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come  

The proton provides the most common and important way to catalyze organic reactions, [1] however it needs not always operate in isolation. Within a single molecular catalyst, such as in the active site of an enzyme, multiple hydrogen-bond donors (or Brønsted acidic sites) can work in cooperation to increase the overall acidity and hence catalytic activity. [2] Cooperative Hbonding and Brønsted acidity is also possible between molecules, when multiple H-bond donors or Brønsted acid molecules interact to generate an aggregate that is a more effective catalyst than either individual molecule. [3] However, what role the bystander molecules -those that are not H-bond donors or Brønsted acids -might play, if any, remains to be elucidated. Though poorly understood, a few papers indicate that interactions between Brønsted acids and seemingly innocuous solvents or additives, particularly nitro compounds, can have a profound influence on reactivity both in terms of accelerating reaction rates and by changing the concentration dependence of the reaction. In the 1960s, Pocker and coworkers found that the hydrochlorination of olefins was not only markedly faster when carried out in nitromethane compared to other solvents, but also displayed an atypical second order kinetic concentration dependence on HCl. [4] Further investigations to uncover why this effect would be exclusive to nitromethane were not made. [START_REF] Sergeev | Some have attributed the unusual kinetic order to the polarity of the bulk solvent, though no explanation is given as to why other polar solvents do not induce a similar effect[END_REF] In 2015, some of us observed that catalytic quantities of nitro compounds in benzene were highly specific to accelerate the dehydroazidation of tertiary aliphatic alcohols catalyzed by B(C6F5)3•H2O (BCF), [6] a strong Brønsted acid of comparable strength to HCl. [START_REF] Danopoulos | C6F5)3•H2O has a pKa of 8.4 in MeCN and has been studied in detail[END_REF] The reaction was found to display a second order concentration dependence with respect to the nitro compound as well as a second order concentration dependence with respect to BCF. In contrast, when carried out in the absence of nitro compounds, the reaction was much slower and found to be first order with respect to BCF (Figure 1). Snyder ' s group has also observed Brønsted acid-catalyzed reactivity that is highly specific to wet nitromethane. [8] No model currently exists to account for why the presence of a nitro compound, sometimes present only in catalytic quantities, could change the concentration dependence and rate of at least these two different Brønsted acid catalyzed reactions. Here, using DFT calculations and vibrational analysis, we obtain a structural model for a higher order aggregate formed by nitro compounds and Brønsted acids, examine the effect of aggregation on acidity, show that the model can be used to predict reaction rates for a set of new nitro compounds in alcohol dehydroazidation, and even predict a new class of "template" molecules that can induce a similar co-catalytic effect. Beyond the specific reaction in question, the present results imply that a comprehensive understanding of Brønsted acid catalyzed reactions can only be achieved by taking into account the weak interactions between Brønsted acids and all molecules in solution. The dehydroazidation of tertiary alcohols exhibits a secondorder kinetic dependence on the concentration of BCF and a second-order kinetic dependence on nitro compound. [6] As there exists significant spectroscopic and catalytic evidence that nitro compounds can act as H-bond acceptors, [9] we postulated that the reaction kinetics could be explained by the intermediacy of a catalytic competent aggregate involving H-bonded self-assembly of two BCF with two nitro-compound molecules. Structural models of the tetrameric (2:2) assembly of BCF with nitromethane were generated by connecting the molecules via pairs of H-bonds and optimizing the geometry of the aggregate by DFT. Given the complexity of the configurational space to be explored, an initial conformational search was carried out using the HF-3c semi-empirical method, [START_REF] Sure | Corrected small basis set Hartree-Fock method for large systems[END_REF] then refined by DFT calculations using the ωB97X-D functional [11] with the 6-31G(d,p) basis set; see SI for details. DFT optimization results in an almost flat, rectangular hydrogen-bonded network formed between the nitro groups of two nitromethanes and two boron hydrates (Figure 2). The tetrameric arrangement is stabilized by two sets of non-equivalent H-bonds, two shorter and two longer.
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Vibrational analysis of the DFT-optimized supramolecular structure indicates that each pair of O-H groups in the network present two distinct stretching modes (i.e. one symmetric with a lower IR intensity signal and one anti-symmetric with higher intensity) with the symmetric stretching of the hydrogens involved in the shorter H-bonds characterized by the lowest vibrational frequency of 3501 cm -1 ; see Figure S1. The same analysis of one isolated BCF or its 1:1 complex with nitromethane shows that the corresponding O-H stretching modes have vibrational frequencies of 3693 and 3670 cm -1 , respectively (Figure S2-S3). Therefore, the formation of a tetrameric adduct with nitromethane results in a red-shift of the O-H stretching frequency as large as 192 cm -1 relative to isolated BCF and 169 cm -1 relative to the 1:1 complex. Since an O-H stretching frequency reduction was shown to provide a measure of the strength of a Brønsted acid in substituted p-and m-phenols (i.e. the lower the frequency, the stronger the acid), [12] our calculations suggest that the 2:2 BCF:nitromethane selfassembly increases the acidity of BCF, in particular for the hydrogens involved in the shorter hydrogen bonds. This counterintuitive result implies that aggregation of multiple acid molecules templated by very weak H-bond acceptors may have the net effect of increasing the acidity, and hence catalytic activity, of the aggregate relative to the single acid molecules. Following the same modeling procedure, 3D structures of the tetrameric assembly of BCF with a variety of nitro compounds including 4-nitrobenzotrifluoride, nitrobenzene, 4-nitroanisole, 2methyl-2-nitropropane and 1-nitrohexane were generated; these compounds were previously shown to modulate the co-catalytic activity of BCF. [6] Upon geometry optimization at the DFT level of theory, the rectangular hydrogen-bonding network made of pairs of non-equivalent H-bonds is largely preserved in all complexes, with minor distortions in some cases; see Figure S5. Vibrational analysis of the model complexes shows the same characteristic red shift in the O-H stretching frequency with a magnitude that is dependent on the chemical nature of the nitro compound; see Table S1. Remarkably, the red shift in the anti-symmetric stretching of the short H-bonds is found to be strongly correlated with the experimental Log(rate) with a determination coefficient (R 2 ) of 0.81; see Figure 3 (filled circles). This observation suggests that the O-H stretching frequencies predicted by DFT in the 2:2 aggregate in vacuum can be used as predictors for the kinetic rate of dehydroazidation catalyzed by BCF. The same calculations in benzene for a subset of compounds using an implicit-solvent model indicate that solvation effects in apolar media play only a minor role on the structure and the O-H stretching frequency of the 2:2 assembly thus justifying the use of gas phase calculations; see SI. In addition, an analysis of the level of theory on the quantification of the O-H stretching frequency shift upon self-assembly indicates that the use of the 6-31G (d,p) basis set provides reliable predictions at the lowest computational effort; see SI.

