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Asymmetric hydroamination with far fewer chiral species than copper

 

Introduction

Although already identified in the sixties 1 on copolymers derived from optically active vinyl monomers, 2 the ability of a few chiral monomers (the "sergeants") to dictate their preferential conformation to a large fraction of achiral monomers (the "soldiers") was unambiguously revealed by Green and co-workers in 1989 during their thorough study of polyisocyanate copolymers. 3 Poly(alkyl isocyanates) adopt helical conformations in solution, which are particularly sensitive to weak chiral influences. 4,5 The "sergeants-andsoldiers" (S&S) effect was remarkable in this class of dynamic helical copolymers 6 since 4% of sergeants yielded a copolymer with an almost single-handed screw sense. This feature was later on observed for a large array of helical covalent polymers, 6,7 helical supramolecular polymers, 8,9 as a well as for discrete assemblies, 10,11 and thermodynamic description of this phenomenon was quantitatively assessed by means of statistical mechanical theory 12 and numerical models. 13 Implementation of the S&S effect in asymmetric catalysis requires a particular design in which the "soldier" bears a catalytic site and the "sergeant" is catalytically inactive but dictates the preferred handedness of the polymer main chain. 14 A key feature of this relatively new class of asymmetric catalysts is that catalytic centers are intrinsically achiral but experience the chiral environment provided by the helical backbone, which ultimately leads to stereodiscrimination in the transition states. In addition, it represents a unique, yet underexplored, strategy to decrease the amount of chiral inducers in catalytic processes. 15,16 Examples of S&S-type asymmetric catalysts have mainly been reported for helical covalent polymers, [START_REF] Reggelin | Proc. Natl. Acad. Sci[END_REF][START_REF] Takata | [END_REF] the most potent ones being based on the poly(quinoxaline-2,3-diyl) (PQX) scaffold. 14,19,20 PQX helical catalysts appended with phosphine ligands were found to provide excellent enantioselectivities in a range of palladium-catalysed reactions, whilst nitrogen-containing PQXs were employed in coppermediated 21,22 and organocatalytic processes. [23][24][25] PQX catalysts reported to date either consisted of copolymers embedding a large of fraction of chiral monomers (95%) [26][27][28][29][30][31][32] or on terpolymers containing an additional achiral monomer acting as "spacer" between the catalytic unit, [33][34][35][36] and for which, the "sergeants" are actually in excess relatively to the catalytic units. Alternatively, external guests [37][38][39][40] or solvents 41 can be added in order to induce and memorize a single handedness to helical catalysts but again their loading is large relatively to catalytic units. Transferring the chirality of the sergeant to a large number of catalytic centers is thus an ongoing challenge for S&S-type catalysts. Since 2013, 42 our group reported examples of S&S-type supramolecular helical catalysts, composed of phosphine- functionalized and enantiopure monomers, both based on the complementary benzene-1,3,5-tricarboxamide (BTA) scaffold. 43 These examples exploited the well-established S&S effect observed in BTA helical assemblies [44][45][46][47][48] and in related discotic monomers. 49 It was notably possible to perform the rhodiumcatalysed hydrogenation of dimethyl itaconate with a copolymer composed of one sergeant for two rhodium centers on average, thus representing the first example for which a substoichiometric amount of a chiral inducer was used relatively to the metal catalyst, without significant deterioration of the enantioselectivity. 50 The catalytic mixture between BTA P H (Chart 1a) and a sergeant (as represented in Chart 1b) was also evaluated in the copper-catalysed hydrosilylation of acetophenone derivatives, [51][52][53] but in that case, efficient S&S effect was observed only if a third co-monomer (a-BTA) was also present in the helical assemblies (Chart 1c). It was found that a-BTA both stabilize the assemblies and remove the conformational defects thus allowing efficient hydrosilylation of 4-nitroacetophenone in 90% enantiomeric excess (e.e.) at 200 K and as low as 0.25% of sergeant in the mixture. 54 Extending the scope of this highly efficient S&S effect requires to probe its validity with other soldier structures and under different reaction conditions. Herein, we report our efforts dedicated to the implementation of S&S-type BTA helical catalysts in the copper-catalysed hydroamination of styrene, a reaction that proved to be efficiently catalysed by conventional chiral diphosphine ligands. [55][56][57] Selection of the best-performing BTA ligand partner (the "soldier") and thorough screening of the experimental conditions afforded the amine product in 75% e.e. with as low as 0.51 mol% of sergeant in the catalytic mixture, i.e. one chiral molecule for 10 copper centers.

