl)methanamine, 15 87 Following GP5, from 97 (1.71 g) was obtained 87 (1.28 g, 80%) as light brownish soft solid.

  

	1 H NMR (300 MHz, CDCl 3 ): δ (ppm) 6.98 (s, 1H), 6.89 (s, 1H), 3.85-3.81 (m, 8H).
	13 C NMR (75 MHz, CDCl 3 ): δ (ppm) 148.5, 148.4, 134.2, 115.6, 113.2, 112.0, 56.2, 56.0,
	46.6.
	(6-1 H NMR (300 MHz, CDCl 3 ): δ (ppm) 6.99 (s, 1H), 6.88 (s, 1H), 5.96 (s, 2H), 3.80 (s, 2H),
	1.56 (s, 2H).

2,3-dimethoxy-[1,3]dioxolo[4',5':4,5]benzo[1,2-c]phenanthridine (Nornitidine), 48

  

	Following GP6, from the triflate 88b (93 mg) and the bromobenzylamine 86 (64 mg), 62 mg
	were obtained as a white solid (72%).
	1 H NMR (300 MHz, CDCl3): δ (ppm) 9.33 (s, 1H), 8.65 (d, 1H, J = 9.0Hz), 8.56 (s, 1H),
	8.18 (s, 1H), 7.97 (d, 1H, J = 9.0 Hz), 7.73 (s, 1H), 7.53 (s, 1H), 6.22 (s, 2H), 4.10 (s, 3H),
	3.99 (s, 3H).
	13 C NMR (75.4 MHz, CDCl3): δ 153.

2: ALL-METAL AROMATICITY PART 2 : ALL-METAL AROMATICITY 2.1. Introduction 2.1.1. Concept of aromaticity 2.1.1.1. Discovery of benzene

  

	Benzene molecule was the first example of the aromatic compounds family that has been
	discovered. It was first isolated by Michael Faraday 31 in 1825 when he was studying the fluid
	obtained during the compression of acetylene gas into the vessels used to illuminate the
	streets of London at the time. He just employed distillation method to isolate what he named
	"Bicarburet of hydrogen". This compound was then synthesized in 1833 by Eilhard
	Mitscherlich 32 via the degradation by distillation of benzoic acid, which was isolated from
	"benzoin resin", in presence of Ca(OH) 2 . Mitscherlich called this compound, "benzin" in
	reference to the corresponding aromatic resin. In 1836, the French scientist Auguste Laurent

  Kekulé was admitted by chemists but no significant proofs were added until the beginning of the 20 th century. The discovery of the electron particle by Thomson 43 and the appearance of X-Ray analysis helped scientists to really move forward the understanding of carbon-carbon bonding. After the discovery of diamond structure in 1913 by the Bragg family (father and son rewarded by the Nobel Prize in 1915), 44 X-Ray was recognized as a very useful tool to analyze chemical compounds. Even if the complete elucidation of diamond has been given, the structure of graphite carbon, close to the benzene one, was not solved owing to the difficulty of obtaining good single crystals. At that time,

	The structure proposed by
	Because of its three double bonds, benzene should
	react like ethylene but it does not. In occasion of the 25th anniversary of the German
	Chemical Society, Kekulé did have the opportunity to present his work during a prestigious
	congress in the Berlin City Hall in 1890. 42 During this lecture, he spoke about the now famous
	dream that he had during a chilly night at Ghent University:
	"During my stay in Ghent I resided in elegant bachelor quarters in
	the main thoroughfare. My study, however, faced a narrow side-alley
	and no daylight penetrated it. For the chemist who spends his day in
	the laboratory this mattered little. I was sitting writing at my textbook
	but the work did not progress; my thoughts were elsewhere. I turned
	my chair to the fire and dozed. Again the atoms were gamboling
	before my eyes. This time the smaller groups kept modestly in the
	background. My mental eye, rendered more acute by repeated visions
	of the kind, could now distinguish larger structures of manifold
	conformation: long rows, sometimes more closely fitted together all
	twining and twisting in snake-like motion. But look! What was that?
	One of the snakes had seized hold of its own tail, and the form whirled
	mockingly before my eyes. As if by a flash of lightning I awoke; and
	this time also I spent the rest of the night in working out the
	consequences of the hypothesis. Let us learn to dream, gentlemen,
	then perhaps we shall find the truth. But let us beware of publishing
	our dreams till they have been tested by the making understanding."
	Fredrich August Kekulé von Stradonitz
	Translate to English by O. T. Benfey

  52 but the question of the high stability of this ring still reminds unanswered. After seminal work by Biggs 65 and Slater 66 (first pictures of 2s and 2p orbitals), Erich Hückel reported its quantum theoretical contributions of what he called "the benzene problem" in 1931.67 He was the first to

63 a) F. R. Goss, C. K. Ingold, J.

Chem. Soc., 1928, 127, 1268-1278. b) C. K. Ingold, H. A. Piggott, J. Chem. Soc. Trans., 1923, 123, 1469-1509. 64 

a) J. Beckenkamp, Z. Anorg.

Allg. Chem., 1924, 137, 249-274. b) 

J. Beckenkamp, Z. Anorg. Allg. Chem.,

137, 220-232. c) H. Burgarth, Z. Elektrochem. Agew. Phys. Chem, 1926, 32, 157-162. d) E. Schrörer, Z. Elektrochem. Agew. Phys. Chem., 1925, 31, 53-54. e) 

M. Ulmann, Z. Elektrochem.

Angew. Phys. Chem., 1928, 41, 674-680. f) 

L.

  Square planar metallic clusters such as Te 4

					2+ , 88
	Sb 4	2-and Bi 4	2-89 were reported to be valence isoelectronic to the prototypical aromatic C 4 H 4	2-.
	Others pentagonal planar structures such as As 5	-, Sn 5	-and Pb 5	-are valence isoelectronic to
	cyclopentadienyl anion C 5 H 5	-

Table 4 : Synthesis of Tripod Pd 3 + clusters from isothioureas.

 4 

  which arises from the combination of d xz AO and whose symmetry makes it a -type bond (Figure36bottom right). This molecular orbital is also delocalized on the three palladium centers.

102 M. Weber, J. E. M. N.

Klein, B. Miehlich, W. Frey, R. Peters, Organometallics, 2013, 32, 5810-5817. b) 

T.

Murahashi, H. Kurosawa, Coord. Chem. Rev., 2002, 231, 207-228, c) 

L. M. Mirica, J. R.

Khusnutdinova, Coord. Chem. Rev., 2013, 257, 299-314. d) 

Y. Kajitani, K. Tsuge, Y. Sasaki, M. Kato, Chem. Eur. J., 2012, 18, 11196-11200. e) J. E. Bercaw, A. C. Durrell, H. B. Gray, J. C. Green, N. Hazari, J. A. Labinger, J. R.

Winkler, Inorg. Chem., 2010, 49, 1801-1810. f) 

C. Eerdun, S. Hisanaga, J.-I. Setsune, Angew.

Chem. Int. Ed., 2013, 52, 929-932

. g) T. Murahashi, K. Takase, M.-A. Oka, S. Ogoshi, J. Am.

Chem. Soc., 2011, 133, 14908-14911. 

Table 5 : Optimization of the purification step for complex 148.
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Table 5 ,

 5 Entries 6 & 7) but we could not use this solvent for the same reasons presented before for n-hexane.Not satisfied by these results, we then decided to search further. Instead of purifying the cluster by several washings, a precipitation method could be more appropriate. After evaporation of chloroform, the resulting solid is solubilized in the minimal quantity of polar solvent (Solvent A) and then an apolar solvent (Solvent B) is added under strong stirring. The results obtained with this method at room temperature are reported in table 6. The presented ratio of A/B volumes was evaluated after total precipitation; technically, if we stop stirring, big size orange-red particles should go down the Schlenk, releasing a limpid yellow solution.

