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Enantioselective reactions catalyzed by phosphine oxides

His present research fields include ligands synthesis, transition metal-catalyzed asymmetric reactions and, the synthesis of biologically relevant active compounds.

I. Introduction

I.1. Lewis Base catalysis

The growing demand in enantiopure compounds for pharmaceutical, agrochemical, perfume and material applications together with new regulatory pressure induced a strategic shift to chiral methodologies and catalysis. One of the major issues for such approaches is the development of cost effective, environmentally benign and scalable processes. In a few years, chiral Lewis base catalysts have become organic tools of a primary importance in modern organic chemistry and the synthesis of many small molecules benefited from the immense progress in such a field of research. Several relevant and comprehensive reviews deal with the concept of Lewis base catalysis [1]. As defined by Denmark, a Lewis base catalyzed reaction is formerly "a reaction accelerated by the action of an electron-pair donor to an electron-pair acceptor". They have found widespread applications promoting stereoselective transformations in good to excellent enantio-and diastereoselectivities and quite often with high levels of chemical efficiency.

Lewis base catalyzed asymmetric reactions involving hypervalent silicate intermediates, where both the electrophilicity and nucleophilicity of the adduct are enhanced, have received increasing attention in the recent years. Mechanistically, the above-mentioned Lewis bases are thought to activate silicon atom in electron donors such as silane derivatives, while conventional Lewis acid catalysts activate heteroatoms in electron acceptors such as carbonyl groups. Chiral phosphine oxides, thanks to a Lewis base character derived from the highly polarized P=O bond, are also able to coordinate silanes, thereby generating hypervalent silicate species.

The present review is focused on the recent development in phosphine oxides catalyzed enantioselective reactions. According to Denmark, these reactions fall in catalysis by polarization. In 1978, William B. Jensen classified the different types of Lewis base -Lewis acid adducts according to their bonding interactions [2]. Among these, the most relevant are the interactions of non-bonding orbitals (n) with anti-bonding orbitals (σ* and π*) inducing a salient increase of chemical reactivity, and possibly catalysis. Interaction between a non-bonding electron pair of a Lewis base with an antibonding π* orbital of a Lewis acid (n-π*) is often what causes increased reactivity. The most prevalent Lewis bases in this category are phosphines [START_REF] Fan | phosphine catalysis[END_REF], amines [START_REF] Yan | [END_REF] or NHCs [5]. By contrast, n-σ* orbital interactions require the Lewis acid to form hypervalent species, making these interactions less encountered. A wide range of chiral Lewis bases fall in this category and phosphoramides [6], formamides [7], N-oxides [8], and sulfoxides [9] are efficient representative of these classes of organocatalysts. To date, most of the enantioselective reactions catalyzed by phosphine oxides and involving silicon species fall in this still underexplored category of reactions.

I.2. Phosphine oxides as Lewis bases

Phosphoryl derivatives (P=O based compounds) are an important class of neutral Lewis base. With 544 kJ.mol -1 , phosphoryl bond is exceptionally stable and its formation is the driving force of numerous reactions in organic synthesis [START_REF] Cottrell | The Strengths of Chemical Bonds[END_REF]. The nature of chemical bonding in phosphine oxides 1 (or more generally in phosphoryl based compounds) has been the subject of intense debate and the most advanced models were reviewed by D. Gilheany [START_REF] Gilheany | [END_REF]. d-Orbitals were not anymore useful to describe bonding for main-group elements and P=O bonds possess clearly multiple characters including the polarized description 2 by resonance depicted in Figure 1. However, P=O bond differs drastically from the N-O bond in amine oxides as it can be also classed in multiple bonds and presents unusually short bond length. Another characteristic which make the phosphoryl bond so different is the possibility of negative hyperconjugation also known as back bonding, which means the donation of electron density from lone pairs of electrons into a *-orbital of the phosphorus atom 3. Consequently, phosphoryl derivatives are very sensitive to the nature of phosphorus substituents and consequently can be finely tuned and adapted to the constrain of the reaction. 

I.3. Hypervalent silicon intermediates

Elements from Groups 14, 16 and 17 can form Lewis base-Lewis acid adducts with increased Lewis acid character. For instance, one reason for the interest in hypervalent silicon species originates from the intertwined relation between hypervalent silicon intermediate and phosphine oxide partner. This represents the corner stone for the development of new stereoselective reactions [12]. Combination of weak Lewis acid, tetrahedral silicon reagent 4 with a Lewis base result in the formation of a pentavalent silicon species 5 (Scheme 1). Depending on the nature of the silicon substituents, this intermediate may adopt trigonal bipyramid or rectangular pyramid geometries. In such transformation, the formal hybridization changes from sp 3 to sp 3 d. Surprisingly, the electrophilic character of silicon center in pentavalent species 5 is enhanced when compared to the tetravalent silicon. This is due to the decreased s-character. Consequently, the silicon may accept another Lewis base forming hexavalent species 6 [SiCl 4 LB 2 ], which no longer has a Lewis acid character [13]. This hexavalent complex is in equilibrium with the ionized pentavalent complex 7 which can bind a carbonyl group and enhances its electrophilic character towards incoming nucleophiles. Like an Argentine tango, this type of organocatalysis is a social dance between Lewis acids and Lewis bases with the unique objective to combine efficiently pronucleophiles with electrophiles at different time of the sequence. Scheme 1. n-* activation of silicon tetrachloride formation of active catalyst.

Combination of SiCl 4 by a chiral Lewis base (LB*) resulted in the formation of highly activated chiral electrophilic complex. Enantioselective catalysis mediated by Lewis acid silicon derivatives takes the benefit from this capability to expand from four to six the number of ligands in its coordination sphere as depicted in Scheme 2. Scheme 2. Representative Lewis base enantioselective catalytic cycle.

II. Enantioselective reactions catalyzed by phosphine oxides

II.1. Addition to C=O Bonds other than aldol reactions

II.1.1. Enantioselective allylation

Asymmetric allylation of carbonyl compounds ranks among the most useful methods for the synthesis of optically active homoallylic alcohols, a structural motif frequently observed in natural products and other important organic molecules [14].

In 2005, Nakajima et al. disclosed the first example of a true organocatalytic and enantioselective addition of allyltrichlorosilane 9 to aldehydes 10 using chiral phosphine oxides as neutral-coordinate organocatalysts (NCOs) [15]. Initially, 10 mol% of bis-(diphenylphosphanyl)-binaphthyl dioxide (BINAPO) 11 was employed as catalyst in the reaction of benzaldehyde with allyltrichlorosilane, giving the corresponding homoallylic alcohol 12 in low yield and low enantioselectivity at room temperature in dichloromethane (Table 1, entry 1, 32% yield, 36% ee). After optimization, it was found that the proper combination of diisopropylethylamine and tetrabutylammonium iodide as additives is crucial for increasing the catalytic activity in terms of both yield and selectivity (Table 1, entry 2, 92% yield, 43% ee). Under the optimized reaction conditions, diversely substituted allyltrichlorosilane derivatives participated in the allylation of aldehydes to afford the targeted homoallylic alcohols 12 in moderate to excellent yields (53-92%) and low to good enantioselectivities (4-71% ee). As illustrated by some selected examples shown in Table 1, substituted benzaldehydes having either electron-withdrawing or electron-donating substituents were tolerated, while unsaturated and aliphatic aldehydes proved to be not suitable substrates. The reaction was shown to be highly stereospecific, in that (E)crotyltrichlorosilanes afford the syn isomers, and (Z)-crotyltrichlorosilanes their anticounterparts. These results clearly suggest that the reaction proceeds via a six-membered chair-like transition state that involves hexacoordinated hypervalent silicate. [16] that proved to be highly efficient as chiral Lewis bases in mediated stereoselective transformations [17]. As a prototypical reaction, the addition of allyltrichlorosilane 13 to benzaldehyde was first examined at 0 °C in acetonitrile using 10 mol% of catalyst in the presence of diisopropylethylamine for 40 h. It turns out that the electron-rich ligands (S)-N-Me 2 -BINPO 17 and (S)-tetraMe-BITIOPO 16 showed a high catalytic activity, providing the desired product 15 in 85% and 83% yield, and 93% and 81% ee respectively, while the most electron-deficient diphosphine oxide (S)-BITIANPO 18 was not able to promote the reaction in appreciable yield (Table 2, entries 1-3). Under optimized conditions using (S)-tetraMe-BITIOPO 16 as chiral inducer, the reaction proceeds well for aromatic aldehydes bearing electron-donating groups giving the corresponding homoallylic alcohols in good to excellent yields (83-98%) and high levels of asymmetric inductions ranging from 81 to 92% (Table 2, entries 6-9). Higher selectivities (93-95% ee) albeit with significantly lower isolated yields were obtained for substrates having electron-withdrawing groups (Table 2, entries 4-5), while as previously reported, unsaturated and aliphatic aldehydes were not good partners for this reaction (Table 2, entries 10-11). b Determined by chiral HPLC analysis. c 10 mol% of (S)-N-Me 2 -BINPO 17 was used. d 10 mol% of (S)-BITIANPO 18 was used. e Not determined.

Zhang et al. reported in 2013 the synthesis of axially chiral C 10 -BridgePHOS oxides 19 possessing different aryl-substituted groups bounded on the phosphorus atom. They were tested as Lewis base organocatalysts in asymmetric allylation of aldehydes 14 with allyltrichlorosilane 13 [18]. This study reveals that the reaction conducted with the electronrich (S)-DTBM-C 10 -BridgePHOS oxide ligand 19a gave the expected homoallylic alcohol products in excellent isolated yields with good to excellent enantioselectivities, whereas no catalytic activity was observed with electron-deficient (S)-(CF 3 ) 2 -C 10 -BridgePHOS oxide 19b. As can be seen for some representative examples depicted in Table 3, under optimized reaction conditions using 2 mol% of (S)-19a in the presence of 5 mol% of diisopropylethylamine at room temperature in acetonitrile, benzaldehyde derivatives with electron-donating groups gave significantly better results in terms of selectivity than those achieved with substrates bearing electron-withdrawing groups. As already observed by Nakajima et al., unsaturated and aliphatic aldehydes were not suitable substrates.[15] The same year, Nakajima, Takahashi and Ogasawara et al. described the preparation of a novel C 2 -symmetric conformationally rigid atropisomeric chiral diene phosphine oxide 22 obtained in enantiomeric pure form after chemical resolution using D-or L-dibenzoyl tartaric acid. It turns out that this ligand proved to be a highly active Lewis base organocatalyst for the addition of β-substituted allyltrichlorosilanes 20 to aldehydes 21 [19]. The reaction proceeded smoothly giving the desired homoallylic alcohols 23 in good yields (up to 92%) and high selectivities (up to 93% ee). As illustrated in Table 4, the stereochemical outcome of the reaction was strongly depending on the substitution pattern of the allylsilane reagent. When the substituent R at the β-position of the allyltrichlorosilanes 20 changed from methyl or phenyl to the bulky t butyl, both reactivity and enantioselectivity increased, albeit a prolonged reaction time of 48 h was required to achieve a complete conversion (Table 4, entries 1-3). It should be noted that although the enantioselectivities for benzaldehyde derivatives were similar, the reactivity was greatly influenced by the nature of the substituent of the phenyl ring with higher yields being obtained with an electron-donating group (Table 4, entries 5-6 vs 7). Interestingly, the addition of methallyltrichlorosilane to benzaldehyde can be performed with a catalyst loading as low as 0.1 mol% without appreciable loss in activity and selectivity, although the reaction took longer time to reach the completion (Table 4, entries 1 vs 2). Thereby it was highlighting the high activity of this novel Lewis base organocatalyst 22. b Determined by chiral HPLC analysis. c Reaction run with 0.1 mol% of catalyst loading Özdemir et al. reported in 2015 the asymmetric synthesis of phosphine oxide aziridinyl phosphonate 24 (POAP), obtained through a Gabriel-Cromwell reaction starting from a vinyl phosphonate, and demonstrated that it can be used as chiral Lewis base catalyst for enantioselective allylsilane 13 addition to aromatic aldehydes 14 [20]. This work underlined that the presence of the electron-withdrawing nitro group on the aldehyde has only a little influence on the selectivity, but has a major effect on the yield depending on its position on the phenyl ring (Table 5, entries 2-4). For substrates bearing electron-donating groups, the desired products were obtained in good to high yields, but the ee values were strongly influenced by the position of the substituents. Para substitution resulted in low enantioselectivities, while ortho substitution led to an acceptable ee of 61% (Table 5, entries 6-8). The reaction turns out to be also sensitive to steric effect since 2-naphthaldehyde provides the corresponding homoallylic alcohol 15 in good yield and enantioselectivity, whereas the ee reached for 1-naphthaldehyde was relatively low (Table 5, entries 9 and 10). 1-naphthyl 67 18 a Isolated yield. b Determined by chiral HPLC analysis. c The (R)-product is obtained

