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Several urea-inserted organo-polyoxometalates (POMs) derived from polyoxotungstovanadate [P2V3W15O61] 9-were prepared. The insertion of the carbonyl into the polyoxometallic framework activates the urea toward Hydrogen-bond catalysis. This was shown on the Friedel-Crafts arylation of trans-b-nitrostyrene. Modelling shows that the most stable form of the organo-POMs features an antiparallel arrangement of the two N-H bonds, but that the likely catalytically active parallel form is accessible at room temperature. Finally, it is possible that the oxo substituents next to the vanadium atoms may help the approach of the nucleophile via H-bonding.

Polyoxometalates (POMs) have been extensively used as acid catalyst since the 1970s, both under homogeneous and heterogeneous conditions. [1][2][3][4][5] Fully protonated POMs are called heteropolyacids. Some approach the superacidic behavior, and they have been fruitfully used in industry. [6][7][8][9] However, there are only a limited number of heteropolyacids used in catalysis because the acidity derives exclusively from the inorganic structure, and there are not that many POM frameworks stable enough at acidic pH, and/or where the proton/oxide interaction can be harnessed for reactivity. Besides, heteropolyacids are often not soluble in organic solvents, precluding any use under homogeneous conditions. Some of these limitations can be solved upon introducing appropriate counterions, [10,11] although that carries the risk that the polyanion becomes just a weakly coordinating spectator ion. [12] Organo-POMs, which combine the properties of the inorganic scaffolds and of the covalently-bound organic moieties, [13,14] offer a new handle for diversity in POM-based catalysis. [5,[15][16][17][18][19][20] For example, we showed how the unique insertion [21][22][23][24][25] of diolamides into the structure of polyoxotungstovanadate [P2V3W15O61] 9- enhanced the acidity of the amide proton, [26] generating the first truly hybrid heteropolyacid. [25] The catalytic activity stemmed from the facilitated transfer of the activated proton to substrates.

Nature also achieves acid-catalysis by relying on strategically positioned H-bonds, which cumulatively act like a proton, but where no proton is actually transferred to the substrate. This has led to a huge body of work in organocatalysis, but has not been examined at all in POM chemistry. We report herein how our carbonyl-insertion strategy can be directed toward H-bond catalysis. We approached the problem through ureas, which are known to catalyze many organic reactions by hydrogen-bonding activation. [27,28] In 2011, Oble et al. had shown that also ureas could be inserted into [P2V3W15O61] 9-, although the resulting hybrids were only examined for their oxidative properties. [22] We surmised that the withdrawing effect of the polyoxometallic framework at play with amides could potentially also activate the grafted urea toward H-bond catalysis. Using the synthetic procedure previously developed in our group, [22] we prepared five urea-inserted organo-POMs (1a-e, Figure 1). The phenyl (1a), p-methoxy-phenyl (1b), and p-CF3phenyl (1c) derivatives were known. To have an array of electrondiverse potential catalysts we added 3,5-bis-trifluoromethylphenyl-(1d) and hexyl-(1e) substituted compounds. All reactions were essentially quantitative, the smaller variations being due to partial loss upon filtration of the solid POMs. The organo-POMs obtained were fully characterized. Of particular note is a strong downfield shift of the 1 H-NMR signals of the ureic protons when anchored to the vanadate crown (Table 1). The chemical shifts for the N-H protons closer to the diol terminus range from 5.29 ppm for the urea leading to 1e to 5.76 ppm for that leading to 1d when these ureas are not inserted into the POM. The signals are strongly deshielded in the POMs, from 7.18 ppm in alkyl substituted 1e, to 9-10 ppm for the aryl-substituted 1a-d. The chemical shifts of the "external" protons (those directly attached to the variable part of the ureas) exhibit a similar trend, albeit less marked. The chemical shifts range from 5.18 ppm (hexyl) to 7-8 ppm in the free arylureas. They move downfield to 6.85 ppm in 1e and to 8.5-9.5 ppm for 1a-d. A similar deshielding was observed in the signals associated to the amide protons in the amide-inserted polyoxovanadates (in the "internal" position). It was shown to be a sign of an increased acidity of the corresponding proton, so we considered the present observations as a good sign that the POM may also become a Hbond catalyst. The second good omen is that the chemical shifts variations appear correlated to the substituents on the initial urea (at least for the aryl derivatives), despite the presence of the additional nitrogen atom which could have offset the electronic effects. Here, a donating substituent (as in 1b) leads to less deshielding than withdrawing ones (as in 1c-d).