	Entry	Solvent A	Solvent B	Ratio A/B
	1	Et 2 O	n-hexane	1/42 108
	2	MTBE	n-hexane	1/50
	3	CHCl 3	n-hexane	1/30
	4	THF	n-hexane	1/46

Table 6 : Optimization of the precipitation method.
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Table 7

 7 ).

								Yield 1 st	Yield 2 nd
	Entry	Complex	R'	R	X			generation	generation
								synthesis	synthesis
	1	140	4-Me-C 6 H 4 -	4-F-C 6 H 4 -	SbF 6	-		93	89%
	2	143	Ph-	Ph-	SbF 6	-		88	99%
	3	145	4-Cl-C 6 H 4 -	4-Me-C 6 H 4 -	SbF 6	-		91	97%
	4	149	4-Cl-C 6 H 4 -	4-F-C 6 H 4 -	SbF 6	-		-	90%
	5	150	4-Cl-C 6 H 4 -	4-Me-C 6 H 4 -	F 3 CCO 2	-	-	89%
	6	151	4-Cl-C 6 H 4 -	4-MeO-C 6 H 4 -	SbF 6	-		-	80%
	7	148	Me-	4-F-C 6 H 4 -	SbF 6	-		-	85%
	8	152	Me-	4-Me-C 6 H 4 -	SbF 6	-		-	94%
	9	153	4-Me-C 6 H 4 -	Et-	SbF 6	-		-	98%
	10	154	4-Cl-C 6 H 4 -	Et-	SbF 6	-		-	97%

Table 7 : Straightfoward synthesis of tripod clusters.

 7 

Table 7 ,

 7 Entry 5) and other donating groups on phosphines (Table7, Entry 6). The use of alkyl disulfides such as the dimethyl one worked well and complexes 148 and 152 were isolated in 85 and 94% yields respectively (Table7,Entries 7 & 8). Full of joy at the belief of seeing results with alkyl disulfides, we decided to test the reaction with an alkyl phosphine (Table7, Entries 9 & 10). Even though clusters 153 and 154 are a little less stable to air and moisture, excellent isolated yields of 98 and 97% respectively were achieved.

Regarding X-ray analyses, all clusters possess a C 3 symmetry and a nearly D 3h symmetric core. Pd 3 is arranged in a perfect equilateral triangle with Pd-Pd-Pd angles of 60° and a single Pd-Pd distance. The latter is always below the sum of their Van der Walls radii. 152 presents Pd-Pd distances at 2.8419(6) Å, which are smaller than that of S-aryl cluster 145 at 2.8731(8) Å (Table

7, Entries 3 &

Table 8 : Synthesis of analogue clusters of [Pd 3 ] + .

 8 

Our methodology permitted us to obtain two examples of triplatinum clusters. 155 and 156 (

Table 8 ,

 8 Entry 1 & 2) were isolated in 60 and 40% yields respectively. We also tried reactions with diphenyl diselenide in order to insert another bridging atom in the complex structure. Syntheses of selenide-bridged tripalladium 157 and triplatinum 158 were achieved in moderate 50 and 41% yields. All these clusters possessed a perfectly triangular core with a unique M-M bond length and angles of 60° as the original Pd 3 complex. They also expressed an overall C 3 symmetry and a nearly D 3h -symmetric core. Metals and heteroatoms were nearly coplanar, with a largest dihedral angle below 5°. By comparison to its palladium analogue 152

	(Pd-Pd = 2.8419(6) Å), metal-metal bond lengths were just slightly longer in 156, with Pt-Pt
	distances equal to 2.8672(7) Å (

Table 7 ,

 7 Entry 8 and Table 8, Entry 2). This curious could be attributed to the lanthanide contraction effect.111 Replacing the thiolatebridge by a selenide-bridge increased the size of triangular core. The Pd-Pd distance is 2.9302(8) Å in 157 instead of 2.8731(8) Å found for 149 (Table7, Entry 4 and Table 8, Entry3).Technically speaking, triplatinum clusters are less easy to obtain. Indeed, purification by precipitation removed efficiently the dibenzylideneacetone but the reaction provides platinum containing byproducts which can only be removed by flash chromatography. Unfortunately, several species including our cluster of interest have almost the same polarity on silica. This meant that at least four chromatography columns are required to isolate the pure product.Measurements of magnetic susceptibility by SQUID for [Pt 3 ] + 155 were comparable to those observed for [Pd 3 ] + 149 (0.44. emu.K.mol -1 at 300K). 100 155 had T of 0.48 emu.K.mol - 1 at 300K and thus confirmed the presence of cyclic electron delocalization.

109 Y. Wang, P.-A. Deyris, T. Caneque, F. Blanchard, Y. Li, F. Bigi, R. Maggi, S. Blanchard, G. Maestri, M. Malacria, Chem.

Eur. J., 2015, 31, 12271-12274. 110 

L. T. Kliman, S. N. Mlynarski, J. P. Morken, J. Am.

Chem. Soc., 2010, 132, 13949-13949. 

H. E. Burks, L. T. Kliman, J. P. Morken, J. Am.

Chem. Soc., 2009, 131, 9134-9135. 

observation

  This unsymmetrical cluster possesses an isosceles triangular Pd 2 Pt core with two equally Pd-Pt bonds (2.7161(7) Å) while the Pd-Pd distance is much longer (2.8974(9) Å). Concerning heteronuclear triangular structure, Suzuki et al. reported examples of nearly equilateral pattern composed of ruthenium and osmium. 114Applying our already established reaction, we mixed Pd(dba) 2 and Pt(dba) 3 in 2:1 and 1:2 ratios with bis(4-chlorophenyl)disulfide and tri(4-fluorophenyl)phosphine (Scheme 34).

Scheme 34 : Synthesis of trimetallic heteroclusters.

112 D. E. Berry, G. W. Bushnell, K. R. Dixon, P. M. Moroney, C.

Wan, Inorg. Chem., 1985, 24, 2625-2634. 113 

T. Murahashi, K. Usui, Y. Tachibana, S. Kimura, S. Ogoshi, Chem.

Eur. J., 2012, 18, 8886-8890. 114 H. Kameo, T. Shima, Y. Nakajima, H. Suzuki, Organometallics, 2009, 28, 2535-2545. 

  3 + as major product could be justified by the fact that Pd(dba) 2 reacts faster than Pt(dba) 3 . Indeed, the reaction time to afford 155 with normal conditions is 20 hours, whereas the time required to form 149 is only 2 hours. Changing ratio A to ratio B gave the same four products but with a more pleasant proportion. This time, [PdPt 2 ] + cluster 162 was identified as the major product (51%). Other clusters 149, 161 and 155 were observed with respective proportions of 15, 11 and 21%. Very tedious chromatography columns permitted us to isolate [Pd 2 Pt] + 161 and [PdPt 2 ] + 162 in order to have crystals suitable to X-ray and multinuclear NMR analyses.

Table 9

 9 

	).

Table 9 : Synthesis tripalladium clusters by changing the silver salt.
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  Table 10).

	Entry	Cluster	Silver salt	Isolated yield
	1	149	AgSbF 6	76%
	2	164	AgBF 4	78%
	3	165	AgO 2 CCF 3	72%

Table 10 : Synthesis of pyramidal [Pd 3 Ag]X 2 clusters.

 10 

  Table 11).