In 2015, we have developed a highly convergent and straightforward atom economical synthetic route toward a new family of enantiopure C 2 -symmetric diphenylphosphine dioxides 25 bearing an original bis(triazolyl) backbone [21] that proved to be effective as chiral Lewis bases in organocatalytic stereoselective reactions [22]. More specifically, we have shown that 1,1'-dibenzyl-bis-(triazolyl)diphenylphosphine dioxide ligand 25 efficiently promoted the addition of allyltrichlorosilane 13 to a wide variety of aromatic aldehydes 14 [22b]. Under the optimized conditions using 10 mol% of (S)-25 in the presence of diisopropylethylamine and potassium iodide as additives, the chiral homoallylic alcohols 15 were obtained in good to excellent yields ranging from 86 to 96%, as illustrated by some representative examples shown in Table 6. For benzaldehydes bearing electron-donating groups, the position of the substituents did not affect the reaction outcome, affording the desired adducts 15 in uniformly high yields and acceptable asymmetric inductions (Table 6, entries 2-4). For substrates bearing electron-withdrawing groups, the reaction proceeds smoothly, irrespective of the position of the substituents, leading to the targeted products with slightly higher selectivities but in lower yields (Table 6, entries 5-7). Similar catalytic activity was reached with 2-naphthyl derivative, while both chemical and optical yield decreased significantly for 1-naphthyl compound which may be attributed to the increased steric hindrance of the 1-naphthyl over 2-naphthyl group (Table 6, entries 8-9). Finally, 2furaldehyde turn out to be a suitable partner, providing the homoallyl alcohol 15 in high 89% isolated yield and good enantioselectivity up to 81% (Table 6, entry 10). 

80% conversion was reached

II.1.2. Enantioselective hydrophosphonylation of aldehydes

Chiral -hydroxyphosphonates are encountered in a plethora of pharmaceutically active agents encompassing a vast array of interesting biological activities [23]. In the past decades, several approaches have been reported for their preparation in enantiomerically pure form [24]. Among them, the asymmetric addition of easily available and inexpensive trialkyl phosphites to achiral aldehydes, known as the Abramov type hydrophosphonylation reaction [25], is considered to be one of the most direct synthetic methods for the stereoselective construction of P-C bonds, thus providing a straightforward and atomeconomical access to chiral -hydroxyphosphonates.

In 2008, Sugiura, Nakajima et al. achieved the first example of phosphine oxides catalyzed SiCl 4 -mediated asymmetric addition of trialkyl phosphites to aldehydes [26]. The conditions for the reaction were optimized with the benzaldehyde as model substrate in the presence of various trialkyl phosphites in dichloromethane at 78 °C. It was found that among several Lewis bases tested, atropisomeric diphosphine dioxide (S)-BINAPO 11 used in combination with diisopropylethylamine as additive, which is essential for achieving high catalyst turnover, affords the best catalytic activity providing the desired -hydroxyphosphonates 27 in excellent 91% yield and with an encouraging enantioselectivity up to 41%. The dropwise addition of SiCl 4 over 2 h with a syringe pump in the reaction mixture containing all reactants is a key parameter to ensure high efficiency. This study also reveals that higher yields are obtained with trialkyl phosphites that bear smaller alkyl groups, whereas triphenyl phosphite did not react at all. As outlined by results depicted in Table 7, the reaction proceeds well for aromatic aldehydes giving the corresponding chiral -hydroxyphosphonates 27 in good to excellent yields ranging from 83 to 97% but with low to moderate selectivities comprised between 9% to 41% ee (Table 7, entries 1-9). Significantly lower catalytic activities in terms of both reactivity and selectivity were obtained for alkyl aldehydes, while reaction conducted with cinnamaldehyde led to the desired product in 89% yield and with an acceptable enantioselectivity of 49% (Table 7, entries 10-12). The proposed mechanism supported by 31 P{ 1 H} NMR analysis involves the coordination of the chiral phosphine oxide ligand (LB) to silicon tetrachloride, which generates a cationic [(LB*)/SiCl 3 ] + Cl -complex with exhibits an increased Lewis acidity. The later reactive species could then efficiently activate prochiral aldehydes, and therefore facilitate enantioselective nucleophilic attack of trialkyl phosphite 26 to yield the chiral trichlorosilylated hydroxyphosphonate with concomitant release of the corresponding alkyl chloride through a nucleophilic substitution reaction with the formation of the P=O as driving force (Scheme 4) [26]. Scheme 4. Proposed reaction mechanism for hydrophosphonylation of aldehydes catalyzed by (LB*)/SiCl 4 complex.

After this former example, only a limited number of works have been reported regarding phosphine oxides mediated-asymmetric silyl-Abramov hydrophosphonylation of aldehydes with trialkyl phosphites. Among them, Sugiura, Nakajima et al. disclosed in 2012 the synthesis of new aryl group-modified DIOP dioxide ligands and, studied their application as modular Lewis base organocatalysts [27]. More specifically, they have shown that the 2,8dimethylphenoxaphosphine-derived DIOPO 29 (DMPP-DIOPO) catalyzes the reaction of aromatic aldehydes 14 with triethyl phosphite 28, using the same optimized reaction conditions previously developed. Although the substrate scope was rather limited, the results depicted in Table 8 clearly demonstrated that the electronic nature of the substituents present on the aldehydes 14 has no significant effect on the catalytic activity, giving the -hydroxyphosphonates 30 with significantly higher enantioselectivies but slightly lower yields than those obtained with (S)-BINAPO 11 [26]. Another example of silyl-Abramov hydrophosphonylation came from the work of Özdemir et al. [28] who extended the use of their phosphinoxymethylaziridinyl phosphonate (S)-POAP 24 that has been efficient in the asymmetric allylation of aldehydes [20]. This was achieved through the conversion of various substituted aldehydes 14 into the chiral diethyl hydroxyphosphonates 30 using triethyl phosphite 28 as phosphonylating reagent. The reactions were performed using 10 mol% of POAP 30 as Lewis base in the presence of diisopropylethylamine as additive and a stoichiometric amount of silicon tetrachloride at -78 °C in dichloromethane for 2 h, giving the targeted products in good to excellent yields (62-99%) with low to moderate enantio-induction (13-44% ee) (Table 9). In such reaction only catalytic amount of diisopropylethylamine is needed to increase the rate of the reaction. Recently, we demonstrated that the novel in-house 1,10-dibenzyl-bis-(triazolyl) diphenyl phosphine dioxide 25, [21] which has been efficiently used as chiral Lewis base for asymmetric allylation and reductive aldol reactions of aldehydes [22a], could also be effective for SiCl 4 -mediated enantioselective Abramov hydrophosphonylation of aldehydes 14 with trialkyl phosphites [22b]. After screening of the reaction conditions, it turned out that the bulky diisopropyl phosphite 31 emerged as the best phosphonylating agent giving the corresponding enantioenriched -hydroxyphosphonates 32 in excellent yields and moderate to good selectivities. As shown in the results depicted in Table 10, the stereochemical outcome of reaction conducted under optimized conditions using tetrabutylammonium iodide and diisopropylethylamine in the presence of 5 mol% of 1,10dibenzylbis (triazolyl)diphenylphosphine dioxide (S)-25 in combination with SiCl 4 in diethyl ether at -78 °C for 6 h, was highly dependent upon the electronic nature and the position of the substituents present on the substrates. Good enantioselectivities and excellent yields were observed with aldehydes bearing either electron-donating or electron-withdrawing groups in meta or para position (Table 10, entries 2-5 and 8), while ortho-substituted aryl aldehydes gave the desired adducts in significantly lower asymmetric inductions and isolated yields (Table 10, entries 6-7 and 9). These results could be attributed to an increased steric hindrance between the catalytic system and the ortho-substituted substrate during the course of the reaction. 

II.1.3. Enantioselective Morita-Baylis-Hillman type reactions

The Morita-Baylis-Hillman reaction (MBH) is an important atom economical carbon-carbon bond forming tool between electron-deficient alkenes and electrophilic species such as aldehydes or imines [29]. This reaction is classically promoted by Lewis base such as tertiary amines or phosphines through a primary n-π* interaction making the intermediate adduct even more nucleophilic and provides a powerful and efficient method for the synthesis of densely functionalized molecules.

In 2013, Kotani, Nakajima et al. disclosed the first example of a Lewis base-mediated enantioselective MBH reaction through n-σ* interactions between various aldehydes and α,βunsaturated ketones using a halide anion as a nucleophile [30]. After optimization, this study revealed that the stereochemical outcome of the reaction is greatly influenced by the nature of the chiral phosphine oxide and the base. For instance, sterically hindered diisopropylethylamine, that possesses sufficient Brønsted basicity but low nucleophilicity, in combination with the atropisomeric diphosphine SEGPHOSO ligand 34, which has a narrow dihedral angle, is fundamental to achieve high catalytic activity. The steric and electronic effects on the aromatic ring of the aryl vinyl ketones 33 also remarkably affected the reactivity and the selectivity as illustrated by selected examples given in Table 11. Substrates bearing electron-withdrawing groups at any position on the aromatic ring, gave good to excellent yields (82-93%) and moderate to good selectivities ranging from 63 to 81% ee (Table 11, entries 2, 4-6), while ketones with an electron-donating group displayed a dramatically lower enantioselectivity of 8% (Table 11, entry 3). Reactions conducted with hindered naphthyl ketones resulted in lower catalytic efficiency (Table 11, entries 7-8). On the other hand, it turns out that the reaction of aromatic aldehydes 14 that bear either electron-rich or electron-poor substituents with the 4-nitrophenyl vinyl ketones 33 led to significantly better results, giving the desired products 35 in excellent yields (82-94%) and high enantioselectivities (72-81%) (Table 11, entries 9-12). A plausible mechanism accounting for the observed MBH adduct involves first, the reaction of SiCl 4 with the aryl vinyl ketone 33 to form a -chloro silyl enol ether intermediate 36, which slowly reacted with an aldehyde in the presence of a chiral phosphine oxide, to give a chloro aldol adduct 37. Subsequent elimination mediated by the tertiary amine lead to the desired MBH adduct 35 (Scheme 5). Scheme 5. Nucleophilic activation of α,β-unsaturated ketones by a chloride anion.

II.2. Enantioselective aldol reactions

II.2.1. Enantioselective aldol reactions of silyl enol ethers

II.2.1.1. Reaction of trichlorosilyl enol ethers from ketones

Asymmetric aldol formation is one of the oldest reactions mediated by catalytic amounts of Lewis bases. It was first reported by S. E. Denmark using catalytic amount of chiral phosphoramidate [31]. Later, Kotani and Nakajima extended this reaction to phosphine oxides [32]. The combination of trichlorosilyl enol ethers 38 and aldehydes 39 gave the aldol adducts 40 in moderate to excellent yields (Scheme 6). As expected in aldol formation, Zenolate mainly formed the syn-aldol whereas E-enolate afforded the anti-aldol. Bases like DIPEA significantly increased reaction rate and stereoselectivity. When (S)-BINAPO 11 was used, the resulting aldols were formed with 55% to 96% ee. Sterically hindered aldehyde, 1naphthylcarboxaldehyde resulted in lower ee (55% from cyclohexyl silylenol ether).

Scheme 6. Aldol reaction of trichlorosilyl enol ethers catalyzed by (S)-BINAPO.