To evaluate the statistical significance of the correlation in Figure 3, two validation schemes were followed: [13] a cross internal validation based on a leave-one-out (LOO) analysis; and an external validation based on a new set of five nitro compounds (1-nitropropane, 2-nitropropane, nitroethane, 2nitroanisole and 1-nitronaphtalene), whose influence on reaction rate was previously unknown and determined by GC-MS; see SI. The internal validation indicates that the DFT model presents a positive predictive profile with a cross-validated squared correlation coefficient (q 2 ) of 0.46 (Table S3). The external validation shows that kinetic rates predicted by the DFT model are strongly correlated with the experimental rates with R 2 of 0.70; see Figure 3 (empty circles). In addition, the statistical parameters of the DFT model appear to be robust to randomization in alternative training/test sets, which is consistent with the absence of random correlations (Table S4). The predictive character of the DFT model for the experimental Log(rate) supports the assertion that tetrameric self-assembly of BCF with nitro compounds is a critical feature of the catalytic mechanism in the azidation of tertiary alcohols. [6] A similar model for the Log(rate) was constructed using experimentally observed IR stretches, i.e. the kinetic rate of azidation was correlated with the frequency at the maximum of the OH-stretching band in the experimental IR spectrum; see SI for details. Although this IR model was predictive for the initial set of nitro compounds, it was not for the test set (Figure S7). In particular, the accelerations produced by 2-nitroanisole and 1nitronapthalene (entries 11-12 in Table S1) are reversed by the IR model, which produces an anti-correlation between predicted hb4 hb1 hb2 hb3 and observed Log(rate) in the external validation; see Figure S8. The more limited predictive power of the IR model compared to DFT is explained on the basis that the intense OH-stretching bands derive from the overlap of multiple stretching modes, which limits the resolution of the experimental determination. Despite the inaccuracies associated with the DFT functional/basis set [14] , the computational vibrational analysis uniquely allows to quantify the red shift in the anti-symmetric stretching of the short H-bonds, which is predictive for the Log(rate); see Figure 3. S1.