	Entry	Cluster	Copper salt	Isolated yield
	1	165	Cu(MeCN) 4 PF 6	-
	2	165	CF 3 CO 2 Cu	-
	3	165	(CF 3 CO 2 ) 2 Cu	-
	4	165	CH 3 CO 2 Cu	-
	5	163	(CF 3 SO 3 Cu) 2 •PhMe	75%

Table 11 : Attempts to synthetize pyramidal cluster incorporating copper.

 11 

	We were a little bit frustrated when we saw that the palladium triangle did not coordinate
	any classical copper salt. The Lewis acidic character of these salt was not strong enough to be
	bound by [Pd 3 ] + 165. After some struggles, we found that commercially available
	(CF 3 SO

3 Cu) 2 •PhMe should have been a better Lewis acid compound. Fortunately, through the use of the reagent, the CF 3 SO 3 Cu fragment stacked [Pd 3 ] + cluster 163 affording pyramidal compound 171 in 72% yield.

  1 H NMR,13 C NMR,31 P NMR and 195 Pt NMR spectra were recorded in CDCl 3 or acetone-d 6 at 300 K on a Bruker 500 AVANCE spectrometer fitted with a BBFO probe head at 500, 125, 202 and 107 MHz respectively, using the solvent as internal standard (7.26 and 2.05 ppm for 1 H NMR and 77.16 and 29.84 ppm for13 C NMR respectively). For31 P and 195 Pt NMR, H 3 PO 4 and K 2 PtCl 4 were respectively used as external standards.

19 

F NMR spectra were recorded in CDCl 3 or acetone-d 6 at 300 K on a Bruker 300 AVANCE spectrometer fitted with a BBFO probe head at 282 MHz. Reported assignments are based on COSY, decoupling, HMBC, HSQC, NOESY and ROESY correlation experiments. The terms m, s, d, t, and q represent multiplet, singlet, doublet, triplet and quadruplet respectively, and the term br means a broad signal. Exact masses were recorded on a Agilent Q-TOF 6540 spectrometer (electrospray source). IR spectra were recorded with a Bruker Tensor 27 ATR diamant PIKE spectrometer and UV-visible spectra were recorded on a Shimadzu UV-2101 spectrophotometer. Magnetic measures were made on a MPMS-5S SQUID apparatus setting the applied field and collecting

  Pd 3 <Pd 2 Pt<PdPt 2 <Pt 3 ). Desired Pd 2 Pt cluster 161 was more abundant in fractions 7-9, which were then separately dried in vacuum. Crystals of 161 suitable for X-Ray diffraction were obtained by recrystallization of the content of fraction 8 (vapor diffusion using THF/hexane).

	The latter was washed with
	a CHCl 3 /hexane solution (1/30 v/v, 5 x 50 mL). The crude orange-red solid was dried under
	vacuum providing 178.2 mg of a mixture of triangular complexes 149, 155, 161 and 162.
	Their relative ratio (Pd 3 :Pd 2 Pt:PdPt 2 :Pt 3 = 66:21:7:2) was estimated comparing the total ion
	current of each trimetallic cation via HRMS. Comparable results were obtained comparing 1 H
	and 31 P NMR signals. The mixture of complexes was purified by chromatography using

acetone/hexane (1/2 v/v) as eluent. Complexes were collected in twelve fractions that were separately analyzed by NMR revealing that the polarity follows the order 149< 161< 162< 155 (

  2 , was obtained 216 mg (87% yield) of 140 as an orange-red powder. Spectroscopic data correspond to the literature.100 

	¹H NMR (300 MHz, CDCl 3 ) (ppm): 7.12 -7.06 (m, 18H, H2), 6.83 (d, 18H, J = 8.0 Hz,
	H3), 6.61 (d, 6H, J = 7.5 Hz, H7), 6.21 (d, 6H, J = 7.5 Hz, H6), 2.17 (s, 9H, CH 3 ).
		2 Hz, C4), 139.1 (C8), 136.7
	(ddd, J = 13.9, 7.3, 4.7 Hz, C2), 135.6 (C6), 133.6 (C5), 130.1 (C7), 128.5-127.9 (m, C1),
	116.6 (ddd, J = 21.8, 7.9, 4.0 Hz, C3), 21.0 (CH 3 ).
	HRMS calcd. for C 75 H 57 F 9 P 3 Pd 3 S 3	+ 1636.9836, found 1636.9830.

13 C NMR (75 MHz, acetone-d 6 ):  (ppm) 165.1 (d, J = 251.31 P NMR (CDCl 3 ):  (ppm) 14.93.

19 F NMR (CDCl 3 ): δ (ppm) -109.99.

  HRMS calcd. for C 81 H 75 Cl 3 P 3 Pd 3 S 3 + 1663.0437, found 1663.0424.

	7.01-6.91 (m, 36H, H2, H3), 6.58 (d, J = 8.4 Hz, 6H,
	H7), 6.16 (d, J = 8.4 Hz, 6H, H6), 2.32 (s, 27H, CH 3 ).
	13 C NMR (75 MHz, CDCl 3 ):  (ppm) 141.1 (C4), 135.9 (C6), 134.9 (C8), 133.8-133.2 (m,
	C2), 130.1-128.8 (m, C3, C1), 128.5 (C5), 128.0 (C7), 21.5 (CH 3 ).

31 P NMR (CDCl 3 ):  (ppm) 15.49.

IR (cm -1 ): ν 3019

  2 , was obtained 218 mg (80% yield) of 151 as a deep red powder. HRMS calcd. for C 81 H 75 Cl 3 O 9 P 3 Pd 3 S 3 + 1806.9979, found 1806.9972.

	¹H NMR (300 MHz, CDCl 3 ): (ppm): 7.09 -7.00 (m, 18H, H2), 6.65 (d, 24H, J = 8.1 Hz,
	H7, H3), 6.30 (d, 6H, J = 7.8 Hz, H6), 3.79 (s, 27H, -OCH 3 ).

13 C NMR (75 MHz, CDCl 3 ):  (ppm) 161.2 (C4), 136.0 (C6), 135.0 (C2), 133.1 (C8), 128.1 (C7), 123.6-122.7 (m, C1), 113.7 (C3), 55.3 (-OCH 3 ).

31 P NMR (CDCl 3 ):  (ppm) 13.60. IR (cm -1 ): ν 2958

  HRMS calcd. for C 36 H 57 Cl 3 P 3 Pd 3 S 3 + 1100.9005, found 1100.9004.

	13 C NMR (125 MHz, CDCl 3 ):  (ppm) 136.1 (C6), 135.9 (C4) 134.6 (C3), 129.1 (C5), 19.6-
	19.4 (m, C1), 8.2 (C2).

31 P NMR (CDCl 3 ):  (ppm) 14.39.

IR (cm-1): 2973

  HRMS calcd. for C 72 H 48 Cl 3 F 9 P 3 Pt 3 S 3

	1 H NMR (500 MHz, acetone-d 6 ): δ (ppm) 7.42-7.18 (m, 18H, H3), 7.11 (br s, 18H, H2), 6.92
	(d, J = 8.0 Hz, 6H, H7), 6.64 (d, J = 8.0 Hz, 6H, H6).

13 C NMR (125 MHz, acetone-d 6 ): δ (ppm) 165.4 (d, J = 252.1 Hz, C4), 136.9 (br s, C2), 136.6 (C5), 136.5 (C6), 135.3 (C8), 129.3 (C7), 127.5 (br s, C1), 116.7 (dt, J = 20.9 Hz, 5.6 Hz, C3).