The reaction proceeded through the intermediacy of a chair-like Zimmerman-Traxler transition state as proposed by Denmark with chiral phosphoramides (Figure 2) [33]. In such intermediate, hypervalent silicon exhibited an octahedral geometry where the bidentate chiral ligand occupied respectively an axial and an equatorial position delineating a privileged approach of the two reactants. 

II.2.1.2. Reaction of trichlorosilyl ketene acetals

The previous primary work using phosphine oxide was consecutively extended to silyl ketene acetals 41. Under optimized conditions, silyl ketene acetal 41 reacted with various aldehydes 14 in the presence of (S)-BINAPO 11 to give the desired -hydroxyesters in low to good yields, up to 98% (Table 12) [34]. Enantioselectivities remained lower than those observed with ketones and were ranging from 35% to 67% (Table 12, entries 1-5). Reaction of cinnamaldehyde afforded the Michael adduct as main product and only 12% of the expected aldol product was isolated with no enantioselectivity (Table 12, entry 6). This reaction also failed to give the expected aldol adduct from hydrocynnamaldehyde (Table 12, entry 7). [35]. Aldol adducts 44 were formed by reaction of various cyclic ketones 43 in the presence of tetrachlorosilane and diisopropylethylamine (DIPEA) as a base. For cyclic ketones, enantio and diastereoselectivities were affected by the nature of X group in position 4 (Table 13). The best enantio-and diastereoselectivities were observed for the dioxolanyl cyclohexanone (Table 13, entry 7) compared to the other cyclic ketones (Table 13, entries 1-6). Consecutively, different aryl aldehydes 14 were reacted with dioxolanyl cyclohexanone 43. They mainly gave anti-aldols 44 in average to good yields (Table 13, entries 7-14). Aryl-substituted aldehydes proved to be the best substrates with ee ranging from 45% to 73%. As previously observed, reaction with hydrocinnamaldehyde failed (Table 13, entry 14) and only average yield and ee (53% yield, 51% ee) was obtained from cinnamaldehyde (Table 13, entry 13). This reaction was also attempted with isobutyraldehyde. The expected aldols were obtained in yields ranging from 16% to 99% albeit in 45-63% ee depending on the nature of the aldehyde reagent. Other phosphine oxides were also evaluated in the direct aldol reaction of cyclic ketones with aldehydes (Figure 3). Benaglia et al. used (S)-tetramethyl-BITIOPO 16 as catalyst on the reaction of cyclohexanone with aldehydes [36]. Typically, (S)-tetramethyl-BITIOPO 16 afforded the aldol product from benzaldehyde with 81% ee and a diastereomeric ratio of 93/7, whereas in the same condition BINAPO 11 only gave 54% ee. The same group extended this reaction to P-aryl substituted BITIOPO derivatives 45a-c that bear electrondonating groups but none were more efficient than the parent catalyst 16 [37]. 14) [38]. The reactions were all conducted in dichloromethane in the presence of 10 mol % of catalyst 24 and various aromatic aldehydes 47. A light excess of silicon tetrachloride can be used (1.07 equiv) with TMEDA as a base (1.13 equiv). Yields were low to good (16-75%) but they did not strictly depend on the nature of the substituents on the aryl aldehydes 47. These results may be attributed to the potential instability of diethyl phosphonate group from the catalyst towards silicon tetrachloride. Only benzaldehyde afforded a decent 75% yield (Table 14, entry 1). As expected from cyclohexanone, anti-aldols were obtained as main products in accordance with the formation of E-enolates. However, the diastereoselectivity was not complete and the syn-aldols were also obtained albeit in lower ratio, anti/syn aldol ratio were ranging from 54/46 to 93/7. According to the cyclic nature of ketone 46, it cannot be explained by a simple formation of E-and Z-enolates. Syn-aldols probably resulted from an epimerization in the late stage of the catalytic process. In terms of enantioselectivity, the influence of electronic effects can be rationalized as well. Aldehydes 47 with electron-donating groups (Table 14, entries 1-5) form aldols 48 with better enantioselectivities than electron-poor aldehydes 47 (Table 14, entries 6-9). Sterically hindered 1-naphthaldehyde afforded the anti-aldol with high diastereoselectivity (91:9) but with poor ee (20%) contrasting with the 2-naphthyl derivative, which gave better ee (68%) ( Besides tetrachlorosilane, trichlorosilyl triflate is also an effective and even more electrophilic activating agent. It was used by Aoki et al. in the directed cross-aldol reaction between ketones (Table 15) [39]. In this two-step sequence, treatment of the ketone donor 49 (acetone) by trichlorosilyl triflate afforded the corresponding silyl-enolate. The desired cross-aldol adduct 51 was obtained after addition of the ketone acceptor 50 (acetophenone) at -78 °C. Various phosphine oxides were used and the yields and ee were similar excepted for the DIOPO, which was less effective giving the cross-aldol adduct in moderate yield (36%) and low ee (38%) (Table 15, entries 1-5). Electronic and dihedral angle coordination to silicon affected the enantiomeric excess. Then comparison between (S)-tol-BINAPO 54 and (S)-BINAPO 11 underlined an increased selectivity (83% vs 80%, Table 15, entry 1 vs 2) as the result of an increased basicity. SEGPHOSO 34 and (S)-H 8 -BINAPO 56 presented different dihedral angle of coordination and gave lower yields and ee.

All the reactions were consecutively carried out with the best catalyst, (S)-BINAPO 11. Butanone (Table 15, entry 6) required higher temperature (-60 °C) and showed a decrease of yield and ee when compared to entry 1, while cyclohexanone ( b Determined by 1 H NMR. c Determined by chiral HPLC analysis. d Reaction run at 60 °C When unsymmetrical 1,5-diketones 52 were used, a highly efficient regioselective cyclization occurs leading to 3-hydroxycyclohexanones 53 (Table 16) [40]. The reaction took place selectively at the less hindered methyl position. Different atropochiral diphosphine dioxides were tested and it turns out that 4,4'-TMS 2 -BINAPO 57 delivered the best results, giving a wide range of 3-hydroxycyclohexanones 53 in good yields (72-91%) and high ee ranging from 83 to 96%. The presence of electron-withdrawing or donating-substituents on the aromatic ring has a little influence on the enantioselectivity (Table 16, entries 1-7, 92 to 96%) while alkyl chains gave lower ee (Table 16, entries 8-10, 83 to 87%). 

II.2.2.2. Reaction of esters and derivatives

To lower the pKa of esters and make them compatible for a direct aldol reaction, Benaglia et al. used trifluoroethyl arylmethylthioesters 58 (Table 17) [41]. The presence of both trifluoroethyl and aryl groups on substrate 58 lowered the pKa allowing an easier formation of the silyl ketene thioacetal intermediate. In a prototypical reaction, Rossi et al. mixed benzaldehyde 14 with trifluoroethyl phenylthioacetate 58 in the presence of an excess of silicon tetrachloride and DIPEA. (S)-Tetramethyl-BITIOPO 16, (S)-BINAPO 11 and (S)-BITIANPO 18 were then evaluated as chiral Lewis bases. Under similar conditions, (S)-tetraMethyl-BITIOPO 16 gave significantly higher yield (80% vs 35% and 9%, respectively) and better enantioselectivity (89% vs 81 and 79%, respectively) while the syn/anti ratio were comparable. Electron-poor phosphine oxide BITIANPO 18 revealed to be less efficient in such transformation underlining the importance of electronic properties to achieve high catalytic performances. Consequently, (S)-tetramethyl-BITIOPO 16 was used to further evaluate the scope of this reaction. The syn-adducts 59 were obtained as main product in yields ranging from 25% to 80% and syn/anti ratio of 66/34 to 98/2. Changing the nature of the aryl group on the thioacetate reagent 58 slightly influenced the stereochemical outcome of the reaction. Surprisingly, the 4-fluoro-derivative showed the lowest yield and ee (Table 17, entry 2). By contrast, the presence of two strong donating groups (3,4-diMeO) positively increased the enantiomeric excess (95%), while reducing the syn/anti ratio to 80/20 (Table 17, entry 3). Aldehydes bearing electron withdrawing or electron-donating groups influenced the reaction. For instance, electron rich aryl (H, MeO, Me) and heteroaryl aldehydes gave better syn/anti ratio and ee compared to those bearing electron withdrawing groups (Cl, NO 2 ) (Table 17, entries 1,6,9 vs entries 8,9). Sterically hindered 1-naphthaldehyde (Table 17, entry 10) gave lower yield and ee. Unlike previous reactions, cinnamaldehyde afforded excellent diastereoselectivity and high ee (Table 17, entry 13). On the other hand, hydrocinnamaldehyde failed to give the aldol product. [42]. In order to modulate the pKa of the thioesters 60, they explored the influence of different aromatic groups directly bounded to the sulfur atom. Phenyl and 2-pyridyl derivatives were then used in the Lewis-base promoted aldol reaction. Pyridyl derivatives afforded disappointing results, giving racemic aldol adducts 61 with high diastereoselectivity albeit in low yield (Table 18, entries 1-2). The authors hypothesized a competitive coordination of the pyridine moiety preventing the formation of the hypervalent silicon species. Consequently, they replaced the pyridyl residue by a phenyl. Aldehydes 14 bearing an electron-donating group gave the aldol adducts 61 in moderate to good yields, comparable enantioselectivities and generally higher level of diastereoselectivities (Table 18, entry 3 vs entries 4-7). In this series, even 2-furylaldehyde (Table 18, entry 11) worked finely leading to an enantiomeric excess of 92% in spite of a complexing oxygen atom close to the reacting electrophilic center. Modification of Ar 2 substituents by either electron-withdrawing or electron-donating groups has strong influence on the stereochemical outcome of the reaction (Table 18, entries 12-13 vs entry 3). More specifically, it appeared that alkyl group in para-position resulted in a better enantioselectivity (87% vs 74%) along with a concomitant loss of yield and diastereoselectivity. Benaglia group also explored the potency of tetrathiohelicene diphosphine dioxide 63 in the enantioselective aldol reaction of trifluoroethyl phenylthioacetate 58 with benzaldehyde 62 (Scheme 7) [43]. Using previously reported conditions, the syn aldol product 59 was isolated in comparable yield to those observed for (S)-Me 4 BITIOPO 16, but with significantly lower syn/anti ratio and enantiomeric excess (87% yield, 92/8 dr, 23% ee vs 80% yield, 98/2 dr and 89% ee). Scheme 7. Direct aldol reaction of trifluoroethyl thioesters 58 catalyzed by (+)tetrathiahelicene 63.

