Highly enantioselective desymmetrization of centrosymmetric pseudo-para-diformyl[2.2]paracyclophane via asymmetric transfer hydrogenation
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[2.2]Paracyclophanes; planar chirality; centrosymmetric compounds; desymmetrization; asymmetric transfer hydrogenation Supporting Information Placeholder ABSTRACT: Herein we describe the desymmetrization of a centrosymmetric pseudo-para-diformyl [2.2]paracyclophane based on Noyori asymmetric transfer hydrogenations (ATH). The reduction proceeds smoothly in the presence of commercially available ruthenium complexes to afford a monohydroxymethylated product in good yields and excellent enantioselectivities (up to 74% isolated yield and 99% ee). Our approach is operationally simple and can be run in gram-scale without any significant loss in the reaction efficiency. This desymmetrization strategy allows an easy access to an enantiopure compound bearing on each aromatic ring of the pCp core different reactive groups suitable for regioselective orthogonal post-functionalization.

[2.2]Paracyclophane (pCp) and its derivatives constitute a well-known class of aromatic compounds characterized by an unusual three-dimensional framework and unique through-space interactions between their stacked aromatic subunits.

1 First discovered in the late 1940s, 2 these molecules find nowadays wide applications in material sciences for the development of through-space conjugated polymers 3 and optoelectronic devices. Substituted paracyclophanes can show planar chirality due to their rigid structure which hinders the rotation of their two benzene rings. [START_REF] Cram | Macro Rings. XII. Stereochemical Consequences of Steric Compression in the Smallest Paracyclophane[END_REF] This characteristic recently proved to be particularly useful for the application of pCps as chiral inductors in asymmetric catalysis and stereoselective synthesis.
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Enantiopure paracyclophanes are also increasingly employed as building blocks for the development of circularly polarized light-emitting materials.
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Over the years, optically active paracyclophanes have mostly been prepared by classical stoichiometric resolution methods and/or chromatographic separation on chiral stationary phases. [START_REF] Amorisaki | Planar Chiral Tetrasubstituted [2.2]Paracyclophane: Optical Resolution and Functionalization[END_REF] On the contrary, only few catalytic procedures for accessing enantioenriched pCps have been reported in the literature so far. 9 The development of new catalytic asymmetric processes allowing an efficient synthesis of planar-chiral paracyclophane derivatives is therefore highly desirable in order to expand the range of application of these molecules in different research areas.

Recently, we were able to demonstrate that catalytic kinetic resolutions of racemic pCps could be employed to efficiently access valuable synthetic intermediates in their enantiopure form (Scheme 1a). 10 In order to overcome the limitation of 50% yield associated with the resolution strategy, [START_REF] Keith | Practical Considerations in Kinetic Resolution Reactions[END_REF] our efforts are currently directed towards the preparation of enantiopure pCp key intermediates through scalable desymmetrization reactions.

Scheme 1. Access to enantioenriched pCp derivatives

The classical desymmetrization approaches involve asymmetric transformations capable of differentiating the enantiotopic functional groups of meso compounds with internal mirror planes (Scheme 1b). [START_REF] Merad | Catalytic Enantioselective Desymmetrization of Meso Compounds in Total Synthesis of Natural Products: Towards an Economy of Chiral Reagents[END_REF] We therefore first focused our attention on the reduction of pseudo-gem diformyl-[2.2]paracyclophane 1 (Scheme 2) via asymmetric transfer hydrogenation (ATH), this reaction being a particularly efficient tool for the kinetic resolution of monoformylated pCps.

10 Compound 1 was synthesized starting from unsubstituted [2.2]paracyclophane following previously reported procedures. [START_REF] Rozenberg | Novel Multichiral Diols and Diamines by Highly Stereoselective Pinacol Coupling of Planar Chiral [2.2]Paracyclophane Derivatives[END_REF] The meso bis-aldehyde was then submitted to a reaction in the presence of RuCl(p-cymene)[(R,R)-Ts-DPEN] (2 mol %) and t-BuOK (10 mol%), in a 1:1 mixture of i-PrOH and acetonitrile, at 10 °C under inert atmosphere. These conditions that were successfully employed in our laboratory to obtain enantiopure 4-formyl [2.2]paracyclophane by kinetic resolution 10 led to the formation of racemic product 2 in 76% yield (Scheme 2). Compound 2, which is characterized by both an hydroxymethyl group and an ester moiety, presumably arises from undesired intramolecular side reactions between the spatially close pseudo-gem reactive functions (Scheme 2). 14

