Naba Abuhafez 
  
Rafael Gramage-Doria 
  
•••pyridine interactions

Boosting the activity of Mizoroki-Heck cross-coupling reactions with a supramolecular palladium catalyst favouring remote Zn

Introduction

The last decades have witnessed how merging transition metal catalysis with supramolecular chemistry has led to a remarkable number of supramolecular catalysts displaying unique reactivities. [START_REF]Supramolecular catalysis[END_REF] In fact, supramolecular catalysts aim at controlling catalyst activity and selectivity with tools that are beyond the traditional catalyst modification at the first coordination sphere (i.e. steric and electronic parameters of the ligands attached to the metal centre). 2 Such approach resembles to some extent the action mode found in Nature's catalysts, enzymes, in which dynamic binding and kinetically labile, non-covalent interactions are at play to preorganize substrates around an active site as well as to stabilize or destabilize the desired reaction intermediates. 3 From the many weak, non-covalent interactions that have been employed in metal catalysts featuring substrate pre-organization, hydrogen bonding and ion-pairing have been largely explored. 4 Their binding towards complementary substrates is highly predictable in view to place a specific reactive site of the substrate in close proximity to the catalytically active metal site. 5 This is highly beneficial to tackle selectivity issues associated to challenging chemical reactions. 6 Alternatively, since many substrates are not prone to undergo hydrogen bonding or ion-pairing, it is appealing to disclose new type of non-covalent interactions that can be explored for supramolecular substrate recognition in the context of transition metal catalysis. 7 In our laboratory, we have been interested in the development of supramolecular metal catalysts comprising a zincporphyrin site for molecular recognition with pyridine derivatives via kinetically labile, non-covalent Zn•••N interactions. 8 In this way, selective iridium-catalyzed C-H borylation at meta position have been disclosed thanks to the ideal pre-organization between the active site and the substrate binding site. 9 We also designed in the past a supramolecular ligand build up around a zincporphyrin scaffold that contains a nitrile group in the ortho position of each meso-substituted phenyl group (L, Figure 1). 10 In the presence of a palladium precursor such ligand featured interesting substrate-selectivity patterns when applied in Suzuki-Miyaura reactions between bromopyridines and phenylboronic acid at 80 o C. In this case, only the bromopyridine substrate and the ligand are soluble in toluene, an apolar and non-coordinating solvent that maximizes the binding of bromopyridine derivatives to the zinc-porphyrin molecular recognition site whereas the palladium active site are bound to the nitrile groups in the ligand. In the present study, we decided to evaluate the compatibility of the non-covalent Zn•••N interactions at higher reaction temperatures and also in the presence of coupling partners that are soluble in the reaction media and can eventually compete with the bromopyridine substrates for binding the molecular recognition site. As such, we turned our attention to palladium-catalyzed Mizoroki-Heck cross-coupling reactions that typically require a significant higher reaction temperature than the Suzuki-Miyaura
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Please do not adjust margins Please do not adjust margins ones and, 11 in addition, the acrylate coupling partners are usually soluble in apolar non-coordinating solvents while presenting a carbonyl ester group that is known to bind to zinc-porphyrins, at least in the solid state (Figure 1). 12 We found out that such catalytic reactions are fast (one hour time) and that acrylates did not perturb the non-covalent Zn•••N interaction between the substrate and the molecular recognition site even at higher reaction temperatures of 130 o C. 