II.2.2.3. Direct aldol reaction of carboxylic acids

Carboxylic acids were rarely used directly as reagents in direct aldol reaction due to their inherent Brønsted acidity. Therefore, they are commonly replaced by their substitutes such as esters, amides or nitriles. Kotani et al. engaged various unprotected carboxylic acids 64 in a direct enantioselective aldol reaction catalyzed by phosphine oxide Lewis bases (Table 19) [44]. Typically, the reactions were carried out in the presence of an excess of silicon tetrachloride and diisopropylisobutylamine as a base in dichloromethane at -60 °C. The nature of the catalyst influenced directly the reaction and various BINAPO-derivatives were able to catalyze the aldol reaction in high yields but often in low to moderate ee. Modification of aryl groups directly linked to the phosphoryl has only a little influence. The best catalysts were the 4,4'-TIPS disubstituted BINAPO 57, those having the largest silyl substituents were the most efficient. For instance, hindered (S)-4,4'-TIPS-BINAPO 57 afforded the best compromise leading to a wide range of aldol adducts 66 in good yields ranging from 62% to 84% and high selectivities. More specifically, variations on R 1 showed that alkyl substituents were preferred compared to aryl ones allowing to reach high selectivity with ee up to 92% and dr up to 92/8 (Table 19, entries 1-2 vs 7-9). Surprisingly, the presence of an alkyl halide functional group was well tolerated and no alkylation product was observed (Table 19, entries 7-9). This study also shows that the electronic nature of the substituents attached to the aldehyde 65 has only a little influence on the selectivity since benzaldehyde derivatives substituted by either electron-withdrawing or donating groups exhibited high ee and dr (Table 19, entries 10-15). In the series of ortho-, meta-and parabromobenzaldehydes, only the 2-substituted derivatives presented a lower ee (76%, Table 19, entry 17 vs entries 15-16). Heteroaryl, alkenyl and alkyl aldehydes were also well tolerated ( 

II.2.2.4. Branched enantioselective double aldol reactions

Sequential double aldol reaction of arylmethylketones 67 with aryl aldehydes produced chiral keto-1,3-diols 68 as valuable building blocks [45]. Screening of different phosphine oxides for this reaction revealed that BINAPO 11 was the most efficient ligand. Under optimized reaction conditions using an excess of aldehyde reagent (2.2 equiv), a wide variety of chiral keto-1,3-diols 68 were obtained in yields ranging from 61 to 96% with high diastereomeric ratios up to 98:2 in favor of the double aldols chiro-68 (Table 20, entries 1-8). As outlined in Table 20, the outcome of the reaction is strongly influenced by the nature of R 1 . The best ee's were observed for 2-furyl-and cyclopropyl methylketone (Table 20, entries 7 and 9) with respectively 91 and 93%. Additionally, modifications of the aldehyde showed only little effect on the enantiomeric excess with values comprised between 85 and 97% (Table 20, entries 7 and 9-19). Mechanistically, it has been demonstrated that the stereoselectivity of the reaction is sequentially controlled by the enantiopure BINAPO phosphine oxide catalyst 11 (first aldol reaction) and, by the resulting aldol intermediate 69 for the second one (Scheme 8) [46]. The first aldol reaction is classically controlled by the chiral Lewis base 11 through a 6-membered ring transition state. Subsequent activation of the resulting ketone led to the formation of a chiral Z-silylenol ether intermediate 69, which further reacted with a second molecule of aldehyde to afford the double aldol product in a diasteroselective manner. The stereoselectivity is controlled by the bicyclic transition state 70 and was proved to depend only on the previously created stereogenic center. Scheme 8. Supposed mechanism for branched double aldol reactions.

Ding et al. considerably extended the substrate scope of this reaction by using the spiro [START_REF] Yan | [END_REF][START_REF] Yan | [END_REF]-1,6-nonadiene diphosphine dioxide (SpinPO) 71 [47]. The extremely rigid spirocyclic backbone of SpinPO 71 permitted the formation of aldols 68 in high yields (Table 21, 71-93%) with diastereomeric ratios ranging from 55:45 to 97:3 in favor of the chiral diastereoisomer chiro-68 and, good to excellent ee values comprised between 81 and 99%. Interestingly, the reaction performed well with ketones 67 that bear either electronwithdrawing or donating groups (Table 21, entries 1-13). Even cyclopropyl methyl ketone and benzalacetone reacted efficiently (Table 21, entries 14-15). Scope of aldehydes was similar and afforded the double aldols 68 in high yields with high enantio-and diastereoselectivity (Table 21, entries [16][17][18][19][20][21][22][23][24][25][26]. It should be noted that the lowest efficacies were observed for alkenyl and alkyl aldehydes which afforded only modest diastereoisomeric ratios of 55:45 and 74:26, respectively, albeit the enantiomeric excesses remained superior to 88% (Table 21, entries 27-28). Some representative ee values from the reaction of acetophenone with benzaldehyde were given in Figure 4. Genoni et al. extended the set of useful catalysts and demonstrated that the tetra-Me-BITIOPO 16 was more efficient than BINAPO 11, leading to better diastereoand enantioselectivities [48]. However, (R)-SpinPO 71, with its rigid spirocyclic backbone remains the best one. 

II.2.2.4.1 Synthesis of pyranones

Pyrane-4-ones and their respective saturated derivatives are important structural motifs commonly observed in many natural products [49]. Due to their widespread biological activities, the development of new synthetic approaches to access these valuable heterocycles has become a field of intensive research. It is noteworthy that the pioneering work conducted by Danishefsky on these carbohydrate-based analogues has driven the discovery of new reactivity associated to siloxydienes mainly by hetero-Diels-Alder reactions [50].

In 2017, Kotani et al. developed an alternate synthesis of enantiopure disubstituted dihydro-4-pyranones 73 by reaction of alkoxypentenones 72 with various aldehydes (Table 22) [51]. The reaction proceeded in poor to good yields (28-70%). The stereochemical outcome of the reaction is highly dependent on the nature of both R 1 and R 2 groups. Reaction failed when R 1 is a trimethylsilyl group (Table 22, entry 7) while the presence of a methyl group gave better selectivity compared to the ethyl group, albeit with similar moderate yield (Table 22, entry 1 vs 2). Diastereomeric ratios were usually high (up to > 92:8) excepted for the sterically hindered 1-naphthaldehyde (Table 22, entry 6 vs entries 15). In another way, enantioselectivity was relatively insensitive to the nature of the aldehyde and remained high (91-98%) with the noticeable exception of 1-naphthaldehyde (85%) (Table 22, entry 6 vs entries 15). Mechanism of the reaction was believed to involve a first enantioselective aldol reaction at the less hindered position through the silylenol ether 73. Chiral Lewis base controlled the chirality leading to the aldol 74 (Scheme 9). Subsequently, combination of the catalyst and the resulting aldol intermediate 74 led to a double enol ether. The double aldol adduct 76 is the result of a vinylogous aldol reaction which might occur through a fused tricyclic transition state 75. Finally, a favorable 6-endo-trig cyclization afforded pyranone 73. Scheme 9. Proposed mechanism for pyranone synthesis.

Reaction of excess of benzaldehyde with various alkoxy or aryloxy butenenones 77 led first to the expected branched double aldols which gave directly a stereoselective cyclization forming pyranones 7880 in 6275% yields (Table 23) [52]. It can be noticed that 4-phenoxy-3-buten-2-one gave better yield than the corresponding alkoxy derivatives (4-methoxy and 4-benzyloxy). This can be attributed to the better leaving group character of the phenoxy versus the alkoxy groups. By contrast, the nature of the aldehyde had no drastic influence on the yields. However, diastereoselectivity was minored by the presence of electron-donating group, which can be directly correlated to the increased formation of the meso-branched double aldol intermediate (Table 23, entry 2 vs entries 1 and 35). As usual, steric hindrance reduced the enantioselectivity, consequently 1-naphthaldehyde afforded dihydropyrone 78 with only 77% ee compared to 8493% with other derivatives (Table 23, entry 4 vs entries 13 and 5). 

II.2.2.5. Linear enantioselective double aldol reactions

Besides the formation of double aldol adducts on the same carbon atom (branched double aldols), ketones 81 that possess reactive  and '-positions adjacent to the carbonyl function may conduce to the formation of the linear double aldol adducts 82. In this context, Shimoda et al. reported the enantioselective reaction of diversely substituted-methylene methyl ketones 81 with aldehydes (Table 24) [53]. As illustrated in Table 24, reaction of acetone with benzaldehyde produced the C 2 -symmetric double aldol compound in 84% yield and 91% ee (Table 24, entry 1). When the substituent R 1 was changed from methyl to npropyl, no obvious changes were observed, and the linear double aldol adducts were obtained in high yields with excellent diastereo-and enantioselectivities (Table 24, entries 24). A noticeable exception was observed for the benzyl derivative which exhibited the lowest yield (65%) and ee (79%) (Table 24, entry 5). The reaction also tolerated functional groups such as alkene, ester and ketone. However, aldol resulting from the reaction of ketoester overreacted giving concomitantly 15% of the corresponding lactone (Table 24, entry 6). 1-Phenylheptane-1,6-dione gave selectively the double aldol at the alkyl ketone (Table 24, entry 8). Reaction of pentan-2-one with various aldehydes showed that the presence of electron-donating groups on aldehydes significantly lowered the yield of the reaction, while syn/anti ratios remained unaffected and ee's values rose from 92% to 9798% (Table 24, entries 1011 vs entry 9). Hindered 1-naphthaldehyde only gave the double aldol in 58% yield while ee remained similar to the 2-naphthyl analogue (Table 24, entries 1314). Heteroaryl aldehydes reacted as usual and gave high yields and stereoselectivities (Table 24, entries 1516). From a mechanistic point of view, the first aldol reaction took place at the less hindered methyl position (Scheme 10). Indeed, under the same conditions, no reaction occurred for the reaction of pentan-3-one with benzaldehyde. Consequently, the first aldol 84 resulted from the reaction of the kinetic silyl enol ether 83. The second enol ether was formed selectively and was confirmed to be the Z-isomer of the other enol position of the ketone. This enol ether 85 further reacted through the formation of a bicyclic six-membered transition state 86 giving the 1,2-syn-1,5-anti-adduct 82. Scheme 10. Proposed mechanism for linear double aldol reactions.

II.2.2.5.1 Linear double aldol reactions in the synthesis of stereopentads

Kotani et al extended this linear double aldol reaction to the stereoselective synthesis of stereopentads 59, namely a contiguous succession of five stereogenic centers [54]. As depicted in Table 25, under optimized conditions, various ,'-disubstituted ketones 87 reacted with aryl and heteroaryl aldehydes in the presence of 10 mol% of (S)-BINAPO 11 to give the expected linear double aldol adducts 88 in moderate to good yields and high to excellent selectivities (Table 25, 50 to 86% yields, up to 98:2 dr and 93 to 99% ee). It was found that the reaction required trichlorosilyl triflate as Lewis acid to proceed and no reaction was observed with the less activating tetrachlorosilane. Reaction was relatively insensitive to the nature of the aldehyde. While electron-rich aldehydes afforded high ee, 9699% (Table 25, entries 14 and 713), the presence of an electron-withdrawing group in para position slightly lowered it to 93%. According to the selectivity of the reaction, even unsymmetrical ketones were consecutively envisaged. Using similar conditions, high stereoselectivities were observed whatever the first aldol formed (Table 25, entries 1416). Subsequent reduction of the ketone 88 using sodium borohydride in methanol led to the enantioenriched stereopentads 89 in 91% yield. 

II.2.2.5.2 Linear double aldol reactions in natural product synthesis

Kotani et al. validated the concept of this double sequential aldol reaction in the total synthesis of (-)-Ericanone 91, a diarylnonanoid aglycone isolated in small amounts from the aerial parts of Erica cinereal (Scheme 11) [55]. The sequence started from the reaction of acetone with two molecules of 2-nitrobenzenesulfonyl-protected 4-hydroxybenzaldehyde resulting in the formation of double aldol 90 in 94% yield and 98% ee. The reaction took place at -78 °C in the presence of 10 mol% of (S)-TIPS-BINAPO 57 as chiral Lewis base and required 48 h to reach its completion. Subsequent cleavage of the nosyl group followed by selective hydrogenation of the double bonds using Pearlman catalyst led to enantiopure (-)-Ericanone 91. Scheme 11. Enantioselective synthesis of (-)-ericanone 91.

II.2.3. Enantioselective aldol reactions of aldehydes with enamines

In 2011, Kashiwagi et al. reported the first enantioselective synthesis of -amino alcohols 93 from reductive aldol reaction of aldehydes 62 with enamines 92 and trichlorosilane in the presence of chiral diphosphine dioxides as catalyst (Table 26) [56]. The reaction consists in a cascade sequence involving the reaction of an enamine with an aldehyde followed by an intramolecular reduction of the resulting iminium intermediate using trichlorosilane. For example, reaction of benzaldehyde in the presence of a catalytic amounts of (S)-BINAPO 11 afforded the targeted aminoalcohol 93 in moderate to good yields and deceptive enantiomeric excesses up to 40%. From this screening, the best results were observed at -78 °C from piperidine enamine in favor of the anti-anti stereoisomer 93. (43% yield, 98:2 dr, 40% ee). Other chiral Lewis bases such as (S)-SEGPHOSO 34 and (R,R)-DIOPO were also evaluated without any improvement. Table 26. Enantioselective synthesis of -amino alcohols 93.

II.2.4 Enantioselective tandem Michael-Aldol reactions

Tandem reactions involving a nucleophilic Michael addition followed by a consecutive aldol reaction is a powerful synthetic tool to increase complexity by convergent process [57].