31 P NMR (acetone-d 6 ): δ (ppm) -1.58 (apparent tt, 1 J P-Pt = 4223 Hz, 2 J P-Pt = 93 Hz).

19 F NMR (acetone-d 6 ): δ (ppm) -109.03. 195 Pt NMR (107 MHz, acetone-d 6 ): δ (ppm) -5680 (apparent dt, 1 J Pt-P = 4271 Hz, 2 J Pt-P = 96 Hz).

  HRMS calcd. for C 72 H 48 Cl 3 F 9 P 3 Pd 3 S 3 AgBF 4 + 1891.7261, found 1891.7207.

	1 H NMR (500 MHz, acetone-d 6 ): δ (ppm) 7.28 (br s, 18H, H2), 7.10 (t, J = 8.0 Hz, 18H, H3),
	6.94 (d, J = 7.4 Hz, 6H, H7), 6.61 (d, J = 7.3 Hz, 6H, H6).
	13 C NMR (125 MHz, acetone-d 6 ): δ (ppm) 165.3 (d, J = 252.1 Hz, C4), 137.2 (br s, C2),
	137.0 (s, C6), 135.2 (C8), 134.4 (C5), 129.9 (C7), 127.5 (br s, C1), 116.9 (d, J = 20.7 Hz, C3).

31 P NMR (acetone-d 6 ): δ (ppm) 15.35. 19 F NMR (acetone-d 6 ): δ (ppm) -109.15 (s, P(C 6 H 4 F) 3 ), -151.93 (s, BF 4 -).

  HRMS calcd. for C 72 H 48 Cl 3 F 9 P 3 Pd 3 S 3 CF 3 CO 2Ag + 1918.7072, found 1918.7033. 

	1 H NMR (500 MHz, acetone-d 6 ): δ (ppm) 7.37 (br s, 18H, H2), 6.99 (br, 18H, H3), 6.87 (d, J
	= 7.4 Hz, 6H, H7), 6.35 (br, 6H, H6).	
	13 C NMR (125 MHz, acetone-d 6 ): δ (ppm) 165.2 (d, J = 252.0 Hz, C4), 136.9-137.2 (br, C2),
	137.0 (C6), 135.6 (C8), 134.9 (C5), 129.7 (C7), 127.8-128.5 (br, C1), 116.8 (ddd, J = 22.8,
	7.2, 4.0 Hz, C3).	
	50 (s, P(C 6 H 4 F) 3 ), -73.69 (s, CF 3 CO 2	-).

31 P NMR (acetone-d 6 ): δ (ppm) 14.32.

19 F NMR (acetone-d 6 ): δ (ppm) -109.

  HRMS calcd. for C 90 H 72 Cl 3 F 6 P 4 Pd 3 S 3 SbAu + 2230.8547, found 2230.8426.

	1 H NMR (500 MHz, acetone-d 6 ): δ (ppm) 7.66-7.73 (br, 15H, Ph/AuPPh 3	+ ), 7.43 (br s, 9H,
	H4), 7.29 (br s, 18H, H3), 7.22 (br s, 18H, H2), 6.76 (d, J = 8.4 Hz, 6H, H7), 6.36 (d, J = 8.4
	Hz, 6H, H6).		
	13 C NMR (125 MHz, acetone-d 6 ): δ (ppm) 136.9 (s, C6), 136.0 (C8), 135.2 (Ph/AuPPh 3	+ ),
	134.4 (br s, C3), 134.2 (C5), 133.4 (br s, Ph/AuPPh 3	+ ), 131.8 (br s, C4), 130.7 (Ph/AuPPh 3	+ ),
	129.4 (br s, C1, C2), 129.2 (C7).		

31 P NMR (acetone-d 6 ): δ (ppm) 15.81 (s, PPh 3 ), 44.33 (s, AuPPh 3 + ).

  HRMS calcd. for C 72 H 48 Cl 3 F 9 P 3 Pd 3 S 3 CF 3SO 3 Cu + 1910.6981, found 1910.6886. 

	1 H NMR (500 MHz, acetone-d 6 ): δ (ppm) 7.30 (br s, 18H, H2), 7.09 (t, J = 8.7 Hz, 18H, H3),
	6.89 (d, J = 8.4 Hz, 6H, H7), 6.51 (d, J = 8.4 Hz, 6H, H6).
	13 C NMR (125 MHz, acetone-d 6 ): δ (ppm) 165.2 (d, J = 251.9 Hz, C4), 137.1 (br s, C2),
	137.0 (dq, J = 9.3, 5.2 Hz, C6), 135.6 (C8), 134.7 (C5), 129.6 (C7), 128.1 (br s, C1), 116.8
	(dq, J = 22.8, 4.0 Hz, C3).

31 P NMR (acetone-d 6 ): δ (ppm) 13.67. 19 F NMR (acetone-d 6 ): δ (ppm) -109.47 (s, P(C 6 H 4 F) 3 ), -78.38 (s, CF 3 SO 3 -).

  Table 12).

	Entry Complex	M	R	R'	T (h)	Conv. (%)	Selectivity 179a/179b/ 179c/180 (%)
	1	140	Pd	4-FC 6 H 4 -	4-MeC 6 H 4 -	96	86%	92/3/5/0
	2	145	Pd	4-MeC 6 H 4 -	4-ClC 6 H 4 -	64	quant.	82/15/3/0
	3	143	Pd	Ph-	Ph-	48	54	83/8/9/0
	4	154	Pd	Et-	4-ClC 6 H 4 -	96	-	-
	5	153	Pd	Et-	4-MeC 6 H 4 -	96	-	-
	6	148	Pd	4-FC 6 H 4 -	Me-	64	34	82/12/6/0
	7	152	Pd	4-MeC 6 H 4 -	Me-	10	quant.	93/3/4/0
	8	156	Pt	4-MeC 6 H 4 -	Me-	96	-	-

Table 12 : Screening of [Pd 3 ] + catalysts.
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Table 12 ,

 12 Entries 4 & 5). Nevertheless, small alkyl groups on thiolate substituents afforded more attractive results. Despite the bad conversion with an electronwithdrawing phosphine, the cluster 152 composed with tri(p-tolyl)phosphine and methylthiolate groups, provided total conversion in only 10h and a selectivity of 93% towards Z-alkene 179a (Table12, Entries 6 & 7) As observed for the other tested complexes, no over-reduction was observed during the process even if heating was prolonged for additional 24 hours. The platinum analogue 156 was also tested but interestingly stayed inactive even after four days (Table12, Entry 8). To get a better understanding of this phenomenon, we analyzed the frontier orbitals of [Pd 3 ] + 152 and [Pt 3 ] + 156 (Figure56).

  Truscott, R. Rodriguez, G. Maestri, M. Malacria, Chem. Soc. Rev., 2014, 43, 2916-2926. b) L. Fensterbank, M. Malacria, Acc.Chem. Res., 2014, 47, 953-965. c) C. Obradors, A. M. Echavarren, Acc. Chem. Res., 2014, 47, 902-912. 

									Selectivity
	Entry Catalyst	X (mol %)	Y (eq.)	Z (eq.)	T (°C)	Reaction time (h)	Conv. (%)	179a/179b/ 179c/180
									(%)
	1	152	0.1	5	5	Rfx	120	9	84/6/10/0
	2	152	1	5	5	80 (µW)	0.5	< 1	-
	3	152	1	5	0	Rfx	24	-	-
	4	152	1	5	0.1	Rfx	7	18%	78/14/8/0
	5	-	-	5	5	Rfx	24	-	-
	6	Pd(dba) 2	1	5	5	Rfx	24	Quant.	81/11/0/8
	7	Pd(dba) 2	3	5	5	Rfx	24	Quant.	25/15/0/60

Table 13 : Optimization and comparison tests
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  Table 14).