Results and discussion

Design and synthesis of BTA monomers. The asymmetric Cu-H promoted hydroamination of alkenes 55-57 is performed efficiently by a relatively narrow number of chiral diphosphine ligands, 58-83 with particularly strong effects exerted by substituents located on the aryl rings attached to the phosphorus atom. 84, 85 In addition to BTA ligands, BTA P H and BTA P Me , previously investigated in the copper-catalysed hydrosilylation of acetophenone derivatives, 51,52,54 it appears desirable to investigate more electron poor ligands as it may facilitate the hydrocupration step of the catalytic cycle. 85 Accordingly, BTA P p-F , BTA P p-CF3 and BTA P CF3 (Chart 1a) were prepared following previously established procedures and characterized by conventional techniques (ESI †). Initially screened co-assemblies were composed of one of these BTA . By comparison with the gmax value previously determined for homochiral assemblies of BTA P H (≈ 7.0× 10 -4 ), 54 it can be surmised a relatively high optical purity of the supramolecular helices for all mixtures. nd= not determined ligands and of (R)-BTA (resp. (S)-BTA) as the latter component has demonstrated its ability to intercalate into the helical assemblies of the BTA ligands 53 and induce a preferred left-(resp. right) handedness to the supramolecular co-assemblies (Chart 1b). 51 Characterization of the S&S-type co-assemblies. Prior to catalytic screening, we determined the composition, geometry and chiroptical properties of the BTA ligand homo-assemblies and of the S&S-type co-assemblies following our previously established analytical procedure. 1). The fraction of (R)-BTA monomers (sergeants) in the stacks, fs s , can be accurately determined, with similar results deduced independently from FT-IR and SANS analyses, and is found to be close to the fraction of (R)-BTA monomers initially introduced into the mixtures (compare fs 0 and fs s in Table 1). This means that (R)-BTA efficiently intercalates 53,89,90 into the stacks of the BTA ligands leading to the formation of long helical co-assemblies. Circular dichroism (CD) analyses (Figure S4a) revealed a negative band with a maximum around 300 nm for all S&S-type mixtures. This band, which belongs to the BTA ligand only (Figure S4b), is an induced CD (ICD) band 91 and thus reflects the chiral environment experienced by the ligand in the helical co-assemblies. By analogy with the BTA P H containing mixture, it can be inferred that all co-assemblies are lefthanded 51 and possess a relatively high optical purity (see g values, Table 1). 54 Overall, the combination of FT-IR, SANS and CD analyses indicates that the PAr2 moiety in this BTA ligand series has thus no significant influence on the structure of the helical co-assemblies. A subtle effect can be detected for the BTA P Me mixture which exhibits a lower g value as a probable result of a slightly lower amount of sergeants incorporated into the stacks, relatively to other co-assemblies. Likewise, the ICD band displayed by the BTA P CF3 mixture (Figure S4a) has a slightly different shape with two extrema at 285 and 305 nm instead of a single one at ca. 300 nm for all the other mixtures. This might be due to a subtle difference in the conformation adopted by the 3,5-bis-CF3-substituted PAr2 moiety. Finally, it is important to note that no significant change of the structure of the co-assemblies is expected upon copper binding, 52 thus coassemblies can be schematically represented as shown in Chart 1b. Although the precise coordination mode of the copper centers at the periphery of the helices cannot be ascertained, the formation of long and predominantly one-handed helical co-assemblies whatever the nature of the BTA ligand motivates their evaluation in catalysis.