II.2.4.1 Enantioselective reductive aldol reactions

The reductive aldol reaction of ,-unsaturated olefins with aldehydes or ketones as secondary electrophiles is a key reaction for the enantio-and diastereoselective synthesis of chiral aldols. In a seminal communication, Nakajima et al. validated the reaction of ,-unsaturated ketones 94 with aldehydes 10 in the presence of trichlorosilane and catalytic amount of hexamethylphosphoramide (HMPA) or triphenylphosphine oxide (TPPO) [58]. These three-component reactions proceeded smoothly to afford aldols 95 in yields ranging from 19% to 78%. In this process, TPPO proved to be more efficient than HMPA giving the aldol adduct 95 in 78% yield compared to 52% from chalcone (R 1 , R 3 = Ph, R 2 = H) and benzaldehyde (R 4 = Ph). In another way, reaction of alkyl aldehydes proved to be less efficient than aromatic ones (19% vs ~70%). Scheme 12. Reductive aldolisation of ,-unsaturated ketones.

The same group subsequently developed an asymmetric version of this reaction (Scheme 13) [59]. Similarly, mixing chalcone 96 with benzaldehyde 62 in the presence of a catalytic amount of C 2 -symmetric diphosphine dioxides in propionitrile resulted in the formation of chiral aldols 97. (S)-BINAPO 11 and (R,R)-DIOPO 98 showed comparable enantioselectivity (92% ee) but the latter exhibited a slight loss of diastereoselectivity (96:4 vs 92:8) and yield (87% vs 80%). Albeit structurally related to BINAPO 11, (S)-SEGPHOSO 34 gave significantly lower yield (17%) and selectivities (72:28 dr and 61% ee).

Scheme 13. Enantioselective reductive aldolisation of chalcone 96.

This reaction was extended to various ,-unsaturated ketones 99 and aldehydes 39. Under the optimized conditions, the expected aldols 100 were obtained in yields ranging from 37 to 92% with excellent diastereoselectivity up to 98% and enantioselectivity comprised between 50 to 92% using (S)-BINAPO 11 as catalyst. As illustrated by some selected examples shown in Table 27, arylaldehydes 39 having either electron-withdrawing substituents (Table 27, entries 5 and 6) afforded high enantioselectivity, while lower asymmetric induction is obtained from electron-donating substituted aldehydes (Table 27, entries 4 and 7). Reaction of cinnamaldehyde derivatives gave the corresponding adducts in 91% and 71% yields, albeit with low enantiomeric excesses (50-51%), while the diastereomeric ratios remained high (Table 27, entries 9 and 10). Significant improvement was observed by using (R,R)-DIOPO 98 instead of (S)-BINAPO 11 (Table 27, entries 10 and 11). Mechanistically, the reaction strongly favored the syn-aldol products as the result of the exclusive formation of the (Z)-trichlorosilyl enolate according to the s-cis 6 membered ring transition state as depicted in Scheme 14. Scheme 14. Transition state induced (Z)-selectivity of silylenol ether.

Other phosphine oxides were also tested in such reductive aldol reactions. More specifically, some DIOPO-based-derivatives were evaluated (Scheme 15) [60]. In the reaction of chalcone 96 with benzaldehyde 62, (R,R)-p-tolyl-DIOPO 102 furnished the expected aldol 101 in better yield (85 vs 70%) and diastereoselectivity (99/1 vs 94/6) but with a slightly lower enantioselectivity (88% vs 91%) compared to (S)-BINAPO 11 [59]. Ding et al. developed a series of C 2 -symmetric spirocyclic-bisphosphosphine dioxide such as Tol-SpinPO 103 [61]. In the same reaction, aldol 101 was obtained in comparable yield and an enantiomeric excess of 94%. More recently, Ayad and Virieux used a cyclic bistriazolyl bisphosphine dioxide BiTriPO 104 which exhibited similar reactivity and selectivity [22a]. Interestingly, the latter catalyst 104 gave the aldol resulting from the addition of chalcone to 2-furylcarboxaldehyde with ee greater than 99% whereas ee with other phosphine oxides did not exceed 91% (ee 84-91%).

Scheme 15. Enantioselective reductive aldolisation mediated by different phosphine oxides.

Besides trichlorosilane, the enantioselective reductive aldol reaction using trichlorosilyl triflate in combination with a tertiary amine as hydride donor has been reported (Table 28) [62]. In the presence of (S)-BINAPO 11, the reaction generally afforded syn-aldols 100 in moderate to high yields. The nature of the substituents on the aromatic ring of the -unsaturated ketones 99 has some influence on the reaction characteristics. The presence of high electron-donating group for R 1 has a negative effect, lowering yield and diastereoselectivity compared to other chalcone derivatives, while the nature of R 2 appeared to have a weaker influence (Table 28, entry 5 vs entries 1-3 and 6). Similarly, phenylethynyl substituted ketones (Table 28, entries 4 and 7) gave lower selectivity and yields depending on its position. Aldehydes also influenced yield and selectivity. Indeed, aromatic aldehydes gave the aldols in yields superior to 81% (Table 28, entries 1, 10 and 12) and good enantioand diastereoselectivities, whereas furaldehyde afforded the syn-aldol 100 in low yield, albeit a good selectivity is retained (Table 28, entry 12). Alkenyl aldehydes such as cinnamaldehyde gave lower selectivity (Table 28, entry 13) while the aliphatic aldehydes furnished the corresponding aldol adducts in low yields but high diastereoselectivities (Table 28, entries 14 and 15). Mechanistically, the reaction proceeded through an ionic process forming the trichlorosilyl enolate and the enamine by hydride transfer (Scheme 16) [63]. It can be noticed that when less hindered amines were used, the resulting enamines may act as a nucleophile giving another aldol adduct as side product. These reactions were reinvestigated by the same group using similar conditions except the temperature (-78 °C. instead of -40 °C) [64]. Generally, yields and diastereoisomeric ratios syn/anti were increased, whereas the enantiomeric excesses were similar or slightly lower. [65]. After optimization of the reaction conditions, i.e. change of tetrachlorosilane by trichlorosilyl triflate, use of sterically hindered tertiary alkylamines in the presence of a catalytic amounts of chiral diphosphine dioxides, they developed an efficient chlorinative aldol reaction of methacrolein derivatives 105 with aldehydes. The crude material was directly engaged in a consecutive reduction by sodium borohydride affording the chiral diols 106 that are easier to purify. Yields were ranging from 17% to 91% and, they mostly depended on the nature of the R 1 substituent. The reaction appeared sensitive to steric hindrance and, only small linear alkyl acroleins displayed excellent yields (83-95%), whereas the isopropyl derivative gave the diol 106 in only 17% yield (Table 29, entries 1-3, 5 vs entry 4). Increasing the steric hindrance also influenced negatively the diastereoselectivity of the reaction and methacrolein emerged as the best substrate (Table 29, entry 1 vs entries 2-5). It can be noticed that syn isomers were formed predominantly excepted for 2-isopropyl and benzyl acroleins, which means that the geometry of silyl enol ether intermediates was inverted. Electron donating groups or steric hindrance on the aldehyde had a negative impact on both yields and diastereoselectivities (Table 29, entries 7 and 9 vs entries 1 and 6). Enantioselectivity of the reaction was ranging from 41% to 78% and presented no clear dependence to the previously mentioned factors. Cinnamaldehyde is an exception and afforded the diol 106 in poor yield, moderate diastereoselectivity and almost no enantioselectivity. 

II.3.2 Stereoselective allylation -imino ester derivatives

Asymmetric addition of allyl metal compounds to -imino esters or their equivalents is generally recognized as one of the most efficient methods to access useful enantioenriched -amino acids.

In 2004, Kobayashi et al. reported what is considered to be the first example of a reaction mediated by a chiral phosphine dioxide. In that report, they demonstrated that (S)-BINAPO 11 can acts as an effective neutral coordinate-organocatalyst (NCO) in the enantioselective addition of allyltrichlorosilane reagents 111 to N-benzoyl hydrazone 112 derivatives giving the corresponding amino esters 114 in good to high yields and excellent diastereo-and enantioselectivities under low concentration conditions [68]. As depicted in Table 30, this study reveals that the stereochemical outcome of the reaction is highly substrates dependent. For -hydrazoesters bearing a sterically demanding ester groups, low yields were obtained while maintaining high selectivities (Table 30, entries 3-4). It was also found that the reaction proceeds stereospecifically, in that (Z)-crotyltrichlorosilanes give the antiisomers, whereas (E)-crotyltrichlorosilanes afford their syn counterparts (Table 30, entries 5-6). Finally, when (E)-or (Z)-trisubstituted allylic trichlorosilane substrates 113 were employed, better results were obtained using (R)-p-tol-BINAPO 54 instead of (S)-BINAPO 11 (Table 30, entries 7-8). The synthetic utility of the present method was demonstrated through the highly enantio-and diastereoselective syntheses of -chiral amino acid derivatives such as D-alloisoleucine. However, it must be noted that the major drawback of this reaction is the use of two equivalents of (S)-BINAPO 11 as organocatalyst to reach high efficiency even if the chiral source could be almost quantitatively recovered without loss of enantiopurity. The poor Lewis base -Lewis acid interaction of the soft hydrazone with the hard trichloroallylsilane in this highly reactive system may explain the need of an excess of BINAPO chiral inducer. 

II.4. Epoxide ring opening reactions

The asymmetric desymmetrization of meso-compounds is an area of great interest because such approach is known to be an effective strategy for directly accessing to optically active functional building blocks [69]. Among them, the asymmetric desymmetrization of mesoepoxides via selective ring opening at one of the enantiotopic carbons is currently recognized as one of the most practical approach for the synthesis of highly valuable chiral alcohols that bear two adjacent stereogenic centers through reaction with a wide variety of nucleophiles [70].

II.4.1. Enantioselective chlorination of meso-epoxides

In 2005, Nakajima, Kotani et al. disclosed the synthesis of optically active 1,2-chlorohydrins from ring opening of meso-epoxides in the presence of catalytic amount of diphosphine dioxides as chiral Lewis bases [71]. Asymmetric ring opening of cis-stilbene oxide 115 was chosen as a model reaction (Scheme 19). Although the detailed studies were not discussed here, it is worthwhile to mention that the reaction rate and enantioselectivity were strongly influenced by several parameters such as halide sources, solvents, additives and chiral phosphine dioxides. After extensive experiments, ring opening of cis-stilbene oxide was observed when reactions were conducted in dichloromethane at -78 °C in the presence of 1.5 equivalents of both diisopropylethylamine and silicon tetrachloride. It should be noted that Hünigs base was an essential additive for achieving high selectivity, avoiding the nonselective pathway through the neutralization of the hydrogen chloride produced by adventitious hydrolysis of SiCl 4 . As highlighted in Scheme 19, a survey of different chiral phosphine oxides based on known commercially phosphine ligands, also reveals that both phenyl substituents on phosphorus and the chiral backbone are key attributes of the catalyst needed to reach high efficiency.

Scheme 19.

Catalyst screening for asymmetric ring opening of cis-stilbene oxide 115.

To assess the substrate scope, a variety of meso-epoxides 117 were converted to the corresponding chlorohydrins 118 under the optimized conditions using 10 mol% of (S)-BINAPO 11. As shown in Table 31, the reaction proceeded well for substrates bearing both electron-poor and electron-rich substituents on the aromatic ring, giving the desired products in excellent yields (up to 97%) and good to high enantioselectivities ranging from 84 to 90% (Table 31, entries 1-4). Due to the greater conformational flexibility of aliphatic epoxides, low ee values were obtained while maintaining high yields (Table 31, entry 5). For cyclic epoxides, the reaction efficiency was greatly influenced by both the size and the substitution pattern of the ring. For instance, cyclohexene oxide gives the chlorohydrin adduct in 71% ee and 81% isolated yield, while reactions conducted with either larger or smaller ring systems provide comparable yields but significantly lower enantioselectivities (Table 31, entries 6 vs 7-9). Interestingly, the authors demonstrated that the synthesis of chorohydrins 118 could also be achieved using a convenient one-pot, two step sequence that involves first oxidation of cis alkenes 119 to form an epoxide 117, followed by ring opening under the above-described reaction conditions. In that report, it was found that (S)-BINAPO 11 can be added at the onset of the telescoped procedure due to its stability to oxidant and, 1.6 equivalents of Hünigs base were necessary for neutralizing the deleterious effect of the m-chlorobenzoic acid formed in the first step, on the selectivity. As outlined in Scheme 20, this elegant process gives the desired chlorohydrins 118 in comparable yields and enantioselectivities. Scheme 20. One-pot chlorohydrins 118 synthesis from various cis-alkenes.