Scheme 2. Formation of the unexpected pCp 2

In view of this result, we considered the possibility to follow a different approach and turned our attention to centrosymmetric compounds. Desymmetrization reactions can indeed also be applied to substrates showing an inversion center as their sole symmetry element. Although centrosymmetric fragments are often observed in natural products and biologically active molecules, 15 this intriguing symmetry property has hardly been employed in stereoselective synthesis to access chiral compounds. Accordingly, only few desymmetrizations of centrosymmetric substrates have been reported so far. [START_REF] Anstiss | Beyond Breaking the Mirror Plane: The Desymmetrisation of Centro-symmetric Molecules as an Efficient Strategy for Asymmetric Synthesis[END_REF] Promising examples of this technique include the direct enantioselective aldol reaction between an aliphatic dialdehyde and various ketone nucleophiles in the presence of zinc complexes [START_REF] Dodd | Desymmetrisation of a Centrosymmetric Molecule by Carbon-Carbon Bond Formation: Asymmetric Aldol Reactions of a Centrosymmetric Dialdehyde[END_REF] or the asymmetric reduction of cyclic diketones promoted either by enzymes or CBS catalysts.
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The pCp molecule contains several symmetry elements whose combination can lead to centrosymmetric derivatives. Interestingly, centrosymmetric compounds can be preferentially obtained from unsubstituted [2.2]paracyclophane in simple transformations such as pseudo-para dibromation. 19 To the best of our knowledge, no example of desymmetrization of centrosymmetric pCps have been described up to now. We therefore set out to study the desymmetrization of pseudo-para-diformyl [2.2]paracyclophane 5 (Scheme 3) via asymmetric transfer hydrogenation.

The preparation of compound 5 was previously described starting from 1,2,4,5-hexatetraene and propiolic aldehyde through a [4+2] cycloaddition and consequent separation of the four dialdehyde isomers which form during the reaction. [START_REF] Dix | Preparation and NMR spectra of four isomeric diformyl[2.2]paracyclophanes (cyclophanes 66)[END_REF] An alternative approach consists in bromine-lithium exchange of commercially available 4,16dibromo[2.2]paracyclophane 4 followed by formylation. [START_REF] Awielopolski | Blending Through-Space and Through-Bond π-π-Coupling in [2.2-Paracyclophane-oligophenylenevinylene Molecular Wires[END_REF] A careful optimization of these reaction conditions led to the isolation of diformylated product 5 in 93% yield after recrystallization (Scheme 3). A precise control of reaction time was required to favour the formation of the dilithiated intermediate species and to ensure the reproducibility of this transformation in multi-gram scale.

Scheme 3. Synthesis of centrosymmetric pCp 5

We next turned our attention to the ATH reaction. A first desymmetrization assay was performed using the conditions previously employed for the reduction of pseudo-gemdiformyl- [2.2]paracyclophane 1. To our delight, the reaction proceeded smoothly and the expected 4-formyl-16hydroxymethyl[2.2]paracyclophane 6 could be isolated in 61% yield and 99% ee (Table 1, entry 1) together with 4,16bishydroxymethyl[2.2]paracyclophane 7 (20% yield, Table 1 entry 1). Small amounts of unreacted precursor 5 could also be recovered after the reaction (9% yield, Table 1, entry 1). b In brackets: % ee, sign of optical rotation. c The reaction was carried out using 1 mol % of catalyst I and 5 mol % of t-BuOK. d The reaction was performed using 4 mol % of catalyst I and 20 mol % of t-BuOK.

e DCM was used as co-solvent.

f DMF was used as co-solvent.

Excellent enantioselectivities were observed in the early stages of the reduction (Table 1, entry 2), showing that the formation of meso diol 7 does not have a significant influence on the stereochemical outcome of this transformation by a subtractive Horeau-type amplification.

Encouraged by these promising results, we next tried to optimize the ATH conditions. Different ruthenium complexes (II and III, Table 1) were screened and RuCl(pcymene)[(R,R)-Ts-DPEN] I was confirmed to be the best catalyst to promote the desymmetrization (Table 1, entries 1, 3 and4). The reduction was then performed at different temperatures. Cooling the solution to 20 °C had a detrimental impact on the reaction efficiency since both the product 6 and unreacted precursor 5 were isolated in moderate yields (45% and 38% yields respectively, Table 1,entry 5). On the contrary a higher 71% yield was observed for the formation of enantiopure compound 6 when the ATH was conducted at 0 °C (Table 1, entry 6). Warming the mixture at 20 °C had no beneficial effects on the reaction outcome as higher amounts of by-product 7 were isolated (15% yield, Table 1,entry 7). Based on these results, further optimization experiments were carried out at 0 °C. Longer reaction times slightly decreased the yield of derivative 6, and favoured the formation of by-product 7 (Table 1, entries 8 and 9 vs entry 6). Decreasing the catalytic loading had little impact on the reduction yields and selectivity, but lower conversion rates were observed (Table 1, entry 10). On the other hand, the ATH was significantly accelerated when higher amounts of catalyst were employed and product 6 was isolated in a lower yield (65%, Table 1 entry 11). Different co-solvents, such as dichloromethane (DCM) and N,N-dimethylformamide (DMF), were finally employed. Whereas DCM seemed to favour the formation of by-product 7 (Table 1, entry 12), the reaction performed in a 1:1 mixture of i-PrOH and DMF delivered the desired enantiopure product 6 in 74% yield (Table 1, entry 13).