	Entry	R	R'	X	Product	Yield (%)
	1	4-MeO	(CH 2 ) 3 CN	C	183	80
	2	4-CO 2 Me	4-MeO-C 6 H 4	C	188	82
	3	4-CO 2 Me	4-Cl-C 6 H 4	C	189	94
	4	4-CO 2 Me	4-MeO 2 C-C 6 H 4	C	190	60
	5	H	4-Me-C 6 H 4	N	191	92

Table 14 :Synthesis of aromatic alkynes
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  Table 15).

	Entry	R	R'	X	Yield (%)
	1	Me	TBDPS	Cl	193 82%
	2	Me	Ph-CH 2	Br	194 52%
	3	Me	4-CF 3 -C 6 H 4 -CH 2	Br	195 90%
	4	Me	2-F-C 6 H 4 -CH 2	Br	196 40%
	5	Me	3-Br-C 6 H 4 -CH 2	Br	197 41%
	6	Me	Ph(C=O)	Cl	198 86%
	7	Ph	4-CN-C 6 H 4 (C=O)	Cl	199 45%

Table 15 : Synthesis of aliphatic alkynes.
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Table 16 : Semi-reduction of aromatic alkynes.
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	The results were presented on table 16.

Table 17 : Semi-reductions of aliphatic alkynes.

 17 Table 17).

						Selectivity
	Entry	Alkyne	R	R'	t (h)	
						Z/E/Isom
	1	192	C(CH 3 ) 2 OH	NMe 2	4	100/0/0
	2	193	Me	TBDPSO	22	90/6/4
	3	194	Me	BnO	18	83/14/3
	4	195	Me	4-CF 3 -BnO	15	76/19/5
	5	196	Me	2-F-BnO	16	74/21/5
	6	197	Me	3-Br-BnO	17	87/11/2
	7	198	Me	BzO	18	-
	8	199	Ph	4-CN-BzO	20	29/27/44

  HRMS calcd. for C 13 H 13 NO + 199.0992, found 199.0985.

	13 C NMR (75 MHz, CDCl 3 )  (ppm) 159.3 (C2), 132.9 (C4), 119.2 (C11), 115.3 (C5), 113.9
	(C3), 85.3 (C7), 82.2 (C6), 55.2 (C1), 24.7 (C9), 18.6 (C8), 16.2 (C10).

Synthesis of aliphatic alkynes Compound (but-2-yn-1-yloxy)(tert-butyl)diphenylsilane: 193

  

	Compound methyl 4-((4-chlorophenyl)ethynyl)benzoate: 189 Following GP1, from methyl 4-ethynylbenzoate and 4-chlorophenyl iodide was obtained 254 mg (94% yield) of 189 as an white powder. Compound 3-(p-tolylethynyl)pyridine: 191 Following GP1, from 3-ethynylpyridine and 4-iodotoluene was obtained 178 mg (92% yield) of 191 as an white powder. Spectroscopic data correspond to the literature. 149 ¹H NMR (300 MHz, CDCl 3 ) (ppm): 8.75 (dd, 1H, J = 2.1, 0.6 Hz, H1), 8.53 (dd, 1H, 3.4.4. Following GP3, from tert-butylchlorodiphenylsilane and but-2-yn-1-ol was obtained 758 mg ¹H NMR (300 MHz, CDCl 3 ) (ppm): 8.02 (d, 2H, J = 8.7 Hz, H9), 7.57 (d, 2H, J = 8.7 Hz, 7.27 (ddd, 1H, J = 8.1, 4.8, 1.0 Hz, H4), 7.17 (d, 2H, J = 8.1 Hz, H10) 2.38 (s, 3H, H12). H8), 7.47 (d, 2H, J = 8.7 Hz, H3), 7.34 (d, 2H, J = 8.4 Hz, H2), 3.93 (s, 3H, H12). J = 8.7 Hz, H5), 7.79 (ddd, 1H, J = 7.9, 2.0, 2.0 Hz, H3), 7.43 (d, 2H, J = 8.1 Hz, H9), (82% yield) of 193 as a colorless oil.
	¹H NMR (300 MHz, CDCl 3 ) (ppm): 7.75-7.71, (m, 4H, H6), 7.46-7,37 (m, 6H, H7, H8), 13 C NMR (75 MHz, CDCl 3 )  (ppm) 166.5 (C11), 134.8 (C1), 132.9 (C3), 131.5 (C8), 129.7 4.29 (q, 2H, J = 2.4 Hz, H1), 1.81 (t, 3H, J = 2.4 Hz, H4), 1.08 (s, 9H, H9). 13 C NMR (75 MHz, CDCl 3 )  (ppm): 152.2 (C1), 148.4 (C5), 139.0 (C11), 138.3 (C3), (C10), 129.5 (C9), 128.8 (C2), 127.6 (C7), 121.2 (C4), 91.1 (C5), 89.5 (C6), 52.2 (C12). HRMS calcd. for C 16 H 11 ClO 2 131.6 (C9), 129.2 (C10), 123.0 (C4), 120.7 (C2), 119.5 (C8), 92.9 (C7), 85.3 (C6), 21.5 (C12). 13 C NMR (75 MHz, CDCl 3 )  (ppm) 135.4 (C6), 133.1 (C5), 129.4 (C8), 127.4 (C7), 81.0 + 270.0442, found 270.0433. (C3), 77.3 (C2), 52.7 (C1), 26.5 (C9), 18.9 (C10), 3.4 (C4).
	HRMS calcd. for C 14 H 11 N + 193.0886, found 193.0879.
	Compound 1-(prop-1-yn-1-yl)-2-(trifluoromethyl)benzene: 184
	Compound dimethyl 4,4'-(ethyne-1,2-diyl)dibenzoate: 190
	Compound ((	
	Following GP2, from 1-ethynyl-2-(trifluoromethyl)benzene and methyl iodide was obtained Following GP1, from methyl 4-ethynylbenzoate and methyl 4-iodobenzoate was obtained 177 mg (60% yield) of 190 as an white powder. 116 mg (63% yield) of 184 as a colorless oil.
	13 C NMR (75 MHz, CDCl 3 )  (ppm): 166.6 (C2), 160.0 (C12), 133.2 (C10), 131.3 (C5), 129.5 (C4), 129.1 (C3), 128.4 (C6), 114.7 (C9), 114.1 (C11), 92.6 (C8), 87.5 (C7), 55.3 (C13), 52.2 (C1). ¹H NMR (300 MHz, CDCl 3 ) (ppm): 7.61 (d, 1H, J = 7.5 Hz, H3), 7.52 (d, 1H, J = 7.5 Hz, ¹H NMR (300 MHz, CDCl 3 ) (ppm): 8.03 (d, 4H, J = 8.1 Hz, H4), 7.60 (d, 4H, J = 8.1 Hz, H5), 3.93 (s, 6H, H1). H6), 7.44 (dd, 1H, J = 7.5, 7.5 Hz, H4), 7.34 (dd, 1H, J = 7.5, 7.5 Hz, H5) 3.80 (s, 3H, H10).
	HRMS calcd. for C 17 H 14 O 3 13 C NMR (75 MHz, CDCl 3 )  (ppm): 134.0 (C6), 131.3 (m, C2), 131.2 (C4), 127.2 (C5), + 266.0937, found 266.0929. 13 C NMR (75 MHz, CDCl 3 )  (ppm): 166.4 (C2), 131.6 (C5), 130.0 (C3), 129.6 (C4), 125.7 (q, J = 5.0 Hz, C3), 123.6 (q, J = 271.3 Hz, C1), 122.4 (m, C7), 92.1 (C9), 75.8 (C8), 127.4 (C6), 91.4 (C7), 52.3 (C1). 4.5 (C10).
	HRMS calcd. for C 18 H 14 O 4 19 F NMR (CDCl 3 ) (ppm): -62.6. + 294.0881, found 294.0874.
	HRMS calcd. for C 10 H 7 F 3	+ 184.0494, found 184.0489.

but-2-yn-1-yloxy)methyl)benzene: 194

  HRMS calcd. for C 12 H 11 F 3 O + 228.0754, found 228.0749. HRMS calcd. for C 11 H 11 BrO + 237.9988, found 237.9979.