To understand better the system we sought help from modeling.

The geometries of all hybrids were optimized relying on density functional theory, at the DFT-M06-2X/6-31+G(d,p)/LANL2DZ level of theory using the Gaussian16 suite of programs [START_REF] Frisch | Gaussian 16 Rev. C[END_REF] (Figure 2 and Table S1). The POM calculated structures shared common features. The most stable conformation has the N-H bonds not parallel (Figure 2, right). The "internal" N-H is indeed antiparallel to the vanadiumlinked C=O bond, but the external one points toward the POM surface. The parallel position is taken by the urea substituent. This might reflect the increased acidity of the H atom, leading to the establishment of a favorable H-bond with the POM anionic surface, or it might be due to steric strain between said surface and the urea R-group in the classical parallel arrangement. The parallel, catalytically active, conformers (e. g. left, Figure 2) lie 3-4.5 kcal.mol -1 higher than the anti-parallel ones (e. g. 3.7 kcal.mol -1 for 1c, see Table S1). For 1a, a transition state lining was located (qst3 keyword) at 8.9 kcal.mol -1 , meaning that interconversion between both forms is possible -and presumably catalysis -at room temperature.

The bond lengths (Table S1) are constant, regardless of the substituents. That is true for both N-H bonds, the C=O, or the N-C bonds to the carbonyl carbon, as well as the N-C bond of the "internal" N to the quaternary carbon of the diol. The only exceptions are the N-C bond lengths of the "external" N to the R substituent, which are longer in 1e, and shorter in 1a-d, especially so with 1c-d. This is likely because 1e is an alkyl urea, therefore the bond is longer. Overall, our modeling indicates that the organo-POM system is quite rigid with some variation around one of the N-H bonds.

To test the potential catalytic properties of our organo-POMs, we focused on the Friedel-Crafts alkylation of indole with trans-bnitrostyrene (TBNS) as benchmark reaction. This reaction is generally catalyzed by electron-poor substituted (thio)urea. [START_REF] Herrera | [END_REF] It proceeds via the activation of the vinyl group of the TBNS through hydrogen-bond interaction of the nitro with the urea protons of the catalyst. This induces the polarization of the bonds in the olefinic substrate which promotes the nucleophilic addition of the indole ring onto the b-carbon of the TBNS. In a typical experiment (Table 2, Entry 1), 1 equivalent of TBNS (0.4 mmol scale) was reacted with 1.5 equivalent of indole in the presence of 2 mol% of 1a in warm (50°C) acetonitrile. The reaction was monitored by 1 H NMR. [a] Reaction conditions: TBNS (0.4 mmol, 1 equiv.), Indole (0.6mmol, 1.5 equiv), catalyst (8 µmol, 2 mol%) dissolved in dry MeCN (1 mL) in Schlenk tube under argon at 50°C; [b] measured by 1 H NMR; [c] all diolureas were tested (see Table S2) in the SI); [d] POM = [P2W15V3O62] 9-; [e] 1 mol% of 6 was used. Gratifyingly, the reaction proceeded, albeit slowly. Indole 2 was formed, and the reaction reached 66% conversion after 4 days, while the same urea not grafted to the POM led to no conversion (entry 7). When an electron-donating group was positioned on the urea, the reaction proceeded more slowly (entry 2). Conversely, electron-withdrawing substituents accelerated the addition, which was over (and essentially quantitative) in under three days (entries 3-4). This is compatible with a more activated H-bond catalyst, as expected.