Finally, the chiral (S)-tetraMe-BITIOPO 16 [16] as well as the diene (M)-(+)-22 [19] diphosphine dioxide, which have been successfully employed as organocatalyst in enantioselective allylation reactions, are also effective Lewis bases for the ring opening of cis-stilbene oxide 115. As can be seen in Scheme 21, by conducting the reaction at -78 °C, the corresponding chlorohydrin 116 was isolated in excellent yield with 81% and 83% ee, respectively. In 2009, J. M. Ready et al. developed a series of optically active C 2 -symmetric allenecontaining bisphosphine dioxides that displayed high catalytic activity in the addition of SiCl 4 to meso-epoxides (Table 32) [72]. Initial experiments were conducted on cis-stilbene oxide 117 at -78°C, using a number of ligands with diverse substitution patterns on both the allene backbone and the phosphorus, in combination with SiCl 4 and diisopropylethylamine. After a fine tuning of the reaction conditions, it turned out that the diphenyl-substituted allenePO 120 was a highly reactive and enantioselective catalyst for this reaction, giving the Scheme 22. Proposed mechanism for asymmetric ring opening of meso-stibene epoxide with SiCl 4 catalyzed by bisphosphine oxide.

II.5. Miscellaneous reactions

In 2005, Ishihara et al. have developed a highly enantioselective addition of organozinc reagents to aromatic or aliphatic aldehydes using chiral bifunctional binol-based ligands [74]. After optimization studies, it was found that 10 mol % of (R)-3,3'-bis(diphenylphosphinoyl)-BINOL 122 efficiently catalyzed the addition of diethylzinc to aldehydes in THF-toluene (1:1) at room temperature within 24 h. Particularly, aromatic aldehydes bearing either electronwithdrawing or donating-groups gave the corresponding ethyl adducts in good to quantitative yields with high enantioselectivities (up to 97% ee) (Table 33, entries 1-6). Comparable selectivities were obtained with aliphatic aldehydes, but the desired secondary aliphatic alcohols were isolated in significantly lower yields (Table 33, entries 8-11). As illustrated in Table 33, heteroaromatic as well as ,-unsaturated aldehydes are also suitable substrates for this reaction (Table 33, entries 1, [12][13]. Notably, this study demonstrated that the presence of two phosphoryl at the 3,3' position of the BINOL skeleton is a key attribute to achieve high catalytic activity, since no reaction occurs with the parent catalyst containing only one phosphoryl unit. This effect has been ascribed to both the rigidity of the chelation network together with the fact that the missing second P=O moiety may induce a competing chelation mode leading to a non-active zinc complex. As depicted in Scheme 23, the mechanism proposed by Ishihara [74b,c] for this reaction involves the formation of a tetranuclear zinc complex 123 resulting from the reaction of (R)bis(diphenylphosphinoyl)-BINOL 122 with Et 2 Zn. Further reaction of complex 123 with Et 2 Zn leads to the much more active C 2 -symmetric pentanuclear species 124, which upon coordination to the aldehyde gives the desired secondary alcohol product after carboncarbon bond-formation with concomitant regeneration of the zinc complex 123. In this process, Et 2 Zn at both side positions (O=P-C=C-O) acts as an ethylating agent after activation by Lewis basic phosphoryl groups while, Et 2 Zn at the center position serves as a Lewis acid to activate the aldehyde.

11 in dichloromethane at 0 °C gave the best compromise between reactivity and enantioselectivity, providing the 4H-1,3-oxazine 130 as major adduct in 68% yield and 74% ee.

Scheme 26. Enantioselective 1,3-oxazine 130 synthesis.

As illustrated in Table 34, under these optimized conditions, a variety of diversely substituted N-acylated -amino enones 131 were smoothly converted to the corresponding 4H-1,3-oxazines 132 in low to good yields (38-75%) and asymmetric induction (26-81% ee). Mechanistically, it was assumed that 4H-1,3-oxazines 132 were obtained through conjugate reduction of N-acylated -amino enone, followed by cyclization of the resulting enolate and further elimination of HOSiCl 3 . b Determined by chiral HPLC analysis. c The starting enamide was recovered in 37% yield.

In the last two decades, asymmetric electrophilic halogenation of olefinic substrates that allows to stereoselectively incorporate two C-heteroatom bonds onto C-C double bonds has gained special attention [77].

In 2015, Shi et al. disclosed a highly efficient synthesis of optically active 5-bromo-1,3oxazinan-2-ones 134 through an enantioselective 6-endo bromo aminocyclization of 2,4dienyl N-tosylcarbamates 133 catalyzed by a chiral phosphine oxide-Sc(OTf) 3 complex 135 [78]. Intensive experimental studies using (2E,4E)-hexa-2,4-dienyl tosylcarbamate as model substrate revealed that the best conditions involved the use of 5 mol% of chiral phosphine oxide-Sc(OTf) 3 complex together with 1,3-dibromo-5,5-dimethylhydantoin (DBDMH) as bromine source in chloroform at -50 °C for 18 h. Additionally, during the substrate scope investigation, it was found that the use of NaCl as additive is essential to ensure high catalytic efficiency and reproducibility of the process. As illustrated in Table 35, under these conditions, a wide variety of 2,4-dienyl tosylcarbamates 133 were smoothly transformed into the corresponding 5-bromo-1,3-oxazinan-2-ones 134 in good to high yields (61-91%) and excellent enantioselectivities ranging from 92 to 99% ee (Table 35, entries 1-12). More specifically, both linear and branched substituents are tolerated on the diene moiety (Table 35, entries 1-6). This process also accommodates various functional groups at R 1 such as OMe, OAc, and N 3 (Table 35, entries 4-6) and works well for aryl-substituted (Table 35, entries 7-9) as well as trisubstituted dienes (Table 35, entries 10-12). One year later, the same group successfully extended the use of above-mentioned chiral phosphine oxide 135-Sc(OTf) 3 complex to the bromoaminocyclization of (E)-cinnamyl Ntosylcarbamates 136 [79]. As shown in Scheme 27, both reactivity and stereoselectivity of the reaction were highly tolerant of substituents attached to the aryl moiety, regardless of their position or electronic properties, leading to the corresponding 5-bromo-1,3-oxazinan-2-ones 137 in good to excellent yields (65-96%) with high to almost perfect levels of asymmetric induction (87-99% ee) and high 6-endo-regioselectivity.

Scheme 27. Enantioselective 6-endo bromoaminocyclization of (E)-cinnamyl Ntosylcarbamates 136 catalyzed by a chiral phosphine oxide 135-Sc(OTf ) 3 complex.

The same authors further expanded the scope of this asymmetric bromoaminocyclization mediated by chiral phosphine oxide 135-Sc(OTf) 3 complex to 3,3-di-substituted allyl Ntosylcarbamates 138 (Scheme 28) [80]. It was found that significantly better results were obtained using KBr instead of NaCl as additive. Under this new reaction condition, a wide variety of aryl tri-substituted allyl N-tosylcarbamates 138 were transformed into the corresponding tertiary 5-bromo-1,3-oxazinan-2-ones 139 in acceptable to good yields (40-90%) and good to excellent selectivities (88-98% ee). As seen in Scheme 28, substrates with aryl groups underwent high regio-and enantioselective bromocyclization while alkyl trisubstituted allyl N-tosylcarbamates gave significantly lower catalytic efficiency.

Scheme 28. Enantioselective 6-endo bromoaminocyclization of 3,3-di-substituted allyl Ntosylcarbamates catalyzed by a chiral phosphine oxide-Sc(OTf) 3 complex.

In 2016, Hamashima et al. reported the enantioselective bromocyclization of allylic amides catalyzed by phosphorus-containing Lewis bases in dichloromethane at 78 °C using Nbromo succinimide as brominating reagent [ 81 ]. Interestingly, the authors demonstrated that the use of (S)-BINAPO and (S)-DTBM-BINAPO, readily obtained by oxidation with hydrogen peroxide of their parent diphosphine ligands, were able to catalyze the bromocyclization of allylic amide 140 to give the corresponding chiral oxazoline 141 in excellent isolated yields (94% and 99% yield, respectively), but with significantly reduced enantioselectivity compare to that obtained when diphosphine ligands (S)-BINAP and (S)-DTBM-BINAP were employed (61% and 84% ee vs 74% and 99% ee, respectively).

Scheme 29. Enantioselective bromocyclization of allylic amide catalyzed by chiral phosphine dioxide

III. Conclusion

Over the last decades, the field of Lewis base catalysis mediated by chiral small organic molecules has been studied intensively. Surprisingly, among the different classes of Lewis bases currently used, chiral phosphine oxides have received relatively little attention, despite the fact that optically active phosphine oxides can be readily obtained through the straightforward oxidation of the plethora of commercially available chiral phosphines. In fact, that situation has rather drastically changed after the seminal work of Nakajima et al. in 2005, which is considered as the first true phosphine oxides catalyzed enantioselective addition of allyltrichlorosilane to aldehyde derivatives. As highlighted in the present contribution, phosphine oxides have witnessed a renewed importance as Lewis base organocatalysts in the past few years. One reason originates from the ability of cheap, low toxic and environmentally friendly silicon derivatives to expand its coordination sphere upon coordination with phosphine oxides, thus leading to chiral hypervalent silicate, which represent the corner stone for the development of stereoselective reactions. Within the results depicted in this review, it is fair to say that chiral phosphine oxides are now recognized as versatile Lewis base catalysts that are capable of promoting a wide range of asymmetric transformations including asymmetric allylation, hydrophosphonylation, aldol reactions, ring-opening of meso-epoxides, Morita-Baylis-Hillman reactions and reduction of unsaturated compounds. More recently, they were also successfully used in asymmetric electrophilic halogenation of olefinic substrates. However, by any yardstick, this field has only just started to take shape and there are still a lot of challenges remaining. For example, most studies reported so far in this field relies on the use of bis-(diphenylphosphinyl)binaphthyl dioxide (BINAPO) derived from the popular BINAP. Additionally, phosphine oxides have mainly been used to activate carbonyl compounds in combination with silicon derivatives. Therefore, it is anticipated that much more options and possibilities could be offered by the design and synthesis of chiral phosphine oxides with novel scaffolds able to perform innovative activation modes of other functional groups with high levels of stereoselectivity. Hopefully, this review will not only highlight the renewed interest of phosphine oxides as Lewis base organocatalysts but also stimulate and open the way for future research in this exciting area.
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Figure 1 .

 1 Figure 1. Neutral vs ionic form of P=O bond.

Figure 2 .

 2 Figure 2. Postulated 6-membered transition state with (E)-enolates.

Figure 3 .

 3 Figure 3. Chiral diphosphine dioxides used for direct aldol reaction of ketones 43. Dogan et al. studied the direct enantioselective aldol reaction promoted by phosphoxy azyridinylphosphonate catalyst 24 (Table14)[38]. The reactions were all conducted in dichloromethane in the presence of 10 mol % of catalyst 24 and various aromatic aldehydes 47. A light excess of silicon tetrachloride can be used (1.07 equiv) with TMEDA as a base (1.13 equiv). Yields were low to good (16-75%) but they did not strictly depend on the nature of the substituents on the aryl aldehydes 47. These results may be attributed to the potential instability of diethyl phosphonate group from the catalyst towards silicon tetrachloride. Only benzaldehyde afforded a decent 75% yield (Table14, entry 1). As expected from cyclohexanone, anti-aldols were obtained as main products in accordance with the formation of E-enolates. However, the diastereoselectivity was not complete and the syn-aldols were also obtained albeit in lower ratio, anti/syn aldol ratio were ranging from 54/46 to 93/7. According to the cyclic nature of ketone 46, it cannot be explained by a simple formation of E-and Z-enolates. Syn-aldols probably resulted from an epimerization in the late stage of the catalytic process. In terms of enantioselectivity, the influence of electronic effects can be rationalized as well. Aldehydes 47 with electron-donating groups (Table14, entries 1-5) form aldols 48 with better enantioselectivities than electron-poor aldehydes 47 (Table14, entries 6-9). Sterically hindered 1-naphthaldehyde afforded the anti-aldol with high diastereoselectivity (91:9) but with poor ee (20%) contrasting with the

Figure 4 .