	Compound 1-((but-2-yn-1-yloxy)methyl)-4-(trifluoromethyl)benzene: 195 Compound 1-bromo-3-((but-2-yn-1-yloxy)methyl)benzene: 197 Compound 3-phenylprop-2-yn-1-yl 4-cyanobenzoate: 199
	Following GP3, from (4-trifluoromethyl)benzylbromide and but-2-yn-1-ol was obtained 616 mg (90% yield) of 195 as a colorless oil. Following GP3, from 2-fluorobenzylbromide and but-2-yn-1-ol was obtained 294 mg (41% Following GP4, from benzoyl chloride and but-2-yn-1-ol was obtained 353 mg (45% yield) yield) of 197 as a colorless oil. of 199 as a white powder.
	¹H NMR (500 MHz, CDCl 3 ) (ppm): 7.60 (d, 2H, J = 8.1 Hz, H8), 7.47 (d, 2H, J = 8.1 Hz, H7), 4.64 (s, 2H, H5), 4.17 (q, 2H, J = 2.4 Hz, H4), 1.87 (t, 3H, J = 2.4 Hz, H3). ¹H NMR (300 MHz, CDCl 3 ) (ppm): 7.52 (dd, 1H, J = 1.5, 1.5 Hz, H2), 7.42 (ddd, 1H, ¹H NMR (300 MHz, CDCl 3 ) (ppm): 8.20 (d, 2H, J = 8.1 Hz, H4), 7.76 (d, 2H, J = 8.1 Hz, J = 7.8, 1.2, 1.2 Hz, H6), 7.27 (ddd, 1H, J = 7.5, 1.5, 1.5 Hz, H4), 7.21 (dd, 1H, J = 7.5, 7.5 Hz, H5), 4.56 (s, 2H, H7), 4.14 (q, 2H, J = 2.4 Hz, H8) 1.88 (t, 3H, J = 2.4 Hz, H3), 7.50 -7.45 (m, 2H, H11), 7.36 -7.30 (m, 3H, H12, H13), 5.19 (s, 2H, H7).
	13 C NMR (125 MHz, CDCl 3 )  (ppm): 141.9 (C6), 129.8 (q, J = 32.5 Hz, C9) , 127.8 (C7), H11). 13 C NMR (75 MHz, CDCl 3 )  (ppm): 164.3 (C6), 133.4 (C5), 132.3 (C3), 131.9 (C11), 125.3 (d, J = 3.8 Hz, C8) 124.2 (q, J = 270.6 Hz, C10) , 83.1 (C3), 74.7 (C2), 70.6 (C5), 58.2 (C4), 3.6 (C1). 130.3 (C4), 128.9 (C13), 128.3 (C12), 121.9 (C10), 117.9 (C1), 116.7 (C2), 87.2 (C9), 13 C NMR (75 MHz, CDCl 3 )  (ppm): 140.1 (C1), 130.8 (C2), 130.7 (C6), 129.9 (C5), 126.3 (C4), 122.5 (C3), 83.0 (C10), 74.8 (C9), 70.5 (C7), 58.0 (C8), 3.6 (C11). 82.3 (C8), 54.1 (C7).
	HRMS calcd. for C 17 H 11 NO 2	+ 261.0784, found 261.0779.
	Compound 1-((but-2-yn-1-yloxy)methyl)-2-fluorobenzene: 196
	Compound but-2-yn-1-yl benzoate: 198
	Following GP3, from 2-fluorobenzylbromide and but-2-yn-1-ol was obtained 213 mg (40%
	yield) of 196 as a colorless oil.
	¹H NMR (300 MHz, CDCl 3 ) (ppm): 7.43 (ddd, 1H, J = 7.2, 7.2, 1.5 Hz, H7), Following GP4, from benzoyl chloride and but-2-yn-1-ol was obtained 449 mg (86% yield)
	Following GP3, from benzylbromide and but-2-yn-1-ol was obtained 250 mg (52% yield) of 7.27 (ddd, 1H, J = 13.2, 7.5, 1.5 Hz, H9), 7.13 (ddd, 1H, J = 7.6, 5.5, 1.3 Hz, H8), of 198 as a colorless oil.
	7.04 (ddd, 1H, J = 9.4, 8.6, 0.9 Hz, H10), 4.65 (s, 2H, H5), 4.17 (q, 2H, J = 2.4 Hz, H4) 194 as a pale yellow oil. Spectroscopic data correspond to the literature. 150 1.88 (t, 3H, J = 2.4 Hz, H1). ¹H NMR (300 MHz, CDCl 3 ) (ppm): 8.10 -8.06 (m, 2H, H7), 7.60 -7.54 (m, 1H, H9),
	¹H NMR (300 MHz, CDCl 3 ) (ppm): 7.38-7.27 (m, 5H, H7, H8, H9), 4.59 (s, 2H, H5), 7.47 -7.41 (m, 2H, H8), 4.90 (q, 2H, J = 2.1 Hz, H4), 1.88 (t, 3H, J = 2.4 Hz, H1).
	4.13 (q, 2H, J = 2.1 Hz, H4), 1.88 (t, 3H, J = 2.1 Hz, H1) 13 C NMR (75 MHz, CDCl 3 )  (ppm) : 160.8 (d, J = 245.3 Hz, C11), 130.2 (d, J = 4.4 Hz, C7), 129.4 (d, J = 7.7 Hz, C9), 124.8 (d, J = 14.2 Hz, C6), 124.0 (d, J = 3.2 Hz, C8), 13 C NMR (75 MHz, CDCl 3 )  (ppm): 166.0 (C5), 133.1 (C9), 129.8 (C6, C7), 128.4 (C8),
	13 C NMR (75 MHz, CDCl 3 )  (ppm): 137.7 (C6), 128.4 (C8), 128.0 (C7), 127.7 (C9), 115.2 (d, J = 21.8 Hz, C10), 82.8 (C2), 74.9 (C3), 64.9 (d, J = 3.2 Hz, C5), 58.1 (C4), 83.2 (C2), 73.2 (C3), 53.3 (C4), 3.7 (C1)
	82.6 (C3), 75.1 (C2), 71.5 (C5), 57.7 (C4), 3.6 (C1). 3.6 (C1). HRMS calcd. for C 11 H 10 O 2 + 174.0675, found 174.0671.

150 D. V. Kadnikov, R. C. Larock, J.

Org. Chem., 2003, 68, 9423. 19 

F NMR (CDCl 3 ) (ppm): -62.5. 19 F NMR (300 MHz, CDCl 3 ) (ppm): -118.8. HRMS calcd. for C 11 H 11 FO + 178.0788, found 178.0779.

  ¹H NMR (300 MHz, CDCl 3 ) (ppm): 7.39-7.18 (m, 5H, H5, H6, H7), 6.47 (dq, 1H, J = 11.7, 1.8 Hz, H3),5.82 (dq, 1H, J = 11.7, 7.2 Hz, H2) 1.93 (dd, 3H, J = 7.2, 1.5 Hz, H1).