Results and discussion

As a model reaction we studied the reaction between 3-bromopyridine (1) with butyl acrylate (2a) in the presence of the supramolecular ligand L and catalytic amounts of Pd(OAc)2 precursor under basic conditions (Table 1). After screening some reaction conditions with different bases and catalyst loadings at different reaction temperatures (Table S1 in the ESI), we noted that at 130 o C the expected product 3a formed in 78% yield in the presence of 10 mol% pre-catalyst precursor, 20 mol% of ligand L and 3 equivalents of both potassium carbonate and coupling partner 2a (Table 1, entry 1). In toluene solvent, the reaction was finished in one hour since longer reaction times influenced little the conversion of 1 and the formation of 3a as it was shown in a preliminary kinetic study (Figures S12-S13 in the ESI). As it is well-known for Mizoroki-Heck reactions, the temperature had a dramatic effect on the activity since decreasing the temperature led to poor yields of 3a (Table S1 in the ESI). Under identical reaction conditions, we performed a number of control experiments to assess the action mode of the supramolecular ligand L. The influence of covalently linking the nitrile groups to the zinc-porphyrin scaffold was studied by performing a catalytic reaction in the presence of unfunctionalized zinc-tetraphenylporphyrin (ZnTPP) at 20 mol% loading and benzonitrile at 80 mol% loading to provide a fair comparison with the use of 20 mol% of L in Table 1, entry 1. In this case, the product 3a formed in 28% yield (Table 1, entry 2). A similar poor reactivity was found by using only ZnTPP in the absence of benzonitrile (Table 1, entry 3) or by evaluating the zinc-free version of L, namely H2L (Table 1, entry 4). Analogously, the reaction performed in the absence of any ligand led to a poor yield of 23% under these reaction conditions (Table 1, entry 5). To further validate that the catalysis occurred with the pyridine derivative bound to the zinc-porphyrin molecular recognition site of L, we performed the standard reaction in the presence of 20 mol% of zinc-salphen (ZS), which is expected to behave as an inhibitor by coordinating with 1 since the association constant of pyridines with zinc-salphen derivatives is typically two orders of magnitude higher than with zinc-porphyrins (Table 1, entry 6). 8e,13

As it was anticipated, the reactivity drastically dropped to 5% formation of product 3a in line with the fact that 1 is trapped by the zinc-salphen building block and cannot approach to the supramolecular palladium catalyst. Alternatively, a similar behaviour was encountered by introducing into the catalysis media a strongly coordinating 4-dimethylaminopyridine (DMAP) compound that is expected to compete with the bromopyridine 1 for binding the molecular recognition site of the supramolecular palladium catalyst (Table 1, entry 7). 14a Indeed, in the presence of DMAP, the yield of product 3a also dropped to 42% confirming the inhibitory role of DMAP as well as indirectly suggesting that the catalysis likely occurs with the 3-bromopyridine 1 bound to the molecular recognition site. On the other hand, no reactivity was observed for the reaction between 3-chloropyridine and butyl acrylate (2a), whereas the 3-iodopyridine substrate behaved similarly as the 3-bromopyridine affording 60% yield of 3a using the supramolecular ligand L.
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Please do not adjust margins To gain insights on the binding ability of the supramolecular ligand L under conditions similar to those used in the catalysis above presented, we performed NMR experiments combining equimolar amounts of L and the starting material 3-bromopyridine ( 1) in the presence of excess butyl acrylate (2a) (Scheme 1). The In order to study the eventual possibility to cleave the Zn•••N interaction between the pyridine substrate 1 and the supramolecular ligand L, we decided to introduce a stronger coordinating species than acrylates in the reaction media during the palladiumcatalyzed Mizoroki-Heck reaction. For that, we used N,N-dimethylformamide (DMF) as a co-solvent together with toluene with a half catalyst loading than that used in Table 1. As it is shown in Table 2, the supramolecular effect of L decreased with increasing quantities of DMF co-solvent reaching a negligible supramolecular effect when the amount of DMF was 50% in volume and beyond (Table 2, entries 4-6). With this large excess of DMF, a well-known palladium nanoparticles regimes is likely operating. 16 Interestingly, it is relevant to note that the supramolecular effect of L was evidenced when the amount of DMF was lower than 50% in volume (Table 2, entries 1-3). For instance, performing the catalysis with DMF at 20% volume ratio led to an almost six-fold increase of the reactivity when compared to the non-supramolecular version (Table 2, entry 1). This finding is particularly relevant since it demonstrates that it is possible to benefit from remote Zn•••N weak interactions in metal catalysis even under such unfavourable reaction conditions regarding the nature of the solvent and the high reaction temperature, thereby enabling to enlarge the polarity window of solvents that can be used in supramolecular catalysis.