 4 Figure 4. Representative ee values from the reaction of acetophenone with benzaldehyde.

Scheme 16 .II. 2 . 4 . 2 .

 16242 Scheme 16. Mechanism of hydride transfer.II.2.4.2. Enantioselective chlorinative aldol reaction of -substituted acroleinsIn 2017, Kotani et al. disclosed an asymmetric chlorinative aldol cascade sequence illustrated in Table 29[65]. After optimization of the reaction conditions, i.e. change of tetrachlorosilane by trichlorosilyl triflate, use of sterically hindered tertiary alkylamines in the presence of a catalytic amounts of chiral diphosphine dioxides, they developed an efficient chlorinative aldol reaction of methacrolein derivatives 105 with aldehydes. The crude material was directly engaged in a consecutive reduction by sodium borohydride affording the chiral diols 106 that are easier to purify. Yields were ranging from 17% to 91% and, they mostly depended on the nature of the R 1 substituent. The reaction appeared sensitive to steric hindrance and, only small linear alkyl acroleins displayed excellent yields (83-95%), whereas the isopropyl derivative gave the diol 106 in only 17% yield (Table29, entries 1-3, 5 vs entry 4). Increasing the steric hindrance also influenced negatively the diastereoselectivity of the reaction and methacrolein emerged as the best substrate (Table29, entry 1 vs entries 2-5). It can be noticed that syn isomers were formed predominantly excepted for 2-isopropyl and benzyl acroleins, which means that the geometry of silyl enol ether intermediates was inverted. Electron donating groups or steric hindrance on the aldehyde had a negative impact on both yields and diastereoselectivities (Table29, entries 7 and 9 vs entries 1 and 6). Enantioselectivity of the reaction was ranging from 41% to 78% and presented no clear dependence to the previously mentioned factors. Cinnamaldehyde is an exception and afforded the diol 106 in poor yield, moderate diastereoselectivity and almost no enantioselectivity.

Scheme 21 .

 21 Scheme 21. (S)-tetraMe-BITIOPO 16 and (M)-(+)-22 mediated ring opening of cis-stilbene oxide 115.

Table 1 .

 1 (S)-BINAPO 11 catalyzed asymmetric allylation of aldehydes 10 by allyltrichlorosilanes 9. Scheme 3 shows a plausible reaction mechanism for BINAPO 11 catalyzed allylation of benzaldehyde with allyltrichlorosilane [15b]. First, a cationic pentacoordinate silicon species A is generated by the binding of the diphosphine dioxide ligand to the allylsilane. Then benzaldehyde attacks the electrophilic silicon intermediate A to form a six-coordinate intermediate B, in which the stereoselective formation of a C-C bond takes place, leading to pentacoordinated complex C. Subsequent dissociation promoted by diisopropylethylamine releases both the desired silylated adduct and the phosphine dioxide catalyst for further turnover. This seminal report from Nakajima et al.[15] stimulated further research, and several groups developed other approaches on enantioselective allylation reactions catalyzed by phosphine oxides. In 2007, Benaglia, Benincori et al. synthesized a series of electronically tunable C 2symmetric diphosphine oxides 16-18 characterized by a new biheteroaromatic atropisomeric scaffold

	Entry	Allyltrichlorosilane	Aldehyde	Time, h	Homoallylic alcohol
		R 1	R 2	R 3	R 4		Yield, a %	ee, b %
	1 c	H	H	H	C 6 H 5	24	32
	2 3 d 4 f	H Me H	H H Me	H H H	C 6 H 5 C 6 H 5 C 6 H 5	4 4 2	92 92 e 87 g
	5	H	H	Me	C 6 H 5	1	73
	6	H	H	Me	4-MeO-C 6 H 4	1	75
	7	H	H	Me	3,5-Me 2 C 6 H 3	2	67
	8	H	H	Me	4-Cl-C 6 H 4	2	77
	9	H	H	Me	3,5-(CF 3 ) 2 C 6 H 3	4	65
	10	H	H	Me	2-Furyl	1	53
	11	H	H	Me	(E)-PhCH = CH	1	67
	12	H	H	Me	PhCH 2 CH 2	24	59
	a Isolated yield.					

b 

Determined by chiral HPLC analysis.

c 

Reaction run with 10 mol% of (S)-BINAPO. d E/Z = 1/99. e syn/anti = 99/1. f E/Z = 77/23. g syn/anti = 23/77.

Table 2 .

 2 (S)-tetraMe-BITIOPO 16 catalyzed asymmetric allylation of aldehydes with allyltrichlorosilane 13.

	Entry	R	Yield, a %	ee, b %
	1 2 c 3 d,e	C 6 H 5 C 6 H 5 C 6 H 5	85 83 < 5	93 81 n.d.
	4	4-Cl-C 6 H 4	55	95
	5	4-NO 2 -C 6 H 4	51	93
	6	2-MeO-C 6 H 4	95	83
	7	3-MeO-C 6 H 4	83	87
	8	4-MeO-C 6 H 4	95	91
	9	1-naphthyl	98	81
	10	(E)-PhCH = CH	55	55
	11	PhCH 2 CH 2	98	23
	a Isolated yield.			

Table 3 .

 3 (S)-DTBM-C 10 -BridgePHOS oxides 19a-b catalyzed asymmetric allylation of aldehydes with allyltrichlorosilane 13.

	Entry	R	Time, h Yield, a % ee, b %
	1	C 6 H 5	6	93	57
	2	2-Cl-C 6 H 4	3	94	66
	3	3-F-C 6 H 4	3	89	62
	4	3-NO 2 -C 6 H 4	3	90	67
	5	4-Cl-C 6 H 4	6	96	56
	6	2-MeO-C 6 H 4	3	91	72
	7	3-MeO-C 6 H 4	6	91	74
	8 9	3 3,5-( t Bu) 2 C 6 H 3 2 3,5-Me 2 C 6 H 3	93 96	81 92
	10	(E)-PhCH = CH	6	72	8
	11	PhCH 2 CH 2	6	78	16
	a Isolated yield.			

b 

Determined by chiral HPLC analysis.

Table 4 .

 4 Asymmetric addition of β-substituted allyltrichlorosilanes to aldehydes catalyzed by chiral diene phosphine oxide (M)-(+)-22.

	Entry	R	R 1	Time, h	Yield, a %	ee, b %
	1 2 c	Me Me	C 6 H 5 C 6 H 5	3 24	87 87	87 86
	3 4 5 6 7 8	Ph t Bu t Bu t Bu t Bu t Bu	C 6 H 5 C 6 H 5 4-MeO-C 6 H 4 3,4,5-(MeO) 3 -C 6 H 2 4-Cl-C 6 H 4 2-naphthyl	24 48 48 48 48 48	70 89 92 90 55 77	85 92 93 93 90 93
	9	t Bu	(E)-PhCH = CH	48	91	83
	a Isolated yield.				

Table 5 .

 5 Enantioselective allylsilanes 13 addition to aromatic aldehydes 14 catalyzed by phosphine oxide aziridinyl phosphonate (POAP) 24.

	Entry	R	Yield, a %	ee, b %
	1	C 6 H 5	56	61
	2	4-NO 2 -C 6 H 4	60	60
	3	3-NO 2 -C 6 H 4	21	57
	4	2-NO 2 -C 6 H 4	73	61
	5	3-Br-C 6 H 4	73	77

Table 6 . Asymmetric addition of allyltrichlorosilane 13 to aldehydes 14 catalyzed by

 6 

	1,1'-

c.

Table 7 .

 7 Asymmetric hydrophosphonylation of aldehydes by phosphites 26 catalyzed by (S)-BINAPO 11. Reaction run at -78 °C for 1 h after addition of SiCl 4 .e Reaction run at -78 °C for 12 h after addition of SiCl 4 .

	Entry a	R	R 1	Yield, b % ee, c %

d 

Table 8 .

 8 Asymmetric hydrophosphonylation catalyzed by DMPP-DIOPO 29.

	Entry R	Yield, a % ee, b %
	1	C 6 H 5	90	44
	2	4-MeO-C 6 H 4	80	49
	3	4-Br-C 6 H 4	71	41
	4	2-naphthyl	63	40
	5	1-naphthyl	83	22
	a Isolated yield.		

b 

Determined by chiral HPLC analysis.

Table 9 .

 9 (S)-POAP 24 catalyzed asymmetric hydrophosphonylation of aldehydes.

	Entry	R	Yield, a %	ee, b %
	1	C 6 H 5	98	38
	2	4-MeO-C 6 H 4	92	42
	3	4-Me-C 6 H 4	62	30

b 

Determined by chiral HPLC analysis.

Table 10 .

 10 Asymmetric hydrophosphonylation of aldehydes 14 catalyzed by 1,1'-dibenzyl-bis-(triazolyl)diphenylphosphine dioxide catalyst 25.

	Entry	R	Yield, a %	ee, b %
	1	C 6 H 5	92	38
	2	3-MeO-C 6 H 4	93	77
	3	4-MeO-C 6 H 4	95	71
	4	3-F-C 6 H 4	93	62
	5	4-F-C 6 H 4	95	78
	6	2-F-C 6 H 4	81	33
	7	2-MeO-C 6 H 4	79	44
	8	2-naphthyl	95	77

b 

Determined by chiral HPLC analysis.

Table 11 .

 11 Asymmetric MBH reaction of aryl vinyl ketones 33 with aldehydes catalyzed 14 by (S)-SEGPHOSO 34.

	Entry	Aryl vinyl ketone	Aldehyde	Time, h	Product	
		Ar	R		Yield, a %	ee, b %
	1	C 6 H 5	C 6 H 5	24	66	49
	2	4-NO 2 -C 6 H 4	C 6 H 5	2	93	81
	3	4-MeO-C 6 H 4	C 6 H 5	24	32	8

b 

Determined by chiral HPLC analysis.

Table 12 .

 12 Aldol reaction of silyl ketene acetal 41 catalyzed by (S)-BINAPO 11.

	Entry R	Yield, a % ee, b %
	1	Ph	96	52 (R)
	2	4-BrC 6 H 4	92	49
	3	4-MeOC 6 H 4	98	62 (R)
	4	1-Naphthyl	79	67 (R)

b 

Determined by chiral HPLC analysis.

II.

2.2. Direct enantioselective aldol reactions II.2.2.1. Reaction of ketones

  Searching to practically improve this catalyzed aldol reaction, Nakajima et al. generated in situ silyl enol ethers directly from ketones 43

Table 13 .

 13 Direct aldol reaction of ketones 43 catalyzed by (S)-BINAPO 11.

	Entry X	R	Yield, a % Syn/anti, b % ee, c %
	1	CH 2	Ph	81	1/6	54
	2	-	Ph	58	1/5	53
	3	CMe 2	Ph	84	1/24	53
	4	O	Ph	82	1/11	45
	5	S	Ph	75	1/16	62
	6	NBoc	Ph	79	1/11	55
	7	C(OCH 2 CH 2 O) Ph	79	1/31	73
	8	C(OCH 2 CH 2 O) 4-MeOC 6 H 4 69	1/38	71
	9	C(OCH 2 CH 2 O) 4-BrC 6 H 4	74	1/19	64
	10	C(OCH 2 CH 2 O) 1-Naphthyl 62	1/45	61

b 

Determined by 1 H NMR.

c 

Determined by chiral HPLC analysis.

Table 14 .

 14 Table 14, entries 10-11). Cinnamaldehyde reacted with cyclohexanone 46 leading to the expected aldol 48 in 27% yield with poor enantiomeric excess (Table 14, entry 12). Direct aldol reaction of cyclohexanone 46 catalyzed by (S)-POAP 24.