	13 C NMR (75 MHz, CDCl 3 )  (ppm): 137.6 (C4), 129.8 (C3), 128.9 (C5), 128.1 (C6),
	126.8 (C2), 125.7 (C7), 14.6 (C1).
	¹H NMR (300 MHz, CDCl 3 ) (ppm): 7.39-7.18 (m, 5H, H5, H6, H7), 6.42 (m, 1H, H3), 6.27
	(dq, 1H, J = 15.6, 6.6 Hz, H2) 1.91 (m, 3H, H1).
	13 C NMR (75 MHz, CDCl 3 )  (ppm): 137.9 (C4), 131.0 (C3), 128.9 (C7), 128.4 (C5), 125.8
	(C6), 125.6 (C2), 18.5 (C1).

  from 183, a mixture of 203a, 203b and 203c was obtained as a white solid (63 mg, 99% yield). The ratio between isomers of 83/13/4 was determined by GC-FID and GC-MS and NMR spectra were obtained after chromatography column.

	1 H NMR (300 MHz, CDCl 3 ) δ (ppm): 7.44 -7.16 (m, 5H, H Ar ), 6.54 -6.37 (m, 1H, H5), 5.72 (dt, J = 11.7, 7.2 Hz, 1H, H4), 2.36 (ddd, J = 14.9, 7.3, 1.8 Hz, 2H, H3), 1.62 -1.44 (m, 2H, H2), 1.07 -0.94 (m, 3H, H1). 13 C NMR (75 MHz, CDCl 3 ) δ (ppm): 137.9 (C Ar ), 133.2 (C5), 129.1 (C Ar ), 128.9 (C Ar ), 128.2 Following GP5, ¹H NMR (300 MHz, CDCl 3 ) (ppm): 7.20 (d, 2H, J = 8.7 Hz, H4), 6.91-6.81 (m, 2H, H3),
	(C4), 126.5 (C Ar ), 30.9 (C3), 23.4 (C2), 14.0 (C1). 6.45 (d, 1H, J = 11.4 Hz, H6), 5.49 (dt, 1H, J = 11.4, 7.2 Hz, H7), 3.81 (s, 3H, H1), 2.47 (qd,
	2H, J = 7.5, 1.5 Hz, H8), 2.34 (t, 2H, J = 7.5 Hz, H10), 1.81 (quint, 2H J = 7.5 Hz, H9).
	HRMS calcd. for C 11 H 14	+ 146.1090, found 146.1087.
	13 C NMR (75 MHz, CDCl 3 )  (ppm): 158.5 (C2), 130.3 (C6), 129.8 (C4), 129.6 (C5), 128.1
	(C7), 119.5 (C11), 113.7 (C3), 55.2 (C1), 27.4 (C8), 25.7 (C9), 16.6 (C10).
	HRMS calcd. for C 13 H 15 NO + 201.1148, found 201.1142.
	1 H NMR (300 MHz, CDCl 3 ) δ (ppm): 7.44 -7.16 (m, 5H, H Ar ), 6.54 -6.37 (m, 1H, H5),
	6.27 (dt, J = 15.8, 6.8 Hz, 1H, H4), 2.29 -2.18 (m, 2H, H3), 1.62 -1.44 (m, 2H, H2),
	1.07 -0.94 (m, 3H, H1).	
	¹H NMR (300 MHz, CDCl 3 ) (ppm): 7.28 (d, 2H, J = 8.7 Hz, H4), 6.91-6.81 (m, 2H, H3),
	6.40 (d, 1H, J = 15.0 Hz, H6) , 5.97 (dt, 1H, J = 15.0, 7.2 Hz, H7), 3.80 (s, 3H, H1),
	2.57 (dt, 2H, J = 9.0, 6.6 Hz, H8), 2.40-2.36 (m, 2H, H10), 1.95 (quint, 2H, J = 6.6 Hz, H9).
	1 H NMR (300 MHz, CDCl 3 ) δ (ppm): 7.44 -7.16 (m, 5H, H Ar ), 5.64 -5.54 (m, 2H, H3, H4),
	3.45, 3.38 (2d, J = 5.9 and 5.0 Hz, 2H, H5), 2.08 -2.00 (m, 2H, H2), 1.09 -1.02 (m, 3H, H1).

13 

C NMR (75 MHz, CDCl 3 ) δ (ppm): 138.1 (C Ar ), 131.1 (C5), 130.0 (C Ar ), 128.6 (C Ar ), 126.9 (C4), 126.1 (C Ar ),

35.3 (C3)

, 22.8 (C2), 13.9 (C1).

  from 186, a mixture of 206a, 206b was obtained as a colorless oil (46 mg, quantitative yield). The ratio between isomers of 97/3 was determined by NMR after chromatography column. For intensity reasons, vinylic protons only of trans-cinnamic acid were detectable in 1 H NMR spectrum. The ratio between isomers of 98/2 was determined by GC-FID and GC-MS and NMR spectra were obtained after chromatography column. from 188, a mixture of 208a, 208b was obtained as a white solid (83 mg, quantitative yield). The ratio between isomers of 99/1 was determined by GC-FID and GC-MS and NMR spectra were obtained after chromatography column. For intensity reasons, resonances of 208b were not clearly detectable in NMR spectra.¹H NMR(300 MHz, CDCl 3 ) (ppm): 7.89 (d, 2H, J = 8.4 Hz, H4), 7.33 (d, 2H, J = 8.1 Hz, H5), 7.15 (d, 2H, J = 8.4 Hz, H10), 6.76 (d, 2H, J = 8.7 Hz, H11), 6.63 (d, 2H, J = 12.3 Hz, H7), 6.51 (d, 2H, J = 12.3 Hz, H8) 3.90 (s, 3H, H1), 3.79 (s, 3H, H13).13 C NMR (75 MHz, CDCl 3 )  (ppm): 166.9 (C2), 159.0 (C12), 142.5 (C6), 131.7 (C7), 130.2 (C10), 129.5 (C4), 129.0 (C9), 128.8 (C5), 128.4 (C3), 127.7 (C8), 113.7 (C11), 55.2 (C13), 52.0 (C1). HRMS calcd. for C 17 H 16 O 3 + 268.1090, found 268.1084. Following GP5, from 189, a mixture of 209a, 209b was obtained as a white solid (84 mg, quantitative yield). The ratio between isomers of 99/1 was determined by GC-FID and GC-MS and NMR spectra were obtained after chromatography column. For intensity reasons, resonances of 209b were not clearly detectable in NMR spectra. ¹H NMR (300 MHz, CDCl 3 ) (ppm): 7.90 (d, 2H, J = 8.4 Hz, H9), 7.27 (d, 2H, J = 8.4 Hz, H8), 7.19 (d, 2H, J = 8.7 Hz, H3), 7.12 (d, 2H, J = 8.4 Hz, H2) 6.63 (s, 2H, H5, H6), 3.90 (s, 3H, H12). 13 C NMR (75 MHz, CDCl 3 )  (ppm): 166.8 (C11), 141.6 (C7), 135.0 (C4), 133.2 (C1), 130.8 (C10), 130.2 (C2), 129.9 (C5, C6), 129.6 (C9), 128.8 (C8), 128.5 (C3), 52.0 (C12). HRMS calcd. for C 16 H 13 ClO 2 + 272.0599, found 272.0596. Following GP5, from 190, 210a, was obtained as a white solid (92 mg, quantitative yield). ¹H NMR (300 MHz, CDCl 3 ) (ppm): 7.88 (d, 4H, J = 8.4 Hz, Z, H4), 7.25 (d, 4H, J = 8.4 Hz, H5), 6.70 (s, 2H, H7), 3.88 (s, 6H, H1). HRMS calcd. for C 18 H 16 O 4 + 296.1049, found 296.1049. Following GP5, from 191, 211a, was obtained as a white solid (92 mg, quantitative yield). ¹H NMR (300 MHz, CDCl 3 ) (ppm): 8.48 (d, 1H, J = 1.8 Hz, H5), 8.41 (dd, 1H, J = 4.5, 1.5 Hz, H1), 7.53 (ddd, 1H, J = 8.1, 1.5, 1.5 Hz, H3), 7.13-7.03 (m, 5H, H2, H9, H10), 6.73 (d, 1H, J = 12.3 Hz, H7), 6.48 (d, 1H, J = 12.3 Hz, H6) 2.31 (s, 3H, H12). HRMS calcd. for C 14 H 13 N + 195.1043, found 195.1038.