We carried additional experiments to characterize more precisely the mechanism of the catalysis. First, the reaction studied is catalyzed by Brønsted acids, such as the parent (TBA)5H4[P2W15V3O62], albeit at a reduced rate (entry 8). The POM structure itself is not catalytically active, once the protons around it have been removed (entry 9). Finally, mixtures of uncomplexed ureas and (TBA)5H4[P2W15V3O62] behaved as (TBA)5H4[P2W15V3O62] (entry 10).

Overall, that makes us certain that the reactions in entries 1-5 proceed via activation of the nitro group in the electrophile by Hbonding with the ureas, since there are no protons around POMs 1a-e, and the Brønsted acid-catalyzed background reaction is much slower anyway. The POM framework likely polarizes the urea, which in turn activates the electrophile in the rate determining step. In order to further support this hypothesis, we carried out additional experiments. First, we measured the formation constants of the nitro/urea pairs for POMs 1a-d and their corresponding free ureas. In a typical procedure, a solution of urea in CD3CN (1 eq) was titrated with a solution of TBNS in CD3CN (by increments of 0.25 equiv. of TBNS to 2 equiv. of TBNS). The 1 H-NMR spectrum of the mixture was recorded after each addition. With 1a and 1b (and their corresponding free ureas) no observable change was observed in the 1 H NMR signals (see Figure S2), suggesting that the interaction is at best too weak for the sensitivity of the technique. In contrast, the electron poor ureas and POMs 1c-d led to observable shifts. Interestingly, the signals of the N-H protons are more affected by the presence of TBNS in the free ureas, rather than in the POMs. For example, the N-H signal at 5.67 ppm in p-F3C-C6H4-N(H)-C(=O)-N(H)diol exhibits a ~10 Hz downfield shift upon addition of 1.5 equivalents of TBNS (Figure S3), whereas in 1c, the N-H protons at 8.98 ppm only shifted downfield by about 3 Hz after the addition of 1.5 equivalents of TBNS. The signal of the other urea N-H proton at 7 ppm is too broad to be correctly exploited. That allowed us to calculate an association constant of 4. We next looked at the reaction of three more indoles (Figure 2). Methoxy-indole 3 reacted with a similar kinetic profile as 1. In contrast, chloro-indole 4 reacted more slowly, reaching 94% conversion only after 4 days. Finally, N-methyl indole 5 was much less reactive, only reaching 63% conversion. We believe the previous experiments confirm that the POM-urea acts as a H-bond organocatalyst. Indeed, the reaction does not proceed from a better association of the substrate to the POM, as the latter have lower association constants to the substrate (maybe due to steric hindrance that develops in the "urea" configuration between the urea substituent and the POM framework). Yet, the catalysis proceeds with the same features as urea-catalysis (electron-poor substrates are disfavored, electron-withdrawing substituents on the urea increase the reaction rate).

Finally, the most interesting result in this latter batch is the observation that methylation of the nitrogen atom in 5 results in a much less efficient addition. Given that the oxo groups next to the vanadium atoms have a higher negative charge density they might develop a H-bond [31][32][33][34] with the incoming indole nucleophile, resulting in a kind of pre-arrangement favoring the addition. This secondary interaction would disappear upon methylation of the indole.

