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The first DFT study of the cycloaddition of benzaldehyde with homophthalic anhydride under the influence of a bifunctional organocatalyst is reported. The catalyst first binds and then deprotonates the anhydride, leading to a squaramide-bound enolate, which then adds to the aldehyde with activation of the electrophile by the catalyst’s ammonium ion.  
It is well-known that enolisable anhydrides can react with aldehyde electrophiles either thermally or in the presence of Lewis acids or Brønsted bases.1 We have shown that a range of aldehydes 1 can participate in clean cycloaddition with homophthalic anhydride (2) under the influence of the organocatalyst 32,3 to yield substituted lactones 4 (Fig. 1A) with excellent yield and enantiocontrol.4,5,6,7 These dihydroisocoumarin structures are prevalent in a range of natural products with a diverse array of biological activities,8 (Fig. 1B). We have suggested that the catalysed process proceeds via reaction of the enol(ate) form of the anhydride with the aldehyde, followed by ring closure.4 However, nothing is actually known about either the mechanism or the fashion in which the catalyst organises the encounter between the reactants.  In order to better develop promoters for this powerful transformation and to facilitate the widening of the substrate scope with respect to the anhydride component,9 a much clearer mechanistic picture is necessary. Previously, Shaw and Cheong et al. carried out computational studies which demonstrated that the corresponding (but mechanistically distinct) reaction involving imines proceeds via a reactive enolate-iminium ion pair 5a/b, which react in a Mannich-like process to form 6a/b and then cyclise to afford 7a/b;10 while very recently Vetticatt and Seidel et al.11 explored how a hydrogen bond (HB) donating catalyst could intervene and bind both constituents of the ion pair in an enantioselective process (i.e. 8, Fig. 1C). An aldehyde however is not basic enough to generate such an ion pair without catalyst-based assistance, and thus its reaction with the anhydride must proceed via a different mechanism. How this is achieved is completely unclear. One possibility is a ‘general-catalysis-like’ mechanism, in which the catalyst forms a bifurcated HB with the aldehyde and deprotonates the incoming enol form of the anhydride in the transition state. This is intuitively appealing as interactions near heteroatoms which are experiencing charge build up strengthen everywhere in the putative key transition state (10, Fig. 1D).


Fig. 1 The organocatalytic cycloaddition of aldehydes and anhydrides	
Takemoto12 initially suggested that the general catalysis like mechanism operates during the bifunctional catalysis of the addition of malonate esters to nitroolefins; however, later Pápai and Soós et al.13 showed computationally that while both mechanisms were accessible, in the case of the major product, an energetic preference existed for the specific catalysis-like (9, Fig. 1D) mechanism using squaramide-based catalysts.  Grayson and Houk calculated that the cinchona alkaloid catalysed addition of thiophenols to enones also proceeds via a similar mechanism.14 Recently, Grošelj et al.15 calculated that a very similar process to that studied by Pápai et al. involving nitroolefins with acetoacetate as the pronucleophile proceeded via a general catalysis-like pathway. 
The ability to distinguish between these mechanisms is critical for enabling future rational catalyst design; as the catalyst functional unit which interacts with the anhydride and the aldehyde in the key transition state in each is different.  Herein, we present the results of the first theoretical investigation using DFT (see computational details in the ESI) of the mechanism of the catalytic process. This methodology has been a time-honoured method for the investigation of organocatalytic reactions in the past.10a, 11, 16


Scheme 1 Model reaction between 2 and 11 to give 12a
 The model catalytic reaction to be studied is presented in Scheme 1.4 To mimic solvent effects, PCM-THF conditions at 298 K were utilised. Firstly, the molecular electrostatic potential (MEP) of the squaramide catalyst was calculated (Fig. S1). As expected, there is an absolute MEP maximum (red area) in the region around the N atoms of the squaramide (N2 and N3 in Scheme 1) indicating this region as being most suitable site for interaction with bases. Additionally, a minimum can be located in the space surrounding the quinuclidine N-atom – the proximity of same to the MEP maximum is noteworthy.
When exploring mechanistic possibilities, we first considered and rejected a scenario involving initial attack of the aldehyde O-atom on the anhydride, as such a process is unprecedented in the literature. Therefore, the interactions between catalyst 3 and anhydride 2 were first explored, resulting in the location of minimum 13 (Fig. 2). Binding is highly energetically favourable (ca. -40 kJ mol-1). It is most noteworthy that complex 13 is characterized by a HB between N1 (i.e. the quinuclidine N-atom) and the methylene group of the anhydride 2. Thus, somewhat extraordinarily, in the lowest energy binding scenario, the scene appears set for a catalyst-mediated enolization event. Accordingly, the energetics of a subsequent proton transfer event was determined. This reaction is also thermodynamically favourable: enolate 14 is 21.1 kJ mol-1 more stable than 13, and 61.5 kJ mol-1  more stable than the isolated energies of the non-interacting reactants, as is the transition state (TS) for deprotonation. Thus, enolisation is a step downhill process and is highly likely to be a prerequisite to any C-C bond forming step.17 The now basic O1 atom of the enolate forms a bifurcated HB with H2 and H3 of the squaramide catalyst. This has the effect of bringing the anhydride unit, which was orthogonal in complex 13, largely into the plane of the squaramide group, leaving space proximal to the newly formed ammonium ion for the aldehyde to bind. An Atoms in Molecules (QTAIM) analysis (complex 14, Fig. 2) also identified a web of HB interactions between enolate oxygen atoms not involved in squaramide binding and both the catalyst’s quinoline ring and the C-2 phenyl substituent – which our earlier study demonstrated was beneficial for both product dr and ee. It would therefore appear that this unit’s purpose is to facilitate face-selective binding of the enolate.