Influence of BTA ligand in the copper-catalysed hydroamination of styrene. Initial conditions for the evaluation of the different S&Stype helical catalysts were selected as follows: i) a concentration in BTA ligand of 17 mM to ensure the presence of sufficiently long assemblies, ii) a fraction of sergeants of 50% to promote the formation of single-handed helices, iii) Amine-DM to minimize the detrimental direct reduction of the amine electrophile by Cu-H species, 60,92 and iv) a high concentration in dimethoxy(methyl)silane (DMMS) to increase the reaction rate 61 and provide a sufficient amount in N,N-dibenzyl-1phenylethanamine (DBA) whatever the ligand present in the S&S-type mixtures. The reactions were monitored by 1 H NMR The optical purity of DBA was determined by chiral HPLC analysis and configuration of the DBA enantiomers was established according to the literatu re. 55,61 Error bar according to integration of HPLC signals.

with 1,3,5-trimethoxybenzene as an internal standard and the results are plotted in Figure 1 (see Figures S5 to S9 for the NMR spectra). All helical catalysts promote rapid consumption of styrene and formation of DBA at the onset of the reaction followed by rapid plateauing of the reaction progress. This might be explained by rapid consumption of the reactants, including Amine-DM (ESI †), and possibly catalyst deactivation. 85 Whatever the ligand, styrene is only partly transformed into DBA: i) ethylbenzene, presumably formed by hydrolysis of the alkyl copper intermediate, 78 is detected in 10±5% in each mixtures (Figure S10) and ii) alternative hydrofunctionalization processes, such as styrene hydrosilylation, 93 constitute other potential side reactions. The nature of the BTA ligand strongly influences the outcome of the catalytic reaction (Table 2). CF3 substituted ligands, BTA P p-CF3 and BTA P CF3 , provided DBA with higher rates relatively to other ligands probably because the hydrocupration step is facilitated in these systems. All S&S-type helical catalysts furnish (R)-DBA as the major enantiomer, as expected from their same sense of rotation (vide supra), however with markedly different optical purities. Ligands with substituents at the meta positions of the phosphine aryl rings, BTA P Me and BTA P CF3 , give significantly higher enantioselectivities than the non-modified The entry was repeated 9 times, yielding the following e.e. values: 73%, 65%, 67%, 65%, 63%, 68%, 73%, 70% and 69%. Based on this repeatability assessment, a mean e.e. value of 68% can be deduced as well as an error bar of ±6% (equals to ±½ variance). Corresponding NMR yields are: 83%, 80%, 80%, 84%, 83%, 80%, 80%, 84% and 80% providing a mean yield of 82% with ±2% error bar (within the experimental error of NMR integration). (c) (S)-BTA was used instead of (R)-BTA.

ligand (BTA P H

) and substitution at the para position appears to be detrimental for the enantioselectivity. Modelling of transition states with chiral diphosphine Cu-H complexes have revealed the importance of through-bond and through-space interactions between the ligand and substrate for accelerating the hydrocupration step. 84,85 It is plausible that these interactions also affect the selectivity of the enantiodetermining step, as observed here. Undeniably, the helical catalyst composed of BTA P CF3 and (R)-BTA is the most efficient investigated system for the copper-catalysed hydroamination of styrene. Catalyst optimization. A range of parameters were screened to improve the catalytic performance of the helical catalyst based on the BTA P CF3 ligand (Tables S1.1 to S1.5). Parameters that led to significant improvement of the catalytic system relatively to initial conditions (entry 1) are shown in Table 3. The amount of DMMS can be decreased to 400 mol% with only a small erosion of the DBA yield (entry 2). Performing the reaction at 313 K leads to a greater DBA yield (82%) without dwindling of the enantioselectivity (entry 3). The reaction was repeated 9 times under these conditions providing fairly reproducible DBA yield (82±2 %) and e.e. (68±6 %). Screening of various copper sources (Table S1.2), copper/ligand ratios (Table S1.2), silanes (Table S1.3) and amine electrophiles (Table S1.4) does not lead to further improvement. Further increase of the temperature to 333 K neither proves to be beneficial (entry 4). It is interesting to note that the concentration in BTA P CF3 can be advantageously decreased down to 5 mM with no alteration of the catalytic performance (Table S1.5). Implementation of these modified conditions to BTA P Me -containing helical catalyst does not have a similar effect; low yields (ca. 20%) are obtained whatever the conditions (Table S2).