Table 2. Influence of the polar and highly coordinating solvent DMF in the palladium-catalyzed Mizoroki-Heck cross-coupling of 3bromopyridine (1) with butyl acrylate (2a) in the presence or absence of the supramolecular ligand L. a a Reaction conditions: 1 (7.9 mg, 4.8 L, 0.05 mmol), 2a (19.2 mg, 21.6 L, 0.15 mmol), K2CO3 (20.7 mg, 0.15 mmol), L (7.8 mg, 0.01 mol), Pd(OAc)2 (1.12 mg, 0.005 mmol), solvent (1 mL), 130 o C, 1 h, Argon. b Yields determined by GC-MS analysis. c Defined as yield of 3 with L divided by yield of 3 without L and it corresponds to the manifold increase of the overall yield.
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Next, the influence of the nature of the olefin derivative was studied by using different types of acrylate derivatives as well as styrene derivatives for the reaction with the 3-bromopyridine ( 1) under palladium catalysis in the presence and absence of the supramolecular ligand L, respectively, at 130 o C during one hour in pure toluene solvent (Scheme 2). In all cases, the reactions performed in the presence of the supramolecular ligand L led to yields of olefinated products 3 that were higher than those observed for the reactions carried out in its absence. For instance, the products 3b and 3c resulting from employing methyl acrylate (2b) and tert-butylacrylate (2c), respectively, were formed in 50-59% yield in the presence of L, whereas only trace amounts (<5%) formed in the absence of L. Similarly, in the case of benzyl acrylate (2d), the supramolecular palladium catalyst afforded the corresponding product 3d in 87% yield, whilst only traces were detected in the non-supramolecular version after one hour. Olefins with a more electron donating character such as styrenes underwent a similar trend as observed for acrylates. For example, nonfunctionalized styrene (2e) reacted with 3-bromopyridine ( 1) under supramolecular palladium catalysis leading to product 3e in a virtually quantitative yield (95%). On the other hand, the catalysis performed in the absence of L led to a drop in the yield of product 3e to 15%. Styrene derivatives with electronically different substitution patterns such as methoxy and fluoride are also compatible with this supramolecular palladium catalysis affording the corresponding products 3f and 3g in 89% and 43% yields, respectively. The reactions carried out without the supramolecular ligand L led to 50% yield of 3f and 13% yield of 3g. Such supramolecular effect was also observed when employing N,N-dimethylacrylamide (2h), which afforded the olefinated product 3h in 26% yield, whereas an even lower 7% yield of 3h was obtained in the absence of L. The supramolecular effect was also observed with methyl methacrylate as the olefin partner, which gave rise to the trisubstituted olefin 3i in 50% yield whilst only 20% of 3i was formed without the supramolecular ligand L. No reactivity was observed for the challenging, unfunctionalized acrylamide.

Scheme 2. Influence of the supramolecular ligand L in the palladium-catalyzed Mizoroki-Heck cross-coupling between 3bromopyridine and olefin derivatives.

Finally we wondered whether our supramolecular palladium-catalyzed Mizoroki-Heck reactions displayed substrate selectivity to some extent. For this purpose, 2-and 4-bromopyridine were employed as substrates under the optimal reaction conditions in the presence of butyl acrylate as coupling partner (Scheme 3). Whereas the reaction with 3-bromopyridine afforded 78% yield of the corresponding product (Scheme 3, top), the yields of the olefinated products derived from the other regioisomers did not surpass 11% yield in the best case (Scheme 3, middle and bottom). As such, these observations indicate that the supramolecular palladium catalyst is more adapted for reaction with the meta isomer over the ortho or para isomers. Such observation is reminiscent from our previous findings on supramolecular palladium-catalyzed Suzuki-Miyaura reactions, 10 but in the present case they are found at relatively higher reaction temperatures and short reaction times. 11,17 After initial in situ formation of palladium(0), 18 the peripheral nitrile groups in the supramolecular ligand L coordinate to palladium whilst the 3-bromopyridine substrate binds to the zinc-porphyrin molecular recognition site of L (formation of species A). Oxidative addition at palladium leads to the intermediate B followed by olefin coordination and migratory insertion towards species C. A final -hydride elimination leads to the olefinated product 3 whereas the base mediates reductive elimination at palladium, thus regenerating the active palladium(0) species. At this stage, we cannot determine whether catalyst regeneration occurs with the substrate or with the product binding to the molecular recognition site. 19 This mechanistic proposal explains also the substrate selectivity encountered between the three different regioisomeric 3-bromopyridine derivatives discussed in Scheme 3.
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Conclusions

In summary, we have disclosed a supramolecular palladium-catalyzed Mizoroki-Heck cross-coupling reactions in which the reactivity is enhanced thanks to remote Zn•••N interactions between the molecular recognition site in the catalyst and the 3bromopyridine substrate. The increased reactivity of the supramolecular catalysts is evidenced in relatively short reaction times (up to one hour) and high reaction temperatures (130 o C), which is rare for supramolecular catalysts that feature substraterecognition properties. In addition, we managed to identify that the presence of small amounts of highly polar DMF solvent are still compatible for observing such supramolecular effect, which is important for the development of future supramolecular catalysts that would require different polarity media. By means of in-depth NMR studies, this work also discloses that the kinetically labile Zn•••N interaction between the catalyst and the substrate is compatible with potentially coordinating groups encountered in other reagents such as the ester groups from acrylate coupling partners. This supramolecular catalysis was also tolerant to typically less reactive olefins such as styrene derivatives and a certain degree of substrate selectivity was identified by evaluating all the three regioisomeric bromopyridines. We anticipate that these findings might be of interest to develop new supramolecular catalysts for challenging transformations.