Fig. 2 Optimized geometry of complexes 13 and 14    
To discriminate between the two proposed mechanistic models, the C-C bond forming step was next studied. In view of the excellent experimental ee and dr previously obtained, in both models (i.e. either specific-like or general-like catalysis) TSs leading to the major product isomer trans-(R,R) 12a, only have been considered. As shown in Fig. 3, the TS associated with the general catalysis-like pathway is 41 kJ mol-1 higher in energy than the ‛specific catalysis’ like variant. 


Fig. 3 Both models C-C bond-forming TSs leading to trans-(R,R) 12a. Relative energies relative to the TS for the specific catalysis-like mechanism
      In the light of the energetics of the enolate formation process (vide supra) and the considerably higher barrier to C-C bond formation in a concerted general-catalysis scenario, we decided to focus on the specific catalysis-like mechanism.  We next studied the origins of the diastereo- and enantiocontrol. Experimental studies yielded three stereoisomeric  products, i.e. the major enantiomer trans-(R,R) 12a, trans-(S,S) 12b and a minor cis diastereomer 12c.4  We began by studying the pathway leading to the major product. The encounter between the catalyst-bound enolate - i.e. complex 14 - and aldehyde 11 to yield the pre-TS assembly complex 15a was examined (Fig. 4). It is clear that 11 is activated through HB donation by the recently formed catalyst ammonium ion. The enolate system subsequently attacks the aldehyde to yield intermediate 16a. A TS was located (TS 15a-16a Fig. 4) involving proton transfer between the N1-H of the catalyst and the O4 of the aldehyde. Onward reaction of minimum energy complex 16a to the final catalyst-bound lactone product (i.e. complex 17a) proceeds via acylation transition state TS 16a-17a. It is noteworthy that the addition of the alcohol to the anhydride is assisted by bifunctional catalysis involving the catalyst’s squaramide bound to the anhydride and the quinuclidine N-atom acting as a general base. 
      In the key, stereocentre-forming step, it is clear that firstly, the binding interaction between the catalyst and the anhydride is largely unaffected by the introduction of the aldehyde – meaning that due to the location of the ammonium ion, only a single enolate face is available to attack the aldehyde. Second, in both the pre-TS assembly 15a and the TS 15a-16a, the face-selective addition to the aldehyde is primarily governed by the HB to the ammonium ion, the requirement to direct the aldehyde phenyl unit into empty space between the anhydride and the catalyst’s N-aryl substituent and the avoidance of steric clashes with either the catalyst quinuclidine/quinoline rings or the anhydride itself.        