Finally, the yield in DBA is further improved by adding a larger excess of Amine-DM (entry 5), thus minimizing the extent of competing side reactions. When the reaction was conducted in presence of (S)-BTA instead of (R)-BTA, the opposite enantiomer of DBA is obtained with the same selectivity (entry 6), as expected since these S&S-type helical catalysts exhibit opposite handedness. A larger scale catalytic experiment (0.45 mmol) allowed the isolation of pure DBA in 60% yield and 64% e.e. (Figure S11).

Asymmetric hydroamination with low amount of sergeants.

Benefiting from the aforementioned screening of operating parameters, the catalytic hydroamination of styrene was performed with fractions of (S)-BTA (relatively to achiral monomers) ranging from 0.26% to 50%, which correspond to catalytic loadings (relatively to styrene) comprised between 0.05 mol% and 20 mol% (see Table S3 for the exact compositions). DBA isolated yields and e.e. values for reactions in presence and absence of a-BTA as the achiral additive 54 are plotted in Figure 2. In presence of 0.10 mol% of (S)-BTA, the mixture lacking a-BTA exhibits low yield (22%) and e.e. (10%). The low yield is likely the result of the limited solubility ‡ of this mixture at low (S)-BTA fractions whereas the low e.e. value is indicative of the absence of S&S effect. In sharp contrast, uniform NMR yields (80-99%) and isolated yields (55%-74%) are observed when the reactions are conducted in presence of a-BTA, whatever the amount of (S)-BTA. In addition, the effect of a-BTA on the enantioselectivity in DBA shows the anticipated hallmark of a high S&S effect: e.e. values around 80% are maintained for fraction of (S)-BTA as low as 2.5%. From there, the selectivity decreases smoothly to 42% for fs 0 = 0.26%. The magnitude of the S&S effect is remarkable relatively to previously reported helical catalysts, [33][34][35][36] but yet lower than that observed for the hydrosilylation of 4-nitroacetophenone with a related BTA system (optimal selectivity reached for fs 0 = 0.5%). 54 It is possible that a larger fraction of defects is present in the hydroamination catalyst as the result of a higher temperature required for efficient DBA formation. 48 Remarkably, the selectivity in DBA is also higher for the threecomponent system allowing to reach up to 81% e.e. versus 68±6% e.e. for the two-component one. Interestingly, an opposite effect was observed for the hydrosilylation reaction, i.e. sergeant-rich three-component mixture yielded lower selectivity. 54 This likely originates from a subtle change in the conformation of BTA P CF3 in presence of a-BTA as confirmed by different CD signatures of the three-and two-component BTA systems (Figure S12). These beneficial effects of the achiral additive allow DBA to be isolated in reasonable yield (55%) and 42% e.e. with as low as 0.05 mol% of (S)-BTA, i.e. one chiral molecule for 100 copper centers. Increasing the sergeant to copper ratio to 1/10 affords DBA in 64% yield and 75% e.e., i.e. better catalytic results than with a sergeant/copper ratio of 1 in absence of a-BTA. These results indicate that, in contrast to conventional organometallic catalytic systems, the optimal enantioselectivity of helical BTA catalysts can also be tuned by achiral additives that do not directly interact with coordination spheres of the metal centre. 94,95 