	13 C NMR (75 MHz, CDCl 3 )  (ppm): 136.3 (C4), 131.1 (C6), 131.1 (C5), 128.8 (C2), Following GP5, from 185, 205b was obtained via rapid isomerization of 205a as a colorless oil (45 mg, quantitative yield). ¹H NMR (300 MHz, CDCl 3 ) (ppm): 7.56-7.49 (m, 2H + 1H, H3, H5), 7.41-7.38 (m, 2H + 1H, H1, H2) 6.72 (d, 1H, J = 16.2 Hz, H6), 2.38 (s, 3H, H8). 13 C NMR (75 MHz, CDCl 3 )  (ppm): 198.3 (C7), 143.4 (C5), 134.4 (C4), 130.5 (C1), 128.9 (C3), 128.2 (C2), 127.1 (C6), 27.5 (C8). HRMS calcd. for C 10 H 11 O + 147,0804, found 147.0798. Following GP5, ¹H NMR (300 MHz, CDCl 3 ) (ppm): 7.61-7.58 (m, 2H, H5), 7.41-7.31 (m, 1H + 2H, H6, H7), 7.05 (d, 1H, J = 12.3 Hz, H2), 5.97 (d, 1H, J = 12.3 Hz, H3). 13 C NMR (75 MHz, CDCl 3 )  (ppm): 169.9 (C1), 145.4 (C2), 134.4 (C4), 129.9 (C5), 129.3 (C7), 128.1 (C6), 118.6 (C3). GC at time 0 ¹H NMR (300 MHz, CDCl 3 ) (ppm): 7.18-7.03 (m, 10H, Ph), 6.57 (s, 2H, H5). 13 C NMR (75 MHz, CDCl 3 )  (ppm): 137.2 (C4), 130.2 (C5), 128.9 (C3), 128.2 (C2), 127.1 (C1). HRMS calcd. for C 14 H 12 + 180.0934, found 180.0934. Following GP5, 13 C NMR (75 MHz, CDCl 3 )  (ppm): 166.6 (C2), 141.3 (C6), 131.0 (C7), 129.6 (C4), 13 C NMR (75 MHz, CDCl 3 )  (ppm): 150.1 (C5), 147.9 (C1), 137.4 (C11), 135.8 (C3), 128.9 (C3), 128.8 (C5), 52.0 (C1). 133.4 (C4), 133.2, (C8), 132.6 (C7), 129.1 (C10), 128.5 (C9), 125.6 (C6), 122.9 (C2),
	272.4 Hz, C10), 14.3 (C1). HRMS calcd. for C 9 H 8 O 2 + 148.0519, found 148.0515. 128.5 (q, J = 29.5 Hz, C9), 126.7 (C3), 126.6 (C7), 125.7 (q, J = 4.5 Hz, C8), 124.3 (q, J = 21.2 (C12).
	GC at t = 7h

Following GP5, from 187, a mixture of 207a, 207b was obtained as a white solid (56 mg, quantitative yield).

  7.47-7.27 (m, 5H, H7, H8, H9), 5.76-5.57 (m, 2H, H2, H3), 4.52 (s, 2H, H5), 4.11-4.08 (m, 2H, H4), 1.65(d, 3H, J = 6.0 Hz, H1). 13 C NMR (75 MHz, CDCl 3 )  (ppm): 138.4 (C6), 128.4 (C7 or C8), 128.1 (C9), 127.8 (C8 or C7), 127.6 (C3 or C2), 126.8 (C2 or C3), 72.1 (C5), 65.4 (C4), 13.2 (C1).

  NMR (75 MHz, CDCl 3 )  (ppm): 140.8 (C10), 130.6 (2C, C9, C11), 129.9 (C8), 128.4 (C2), 127.8 (C7), 126.4 (C3), 122.3 (C6), 71.1 (C5), 65.6 (C4),13.2 (C1).¹H NMR (300 MHz, CDCl 3 ) (ppm): 7.52 (s, 1H, H11),7.45-7.37 (m, 1H, H9), 7.37-7.17 

13 C

   10H, Ar), 6.85 (s, 1H, H1), 6.65 (d, J = 15.96 Hz, 1H, H10), 6.32 (m, 1H, H9), 6.12(m, 1H, H5), 4.79 (s, 2H, H6), 4.58 (m, 2H, H8), 4.19 (dd, J = 6.06, 1.36 Hz, 2H, H2), 4.14 (d, J = 6.68, 2H, H4)13 C NMR (75 MHz, CDCl 3 )  (ppm): 140.9 (CAr),137.3 (CAr), 136.8 (C4a), 136.6 (C1a), 133.3 (C10), 132.7 (C1), 128.65 (2xCAr), 128.61 (2xCAr), 126.5 (2xCAr), 119.7 (C9), 114.5 (C5), 71.5 (C4), 71.0 (C8), 69.7 (C2), 67.6 (C6).
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H NMR (300 MHz, CDCl 3 ): δ (ppm) 8.44 (s, 1H), 7.29 (s, 1H), 7.00 (s, 1H), 6.01 (s,

2H).
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F NMR (CDCl 3 ) (ppm): -60.9.

reductive elimination step released the desired Z-alkene and regenerated the catalyst. Even if this mechanism could be acceptable, it did not take into account the role of trimethylamine.

Nevertheless, this method afforded alkanes if the electron density of the alkyne was affected by the presence of strongly electron-withdrawing or electron-donor groups.

The second generation catalyst of Elsevier et al. 176 possessed a hindered monodentate symmetrical NHC carbene as ligand (Figure 55 right). 129 By using this palladium(0) catalyst coupled with triethylammonium formiate as hydrogen source, they could be able to realize Zselective semi-reduction of alkyne. 130 They also investigated the mechanism 131 that is depicted on scheme 39. complexes. 142 We wanted to exploit the reaction with the dienyne 218 and 1 mol% of catalyst 143 (Scheme 47).

Scheme 47 : Cycloisomerization reaction.

This reaction surprisingly afforded cycloisomerized compound 219 in 68% isolated yield in mild conditions. Whereas this reaction is not yet optimized, these preliminary observations showed that the Lewis acidic behavior of this family of clusters can catalyze cycloisomerization reactions. However, a scope of differently substituted enynes should be investigated to explore the limits of this catalyst.

142 a) T. Caneque, F. Truscott, R. Rodriguez, G. Maestri, M. Malacria, Chem. Soc. Rev., 2014, 43, 2916-2926. b) C. Obradors, A. M. Echavarren, Acc. Chem. Res., 2014, 47, 902-912. c) A. Fürstner Chem. Soc. Rev., 2009, 38, 3208-3221.
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