Experimental

The supramolecular ligand L was prepared according to a previous contribution. 10 General procedure for the supramolecular catalysis: An overnight-dried Schlenk tube was filled, under an argon atmosphere, with 3-bromopyridine 1 (7.9 mg, 4.8 L, 0.05 mmol, 1 equiv.), the corresponding terminal olefin coupling partner (0.15 mmol, 3 equiv.), potassium carbonate (20.7 mg, 0.15 mmol, 3 equiv.), the supramolecular ligand L (7.8 mg, 0.01 mmol, 0.2 equiv.), Pd(OAc)2 (1.12 mg, 0.005 mmol, 0.1 equiv.) and toluene (1 mL). After 5 min stirring at room temperature the mixture was placed in a preheated General procedure for the synthesis and characterization of the products resulting from the catalysis: An overnight-dried Schlenk tube was filled, under an argon atmosphere, with 3-bromopyridine 1 (7.9 mg, 4.8 L, 0.05 mmol, 1 equiv.), the corresponding terminal olefin coupling partner (0.15 mmol, 3 equiv.), potassium carbonate (20.7 mg, 0.15 mmol, 3 equiv.), Pd(OAc)2 (1.12 mg, 0.005 mmol, 0.1 equiv.) and N,N-dimethylformamide (1 mL). After 5 min stirring at room temperature the mixture was placed in a preheated oil bath at 130 °C and stirred for 24 hours. The reaction mixture was cooled down to room temperature and the solvents evaporated under vacuum followed by purification by column chromatography (SiO2, ethyl acetate/pentane) to afford the corresponding olefinated products 3.

Figure 1 .

 1 Figure 1. Previously developed supramolecular ligand L applied in palladium-catalyzed Suzuki-Miyaura reactions and its current application in palladium-catalyzed Mizoroki-Heck cross-coupling reactions.

Scheme 1 .

 1 Scheme 1. Equilibria involving the supramolecular ligand L in the presence of bromopyridine 1 and acrylate 2a.

Figure 2 .

 2 Figure 2. Variable temperature 1 H NMR (1,1,2,2-tetrachloroethane-d2, 400 MHz) spectra for the combination of L with 1 in the presence of excess 2a (for proton numbering see Scheme 1, # marks denote the proton signals belonging to the acrylate derivative 2a and L are the proton signals belonging to the supramolecular ligand L, and for concentration details see the ESI).

  Yield of 3 (%) with L b Yield of 3 (%) without L b yield of 3

Scheme 3 .

 3 Scheme 3. Influence of the regioisomer bromopyridine substrate in the final outcome of the supramolecular palladium-catalyzed Mizoroki-Heck cross-coupling reaction.

Scheme 4 .

 4 Scheme 4. Postulated reaction mechanism for the supramolecular palladium-catalyzed Mizoroki-Heck cross-coupling reaction between 3-bromopyridine and terminal olefins exploiting remote, kinetically labile Zn•••N non-covalent interactions between the catalyst and the substrate.
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Table 1 .

 1 Supramolecular ligand L in palladium-catalyzed Mizoroki-Heck cross-coupling of 3-bromopyridine (1) with butyl acrylate (2a) and control experimentation. a

	Entry Deviation from above conditions	Yield of 3(%) b
	1	none	78
	2	ZnTPP (20 mol%) and benzonitrile (80 mol%) instead of L	28
	3	ZnTPP (20 mol%) instead of L	23
	4	H2L (20 mol%) instead of L	24
	5	without L	23
	6	with addition of ZS (20 mol%)	5
	7	with addition of DMAP (1 equiv.)	42

a Reaction conditions: 1 (7.9 mg, 4.8 L, 0.05 mmol,), 2a (19.2 mg, 21.6 L, 0.15 mmol), K2CO3 (20.7 mg, 0.15 mmol), L (7.8 mg, 0.01 mol), Pd(OAc)2 (1.12 mg, 0.005 mmol), toluene (1 mL), 130 o C, 1 h, Argon. b Yields determined by GC-MS analysis.
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