Fig. 4 Optimized geometry for complex 15a and TS 15a-16a leading to the major product trans-(R,R) 12a
With the pathway towards trans-(R,R) 12a characterised, the computational study of all other possible reaction pathways was similarly performed by obtaining the corresponding complexes and transition states leading to enantiomer trans-(S,S) 12b and a representative cis stereoisomer, 12c. The three energy profiles and relative energies for all complexes are shown in Fig. 5. 
The pathway leading to trans-(R,R) 12a (black in Fig. 5) is clearly favoured. This begins at the pre-TS assembly stage: complex 15b associated with the minor trans-(S,S) 12b enantiomer requires the catalyst binding the anhydride with the opposite sense of facial selectivity to that observed in complex 14. The stabilising interactions between the anhydride enolate oxygen atoms and the catalyst‘s N-heterocyclic rings (see Fig. 2) are absent. In addition, the aldehyde, in order to satisfy the stereoelectronic requirement for 1,2-addition, must occupy space proximal to the bulky catalyst hemisphere. This arrangement (Fig. 5) is ca. 30 kJ mol-1 less stable than the alternatives in which the nucleophilic enolate carbon atom is oriented towards the relatively vacant catalyst hemisphere (i.e. assemblies leading to trans-(R,R) 12a and cis esteroisomers).  This energy difference, and the finding that subsequent barriers associated with the formation of trans-(S,S) 12b are higher than the entrance channel, explains the predilection for the reaction producing the trans-(R,R) 12a enantiomer of the trans diastereomers. Both the calculated ee (99% ee) and sense of stereoinduction were in excellent agreement with experimental data (93% ee).4 For further discussion of these TSs and intermediates enabled by QTAIM methodology, see the ESI. 
Comparing trans-(R,R) and cis potential energy surfaces (Fig. 5), it can be observed that TS 15c-16c is 18.9 kJ mol-1 higher in energy than that associated with trans-(R,R). In the latter, the aldehyde directs the bulkier phenyl unit away from the squaramide ring and into solvent and there is an attractive interaction between the aldehydic proton and the squaramide N-atoms (Fig. 6A). The attractive interactions between the anhydride and both the squaramide N-H atoms and the catalyst chiral substituents are retained. In the cis analogue, in order to accommodate the aldehyde’s aryl ring, binding to the anhydride must change – the bifurcated HB between the enolate anionic oxygen atom and the squaramide is lost, as are the web of attractive interactions between the anhydride and the catalysts quinoline and quinuclidine rings. It is interesting to note that in the TS leading to the trans product, C-C bond formation is less complete but NO proton transfer has progressed to a greater extent than in the cis variant. Both the subsequent tetrahedral intermediate complex 16c and the acylation step TS 16c-17c are higher in energy for the cis pathway than the trans.
[image: ]
Fig. 5 Potential energy surface for all complexes formed (15, 16 and 17)
We wished to validate the findings of the theoretical study by testing the prediction that the use of methylhomophthalic anhydride (18) would be advantageous (Fig. 6B): the additional methyl group would be oriented into solvent without affecting attractive anhydride-catalyst interactions in the favoured TS 15a-16a (corresponding to trans-(R,R) 12a), but would clash with the catalyst’s chiral substituents in the TS corresponding to trans-(S,S) 12b. We were delighted to observe when this novel catalytic reaction was performed the lactone 19a was obtained in an unprecedented 98% ee and 99:1 dr (see the ESI).
In summary, the first computational study of the mechanism of the cycloaddition between 2 and 11 under the influence of a bifunctional catalyst 3 has been reported. The entire PES was calculated together with all TSs and intermediates for both trans diastereomers and the representative enantiomer of the trace cis diastereomer. DFT methods revealed an unambiguous preference for a ‘specific catalysis-like’ pathway involving initial (highly favourable) anhydride deprotonation by the catalyst to give a bound enolate, which reacts with aldehyde with activation by the catalyst’s ammonium ion in the key, stereocentre forming  step (Fig. 7). An alternative general catalysis-like mechanism leading to the major product enantiomer involving binding of the aldehyde by the squaramide and general base catalysis of the addition of the enol of the anhydride to the aldehyde was found to be considerably higher in energy (41 kJ mol-1) and can be discounted, resulting in an unusually unambiguous picture of how the bifunctional catalysis occurs. Subsequent acylation of the 1,2-adduct to form the product lactone is concerted and general-base/hydrogen bonding catalysed. 

Fig. 6 A: QTAIM graphics of TS 15-16 for trans-(R,R) (left), trans-(S,S) (right) and cis (bottom) pathways. B: Reaction between 18 and 11 mediated by 3



Fig. 7 Stereochemical rationale: summary
Calculations predicted the formation of the observed major trans-(R,R) 12a product with a calculated ee in good agreement with the experimental value. An interesting and unexpected feature governing the stereochemical outcome was identified using QTAIM theory – facial selectivity in binding the non-bulky anhydride to the squaramide is facilitated by a web of attractive interactions between the catalyst’s quinoline/quinuclidine ring and the anhydride O-atoms, which are absent in the TSs/intermediates leading to minor stereoisomers. The observation that the C-2 quinoline ring phenyl unit participates in anhydride binding also throws light on the hitherto unknown beneficial role which this modification can play in cinchona alkaloid-based catalysis. Based on these data and conclusions a prediction was made that a methyl-substituted anhydride 18 could participate in a more enantioselective cycloaddition with 11. Calculations supported the hypothesis, which was then confirmed by experiment, producing the lactone in 98% ee. Studies to apply these findings from both reaction scope and catalyst design standpoints are underway.
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