The formation of the catalytically active species isolated by calculations involves a largely unfavorable entropic penalty due to the association of four molecular entities. To test the thermodynamic stability of the 2:2 assemblies, the free energy of association was investigated in the rigid-rotor harmonic oscillator (RRHO) approximation; see SI. The results show that all 2:2 complexes involving nitro compounds are marginally stable with standard association free energies ranging from +3 to +14 kcal/mol; see Table S7. Although the 2:2 complexes are predicted as rarely populated in solution, we reason that if the self-assembly were faster than the background reaction, one would still observe a co-catalytic effect. Based on this hypothesis and using the free energy of self-assembly as a lower-bound estimate for the kinetic barrier of tetrameric association, we evaluated the activation free energy of the background reaction using Eyring's equation [START_REF]The activation free energy for the background reaction, i.e. dehydroazidation in the absence of nitro compounds, was estimated from the experimental Log(rate) via Eyring's equation k = (kBT/h)•exp(-ΔG° ‡/RT). Using Log(k) = -5.2 (compound 7 in Table S1), Eyring's formulation predicts an activation free energy at 298[END_REF] . The results show that in the absence of nitro compounds the activation barrier for dehydroazidation is at least 10 kcal/mol higher than the kinetic barrier for self-assembly. We suggest that albeit rarely populated, 2:2 self-assembly may still have a detectable effect on the dehydroazidation rate. Last, the DFT model was used to explore new chemotypes capable of playing the same co-catalytic role as nitro compounds. For this purpose, six representative compounds were selected on the basis of their ability to weakly accept hydrogen bonds on two different atoms (Table 1). For each compound, the tetrameric assembly with BCF was modeled and the relevant O-H stretching frequencies calculated by DFT. In four out of six cases, the assembly preserved a rectangularshape and a planar hydrogen-bonded network after geometry optimization. Of these four, the Log(rate) predicted by the DFT model was in good correspondence with the observed reactivity after 24 h under standard reaction conditions in three cases (entries 1-3). Also, the two compounds that did not result in stable tetrameric complexes in the calculations did not show any accelerating effect on the reaction (entries 5-6). Most importantly, as predicted by the DFT model, diethylsulfate (entry 1) as additive showed a similar accelerating effect to nitromethane; [START_REF]activating agent or that trace acidic impurities were responsible for catalysis[END_REF] the tetrameric assembly computed for diethylsulfate is shown in Figure 4. Indeed, the method of initial rates showed a kinetic order dependence of 2.55 on diethylsulfate, consistent with higher order aggregates being involved in catalysis; see SI. ---<5%

[a] A complex was considered stable if it preserves a rectangular-shape and planar hydrogen bond network as obtained in tetramer self-assembly of BCF with nitro compounds. [b] Difference between the OH-stretching frequency of BCF in the complex and alone (3692.52 cm -1 ). [c] Reaction monitored by GCMS relative to dodecane as internal standard.

Notably, this is the first time that an additive other than a nitro compound has been shown to induce changes in the kinetic order dependence and an accelerating effect in the azidation reaction. The incorrect prediction for Log(rate) in entry 4 illustrates that above a certain threshold of H-bond accepting ability, the buffering effect of the additive dominates any positive effects arising from aggregation; see SI for a discussion. In summary, DFT modeling of 2:2 H-bonded aggregates of nitro compounds and BCF yields O-H stretching frequencies that are predictive of the experimentally observed rates in reactions that use the corresponding nitro compound as promoter and can be used to guide the rational design of new co-catalysts. The structural model of the aggregate was used to identify sulfate esters as a new class of promoters, which was verified experimentally a posteriori. The correlation between experiments and calculations suggests that the increased acidity of such aggregates could indeed be responsible for the higher order kinetic concentration dependence observed in Brønsted acid catalyzed alcohol dehydroazidation. [6] It remains to be determined whether this supramolecular mechanistic model can also be extrapolated to other reactions shown to have higher order dependence on Brønsted acids when nitro compounds are present, such as olefin hydrochlorination. [4] More broadly, the important implication of this model is that a deep understanding of Brønsted acid catalysis requires consideration of not only the molecular structure and pKa of the Brønsted acid or the bulk properties of the solvent, but also the microscopic nature of the supramolecular environment that takes into account the weak interactions between all molecules in the reaction mixture. 
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Figure 1 .

 1 Figure 1. The effect of nitromethane on the kinetic concentration dependence of reactions consuming (A) or catalyzed (B) by Brønsted acids.

Figure 2 .

 2 Figure 2. DFT-optimized structure for the 2:2 tetrameric self-assembly of BCF and nitromethane. The calculated structure highlights the existence of two sets of non-equivalent H-bonds, two shorter ones (hb1 and hb3) and two longer ones (hb2 and hb4).

Figure 3 .

 3 Figure3. Correlation of the experimental kinetic rate with the DFT calculated frequency of the anti-symmetric stretching of the short H-bonds in the 2:2 aggregate. Filled and empty data points correspond to the training (six + blank) and test (five) sets of nitro compounds investigated here. The numbering is the same as in TableS1.

Figure 4 .

 4 Figure 4. Optimized structure for the complex BCF:diethylsulfate (2:2).

Table 1 .

 1 Calculated frequency analysis for tetrameric self-assembly of BCF with various promoters and comparison to the observed reactivity in the dehydroazidation of alcohols.

	entry promoter	OH stretch	b Δν	predicted	conv. at 24
	(stable	(cm -1 )	(cm -1 )	Log(rate)	h (%) c
	aggregate? a )				
	1	3510.47	182.05	-4.66	>99%
	(yes)				
	2	3561.43	131.09	-4.85	60%
	(yes)				
	3	3562.81	129.71	-4.85	58%
	(yes)				
	4	3449.12	243.4	-4.44	<5%
	(yes)				
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