One of the main features of the organo-POM catalysts is that they can be easily recycled upon precipitation. [35,36] Therefore the catalytic reaction with 1a was carried out in a centrifugation tube. At the end of the reaction the catalyst was precipitated with in diethyl ether, the reaction mixture was then centrifugated at 5000 rpm. The organic phase was filtered off and the centrifugation tube reloaded with a new batch of reagents. The process was repeated three times. In all cases, the conversion profiles of the reaction were very similar, showing that in that case also the POM framework enabled simplified recycling of the catalytic system. Finally, we prepared the POM dimer 6 from the corresponding bisurea (Scheme 1). 6 was obtained in 75% yield. The yield obtained was slightly lower compared to the single POMs. It may be due to the higher charge of the POM. However, 6 is very pure with no observable sign of mono-grafted POM. POM 6 was selected to examine possible cooperative effects. Hence the flexible hexamethylene spacer. 6 was engaged in the catalytic reaction. In that case, only 1 mol% of it was used, to keep the same overall amount of catalytic sites. The conversion reached 56% after four days, where the corresponding equivalent single-site 1e stopped at 48% (at 2 mol% loading). This suggests that there may be some cooperativity that improved the overall efficiency.

In conclusion, a new class of catalytic reactions -H-bond organocatalysis -has been opened to organo-POMs. The unique interplay between a urea function embedded into a POM framework has been studied with the help of modeling. It enabled the catalysis of the Friedel-Crafts alkylation of indoles with transb-nitrostyrene, and the catalyst could be recycled several times. The highly electron-withdrawing polyoxometalate scaffold likely augments the ureic protons acidity, which accelerates the Friedel-Crafts alkylation relative to the free urea ligands. We believe that the POM structure also participates. Some of the oxo ligands in the trivanadium crown are highly polarized and likely to help the catalytic activity by developing H-bonds to the nucleophile, thus pre-arranging the reagents. Finally, there seems to be cooperativity in dual-site compounds. Further work will focus on fully probing these two latter issues, as well as use our modeling to build a chiral pocket around the catalytic site. 
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 1 Figure 1. Preparation of the urea-POMs

  2 V 3 W 15 O 62 ] 1a : R = Ph (90%) 1b : R = p-MeO-C 6 H 4 (95%) 1c : R = p-F 3 C-C 6 H 4 (89%) 1d : R = 3,5-bis-F 3 C-C 6 H 3 (87%) 1e : R = n-C 6 H 13 (92%) [a] D.
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 2 Figure 2. Calculated structures for parallel (left) and and antiparallel (right) conformations of urea@POM 1c (DFT-M06-2X/6-31+G(d,p)/LANL2DZ level of theory).

  4 M -1 for p-F3C-C6H4-N(H)-C(=O)-N(H)diol and 0.8 M -1 for 1c. A similar trend was observed for the couple 3,5-bis-F3C-(C6H3)-N(H)-C(=O)-N(H)diol / 1d.
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 2 Figure 2. Reactions of different indoles. POM 1c was used as catalyst (2 mol%).
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 1 Scheme 1. Synthesis of bis-urea organo-POM 6.
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 1 

		HN "diol-side"	HN-R	HN "internal"	HN-R
	1a	5.43	7.38	9.64	8.63
	1b	5.33	7.05	9.23	8.45
	1c	5.67	7.86	9.79	8.80
	1d	5.76	8.07	10.1	9.10
	1e	5.29	5.18	7.18	6.85

1 H NMR chemical shifts of the ureic protons in the free ligands and in the respective grafted derivatives POM d in free urea d in organo-POM

Table 2 .

 2 Probe

	Entry [a]	Catalyst	24h	TBNS conversion (%) [b] 48h 72h 96h	Yield (%)
	1	1a	7	25	44	66	-
	2	1b	6	13	33	46	
	3	1c	18	52	99		92
	4	1d	16	54	98		
	5	1e	-	14	37	48	
	6	-	-	-	-	-	-
	7	diolurea [c]	-	-	-	-	
	8	TBA5H4 [P2W15V3O62]	9	21	35	41	
	9	TBA9 [P2W15V3O62]	-	-	-	-	
	10	TBA5H4 POM [d] + p-F3C-C6H4 urea	10	15	25	39	
	11	6 [e]				56	

of the H-bond catalysis with organo-POMs: Friedel-Crafts arylation of trans-b-nitrostyrene.
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