Conclusion

Guiding rules are necessary to further exploit sergeants-andsoldiers-type helical systems in asymmetric catalysis. The Please do not adjust margins present work demonstrates that the recently disclosed ability of an achiral benzene-1,3,5-tricarboxamide additive, a-BTA, to dramatically increase the magnitude of the S&S effect in the Cu-H catalysed hydrosilylation 54 is also valid for the hydroamination reaction, even though more drastic conditions (313 K, excess of amine electrophile reagent) is required for this reaction to proceed efficiently. The combination of a-BTA and optimized reaction conditions affords the hydroamination product with reasonable yield (69%) and e.e. (81%). The effect of a-BTA is actually threefold since it proves to be beneficial not only for the magnitude of the S&S effect (close to optimal selectivity with as low as 0.51 mol% of sergeant) but also for the yield and enantioselectivity of the catalytic process. It motivates easily assembled multi-component BTA helical systems to be investigated in related Cu-H reactions [55][56][57] as well as different catalytic transformations.

Experimental

Sergeants-and-soldiers experiments with BTA P CF3 [9. were added to the tube and the mixture was briefly heated to reflux and stirred for 15 minutes at room temperature. Styrene (51 μL, 0.45 mmol, 100 mol%), and Amine-DM (292 mg, 0.81 mmol, 180 mol%) were added to the tube and the tube was flushed with argon for 10 seconds. The reaction mixture was heated to 40°C and DMMS was added (223 µL, 1.8 mmol, 400 mol%). After 2 hours, the reaction mixture was cooled down to room temperature and 2 mL of a saturated aqueous solution of Na2CO3 was added as well as ethyl acetate (1 mL). The phases were separated and the aqueous layer was extracted with ethyl acetate (2×1 mL). 1,3,5-trimethoxybenzene (75.7 mg, 0.45 mmol, 100 mol%) was added to the combined organic phases and the NMR yield was established after evaporation of the solvent. Acetonitrile was added to the crude and the insoluble material was discarded by filtration. The crude material was purified by flash column chromatography over silica gel, eluting with dichloromethane/ethyl acetate yielding (S)-DBA as a colourless oil (see isolated yields in Table S.3). The optical purity of DBA in each sergeants-and-soldiers mixture was determined by chiral HPLC. For additional experimental procedures, see the ESI †.

Chart 1

 1 (a) Chemical structures of the BTA monomers employed in this study. (b) Schematic representation of the S&S-type helical assemblies used in the catalytic screening. (c) Schematic representation of the S&S-type helical assemblies operating with low amount of sergeants (high S&S effect). (d) Initial conditions of the catalytic screening.

  (a) fs 0 = fraction of sergeant introduced into the solution= [(S)-BTA] 0 /([(S)-BTA ]0 + [BTA ligand] 0 ). (b) Molar fraction of BTA in stacks= ([BTA ligand] 0 +[(R)-BTA in stacks determined by FT-IR])/(total BTA concentration). (R)-BTA monomers that are not in the stacks form dimers (ESI † ). 86-88 (c) fs s = fraction of sergeant in stacks as determined by SANS (fs s -SANS) or by FT-IR (fs s -IR) analyses. fs s = ([(R)-BTA in stacks]/([(R)-BTA in stacks] + [BTA ligand] 0 ). (d) Kuhn anisotropy factor (g) was measured at the maximum of CD signals (close to 300 nm in all cases)

Figure 1

 1 Figure 1 Influence of the BTA ligand in the copper-catalysed hydroamination of styrene. (a) Conversion of styrene (a) and DBA formation (b) versus time. Inset: reaction points at the onset of the reaction.