The desymmetrization of diformyl [2.2]paracyclophane 5 could be run on a 1 gram scale using our best ATH conditions (Table 1, entry 13) without any considerable loss in efficiency (Scheme 4). 22 Both enantiomers of product 6 were easily accessible in their enantiopure form simply by switching from the (R,R)-to the (S,S)-Ru catalyst I. 

Scale-up of the desymmetrization reaction

To determine the absolute of product 6, the enantiomer showing a negative rotation of plane-polarized light was converted into the known enantiopure 4hydroxymethyl[2.2]paracyclophane 10,24 via a three-step derivatization procedure involving a decarbonylation key step (Scheme 5). The hydroxyl function of compound ()-6 was first protected as t-butyl(dimethyl)silyl (TBS) ether (Scheme 5). The decarbonylation of substrate 8 was then carried out in the presence of Pd(OAc) 2 (20 mol %) using previously described reaction conditions. [START_REF] Modak | A general and efficient aldehyde decarbonylation reaction by using a palladium catalyst[END_REF] Removal of the TBS group finally afforded the decarbonylated product ()-(Sp)-9 in 44% overall yield (Scheme 5). The (Rp) absolute configura-tion was therefore assigned to the levorotatory compound ()-6.

Scheme 5. Determination of the absolute configuration of product ()-6

models previously proposed for asymmetric transfer hydrogenation catalysis [START_REF] Ohkuma | Mechanism of Asymmetric Hydrogenation of Acetophenone Catalyzed by Chiral η 6 -Arene-N-Tosylethylenediamine-Ruthenium(II) Complexes[END_REF] may be used rationalize the high degree of enantioselectivity observed in the desymmetrization process. Minimization of steric interactions between the bis-aldehyde 5 and the [Ru(p-cymene)] complex should lead to putative transition states TS-I and TS-II (Scheme 6). A stabilizing CH- attractive interaction between the catalyst and the pCp -conjugated system should favor TS-I over TS-II and, in turn, induce the preferential formation of product (R p )-6. In conclusion, we reported the first example of desymmetrization of a centrosymmetric meso diformyl [2.2]paracyclophane. Based on a highly enantioselective asymmetric transfer hydrogenation reaction, this route enables a practical access to an enantiopure molecule bearing on each aromatic ring of the pCp core different reactive groups suitable for regioselective orthogonal postfunctionalization. The desymmetrization of centrosymmetric derivatives thus seems to be a method of choice to synthesize enantiopure [2.2]paracyclophanes in an efficient way. We believe that our approach may be particularly useful in the future for the preparation of more complex planar chiral [2.2]paracyclophanes, which are not easily accessible in an enantiomerically pure form by using more conventional synthetic methods. 
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  Scheme 6. Plausible transition states in the desymmetrization of pCp 5 with RuCl(p-cymene)[(R,R)-Ts-DPEN]

Table 1 . Desymmetrization of centrosymmetric pCp 5

 1 

	Entry Cat.	T (°C)	t (min)	6 (%)	a,b	7 (%)	a	5 (%)	a
	1	I	10	120	61 (99, )	20		9
	2	I	10	30	25 (99, )	0		65
	3	II	10	120	8 (98, )	45		5
	4	III	10	120	61 (99, )	28		6
	5	I	20	150	45 (99, )	9		38
	6	I	0	45	71 (99, )	6		18
	7	I	20	20	66 (99, )	15		1
	8	I	0	50	66 (99, )	12		6
	9	I	0	60	69 (99, )	17		5
	10 c	I	0	100	71 (99, )	8		2
	11 d	I	0	25	65 (99, )	16		9
	12 e	I	0	60	63 (99, )	20		3
	13 f	I	0	75	74 (99, )	<1		3
	a Isolated yields.						
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