( a )

 a Styrene conversion after 120 minutes. Error bar according to integration of the different styrene signals. (b) Initial rate corresponding to the derivative of the reaction points at the onset of the reaction. (c) NMR yield measured after 120 minutes, relatively to the internal standard. Error bar according to integration of DBA signals. (d)

  (a) NMR yield measured relatively to the internal standard. Error bar according to integration of DBA signals. (b)

Figure 2

 2 Figure 2 DBA isolated yield (left) and e.e. (right) for S&S-type catalytic experiments performed with BTA P CF3 and various amounts of (S)-BTA, in presence or absence of a-BTA. Inset: zoom on the region of low fs 0 values, catalytic loading in (S)-BTA is indicated for selected points. fs 0 = fraction of sergeant introduced into the solution= [(S)-BTA] 0 /([(S)-BTA] 0 + [BTA P CF3 ] 0 + [a-BTA] 0 ).

  6 mM], a-BTA [9.6 mM], and (S)-BTA: an oven-dried test tube was loaded with BTA P CF3 (43.4 mg, 45.0 μmol, 10.0 mol%), [Cu(OAc)2] (4.1 mg, 22.5 μmol, 5.0 mol%) and dry THF (500 μL). The solvent was removed under vacuum and the tube was kept under vacuum (10 -3 mbar) for 1 hour. (S)-BTA (0.23-90 μmol, 0.05-20.0 mol%), a-BTA (49.1 mg, 45.0 μmol, 10.0 mol%), and toluene (4000 μL)

Table 1

 1 Characterization of the helical co-assemblies for the S&S-type mixtures between (R)-BTA and the different BTA ligands. [BTA ligand]= 3.33 g.L -1 in toluene-d8 except for SANS analysis of BTA P H mixture (4.0 g.L -1 ).

	BTA ligand in the	fs 0	BTA in	fs s -SANS	fs s -IR	│g│ value at maximum
	S&S-type mixtures	(%) a	stacks (%) b	(%) c	(± 1%) c	(10 -4 ) d
	BTA P H	39	86±3	35±4	30	6.8
	BTA P Me	41	81±2	28±6	28	5.2
	BTA P p-F	41	88±2	nd	32	7.7
	BTA P p-CF3	44	86±3	nd	34	7.1
	BTA P CF3	47	86±3	31±6	39	6.5

51-53,87

  

Indeed, depending on their structure and on the conditions, BTAs can either selfassemble into stacks or into dimers, 86-88 but only the stacks can be expected to show strong S&S effects. Fourier-transform Infrared (FT-IR, Figures

S1-S2

) analyses indicated that all BTA ligands form long hydrogen-bonded stacks. ‡ Mixtures containing the different BTA ligands (3.33 g.L -1 ) and (R)-BTA (39%≤ fs 0 ≤ 47%, Table

1

) were analysed in toluene-d8, a suitable solvent for both assemblies' formation and catalysis. Small-Angle Neutron Scattering (SANS) analyses (Figure

S3

) are consistent with long (length> 27 nm i.e. DPn> 35) and onedimensional objects. (R)-BTA monomers are incorporated into the stacks of the BTA ligands as indicated by FT-IR and SANS analyses. Most of the BTA monomers in these S&S-type mixtures are actually present in the stacks (BTA in stacks≥ 81%, Table

Table 2

 2 Catalytic results in the copper-catalysed hydroamination of styrene for the different S&S-type mixtures.

	BTA ligand in the S&S-type mixtures	styrene conversion (± 5%) a	initial rate (10 -3 M.min -1 ) b	DBA yield (±4 %) c	DBA e.e. (±1 %) d
	BTA P H	75	3.8	17	29 (R)
	BTA P Me	50	4.7	22	58 (R)
	BTA P p-F	71	3.2	16	19 (R)
	BTA P p-CF3	94	12	36	7 (R)
	BTA P CF3	100	36	52	68 (R)

Table 3

 3 Catalyst optimization.

	Entry	DMMS (x mol%)	Amine-DM (x mol%)	Temperature (K)	DBA yield (± 4%) a	DBA e.e. (%)
	1	900	120	298	52	68 (R)
	2	400	120	298	42	69 (R)
	3	400	120	313	82	68±6 b (R)
	4	400	120	333	75	63 (R)
	5	400	180	313	93	69 (R)
	6	400	180	313	93	69 (S) c
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