	Entry R	Yield, a % Syn/anti, b % ee, c %
	1	Ph	75	82:18	65
	2	4-MeC 6 H 4	25	64:36	64
	3	4-MeOC 6 H 4 39	83:17	64
	4	3-MeOC 6 H 4 26	54:46	50
	5	2-MeOC 6 H 4 30	68:32	55
	6	4-CF 3 C 6 H 4	55	84:16	45
	7	4-NO 2 C 6 H 4 40	72:28	43
	8	3-NO 2 C 6 H 4 24	81:19	43
	9	2-NO 2 C 6 H 4 16	59:41	36
	10	1-Naphthyl 40	91:9	20
	11	2-Naphthyl 25	74:26	68
	12	PhCH=CH	27	93:7	44
	a Isolated yield.			

b 

Determined by 1 H NMR.

c 

Determined by chiral HPLC analysis.

Table 15 .

 15 Table 15, entry 8) gave similar yields but significantly better results in terms selectivity than cyclopentanone (Table 15, entry 7). Modifications of R 3 group (Table 15, entries 10-11 vs entry 8) did not induced drastic changes, whereas any change of the chain length of the ketone acceptor (Table 15, entries 12-13 vs entry 8) resulted in lower yields and selectivities. Direct cross-aldol reaction of ketones 49 and 50.

	Entry	Catalyst	R 1	R 2	R 3	R 4 Yield, a % dr, b % ee, c %
	1	(S)-BINAPO (11) Me	H	Ph	Me	88	-	80
	2	(S)-tol-BINAPO	Me	H	Ph	Me	80	-	83
		(54)							
	3	(S)-SEGPHOSO	Me	H	Ph	Me	72	-	77
		(34)							
	4	(S)-H 8 -BINAPO	Me	H	Ph	Me	43	-	74
		(56)							
	5	(R,R)-DIOPO	Me	H	Ph	Me	36	-	38
	6 d	(S)-BINAPO (11) Et	H	Ph	Me	65	-	74
	7	(S)-BINAPO (11)		-(CH 2 ) 4 -	Ph	Me	92	86/14	68
	8	(S)-BINAPO (11)		-(CH 2 ) 5 -	Ph	Me	88	92/8	84
	9	(S)-BINAPO (11) -(CH 2 -CH 2 -CMe 2 -	Ph	Me	74	80/20	80
				CH 2 -CH 2 )-					
	10	(S)-BINAPO (11)		-(CH 2 ) 5 -	4-MeC 6 H 4 Me	81	94/6	83
	11	(S)-BINAPO (11)		-(CH 2 ) 5 -	4-BrC 6 H 4 Me	87	90/10	84
	12	(S)-BINAPO (11)		-(CH 2 ) 5 -	Ph	Et	55	63/37	80
	13 a Isolated yield. (S)-BINAPO (11)		-(CH 2 ) 5 -	PhCH 2 CH 2 Me	85	74/26	68

Table 16 .

 16 Intramolecular directed cross-aldol reaction of 1,5-diketones 52.

	Entry R 1	Yield, a % ee, b %
	1	Ph	91	92
	2	2-MeOC 6 H 4	83	93
	3	4-MeOC 6 H 4	86	90
	4	4-ClC 6 H 4	86	96
	5	4-BrC 6 H 4	83	95
	6	4-NO 2 C 6 H 4	72	95
	7	2-naphthyl	83	92
	8	PhCH 2 CH 2	77	87
	9 10 a Isolated yield. CH 2 =CHCH 2 CH 2 75 83 n C 6 H 13	87 83

b 

Determined by chiral HPLC analysis.

Table 17 .

 17 Direct aldol reaction of trifluoroethyl thioesters 58 catalyzed by (S)-Me 4 BITIOPO 16. Determined by chiral HPLC analysis. In 2015, Rossi et al. extended the set of reagents

	Entry Ar	R	Yield, a % Syn/anti, b % ee, c %
	1	Ph	Ph	80	98/2	89
	2	4-FC 6 H 4	Ph	37	88/12	71
	3	3,4-(MeO) 2 C 6 H 3 Ph	57	80/20	95
	4 5	4-HOC 6 H 4 4-i BuC 6 H 4	Ph Ph	65 51	>98/2 96/4	85 80
	6	Ph	4-MeOC 6 H 4 51	>98/2	83
	7	Ph	4-ClC 6 H 4	40	88/12	81
	8	Ph	4-NO 2 C 6 H 4 33	80/20	55
	9	Ph	4-MeC 6 H 4	51	>98/2	85
	10	Ph	1-naphthyl 41	66/34	63
	11	Ph	2-thienyl	25	>98/2	93
	12	Ph	2-furyl	37	>98/2	91
	13	Ph	PhCH=CH-63	>98/2	83
	a Isolated yield.				

b 

Determined by 1 H NMR.

c 

Table 18 .

 18 Direct aldol reaction of thioesters 60 catalyzed by (S)-Me 4 BITIOPO 16.

	Entry Ar 1	Ar 2	R	Yield, a %	Syn/anti, b %	ee, c %
	1	2-Pyridyl	Ph	Ph	14	>98:2	0
	2	2-Pyridyl	Ph	4-ClC 6 H 4	15	80:20	0
	3	Ph	Ph	Ph	62	71:29	74
	4	Ph	Ph	4-MeOC 6 H 4	69	82:18	53
	5	Ph	Ph	2-MeC 6 H 4	35	92:8	69
	6	Ph	Ph	3-MeC 6 H 4	80	67:33	73
	7	Ph	Ph	2,4,6-Me 3 C 6 H 2	58	>99:1	48
	8	Ph	Ph	4-FC 6 H 4	59	69:31	68
	9	Ph	Ph	4-CF 3 C 6 H 4	76	75:25	41
	10	Ph	Ph	1-naphthyl	44	69:31	51
	11	Ph	Ph	2-furyl	76	84:16	92
	12 13 a Isolated yield. Ph Ph	4-FC 6 H 4 4-i BuC 6 H 4	Ph Ph	44 47	66:34 61:39	70 87

b 

Determined by 1 H NMR.

c 

Determined by chiral HPLC analysis.

Table 19 ,

 19 entries 19-21).

Table 19 .

 19 Direct aldol reaction of carboxylic acids 64 catalyzed by (S)-4,4'-TIPS 2 -BINAPO 57.

	Entry	R 1	R 2	Yield, a % Syn/anti, b % ee, c %
	1	Ph	Ph	77	81:19	72

a Isolated yield.

b 

Determined by 1 H NMR.

c 

Determined by chiral HPLC analysis.

Table 20 .

 20 Branched enantioselective double aldol reactions on arylmethylketones catalyzed by BINAPO 11.

	Entry R 1	R 2	Yield, a % Syn/anti, b % ee, c %
	1	Ph	Ph	86	78:22
	2	4-BrC 6 H 4	Ph	78	77:23
	3	4-MeOC 6 H 4 Ph	88	85:15
	4	2-MeOC 6 H 4 Ph	82	90:10
	5	2-naphthyl Ph	88	78:22
	6	2-thienyl	Ph	95	91:9
	7	2-furyl	Ph	88	86:14
	8	PhCH=CH-	Ph	87	83:17
	9	Cyclopropyl Ph	77	98:2
	10	Cyclopropyl 4-MeC 6 H 4	93	97:3
	11	Cyclopropyl 4-BrC 6 H 4	90	97:3
	12	Cyclopropyl 4-MeOC 6 H 4 76	88:12
	13	Cyclopropyl 2-naphthyl 96	96:4
	14	Cyclopropyl 2-furyl	77	95:5
	15	Cyclopropyl PhCH=CH-61	80:20
	16	2-furyl	4-MeC 6 H 4	90	86:14
	17	2-furyl	4-BrC 6 H 4	75	83:17
	18	2-furyl	2-naphthyl 84	87:13
	19	2-furyl	2-furyl	80	92:8

a Isolated yield.

b 

Determined by 1 H NMR.

c 

Determined by chiral HPLC analysis.

Table 21 .

 21 Branched enantioselective double aldol reactions catalyzed by SpinPO 71.

	Entry	R 1	R 2	Yield, a % Syn/anti, b % ee, c %
	1	Ph	Ph	84	91:9	94
	2	4-MeC 6 H 4	Ph	82	90:10	94
	3	3-MeC 6 H 4	Ph	83	88:12	81
	4	2-MeC 6 H 4	Ph	80	86:14	91
	5	4-MeOC 6 H 4	Ph	76	93:7	91
	6	2-MeOC 6 H 4	Ph	93	85:15	92
	7	4-NO 2 C 6 H 4	Ph	86	74:26	90
	8	4-CF 3 C 6 H 4	Ph	76	78:22	90
	9	4-BrC 6 H 4	Ph	78	84:16	99
	10	4-FC 6 H 4	Ph	79	88:12	95
	11	2-naphthyl	Ph	81	87:13	94
	12	2-thienyl	Ph	87	91:9	96
	13	2-furyl	Ph	91	88:12	96
	14	PhCH=CH-	Ph	76	80:20	95
	15 Cyclopropyl	Ph	87	93:7	90
	16	Ph	4-MeC 6 H 4	81	83:17	95
	17	Ph	3-MeC 6 H 4	82	91:9	97
	18	Ph	2-MeC 6 H 4	92	97:3	91
	19	Ph	4-MeOC 6 H 4	71	77:23	94
	20	Ph	2-MeOC 6 H 4	90	91:9	93
	21	Ph	4-CF 3 C 6 H 4	82	85:15	95
	22	Ph	4-BrC 6 H 4	80	83:17	94
	23	Ph	4-FC 6 H 4	80	83:17	93
	24	Ph	2-naphthyl	78	86:14	95
	25	Ph	2-thienyl	88	87:13	96
	26	Ph	2-furyl	87	94:6	96

b 

Determined by 1 H NMR.

c 

Determined by chiral HPLC analysis.

Table 22 .

 22 Enantioselective pyranone synthesis catalyzed by BINAPO 11.

	Entry R 1	R 2	Yield, a % dr, b	ee, c %
	1	Me	Ph	51	96:4 98
	2	Et	Ph	47	92:8 91
	3	Me	4-MeOC 6 H 4 35	93:7 93
	4	Me	4-BrC 6 H 4	70	94:6 95
	5	Me	PhCH=CH	48	94:6 91
	6	Me	1-naphthyl 28	73:27 85
	7 a Isolated yield. SiMe 3 Ph	<5	-	-
	b Determined by 1 H NMR.		

c 

Determined by chiral HPLC analysis.

Table 23 .

 23 Enantioselective double aldol-cyclization to pyranone 7880.

	Entry	Ar	Yield, %	dr,	ee, %
				78/79/80	
	1	Ph	69	85:1:14	91
	2	4-MeOC 6 H 4	71	72:5:23	93
	3	4-BrC 6 H 4	62	81:4:15	90
	4	1-naphthyl	64	80:5:15	77
	5	2-naphthyl	75	84:2:14	84

Table 24 .

 24 Enantioselective linear double aldol reaction catalyzed by BINAPO 11.

	Entry R 1	R 2	Yield, a % Syn/anti, b % ee, c %
	1	H	Ph	84	-
	2	Me	Ph	86	90:10
	3	Et	Ph	87	90:10
	4	n Pr	Ph	86	89:11
	5	Bn	Ph	69	89:11
	6	CH 2 CH=CMe 2 Ph	84	89:11
	7	(CH 2 ) 2 CO 2 Et Ph	65	89:11
	8	(CH 2 ) 3 C(O)Ph Ph	67	90:10
	9	Et	4-BrC 6 H 4	89	90:10
	10	Et	4-MeOC 6 H 4 66	92:8
	11	Et	4-MeC 6 H 4	76	91:9
	12	Et	3,5-Me 2 C 6 H 3 72	92:8
	13	Et	1-naphthyl	58	89:11
	14	Et	2-naphthyl	78	90:10
	15	Et	2-thienyl	71	92:8
	16	Et	2-furyl	65	90:10

a Isolated yield.

b 

Determined by 1 H NMR.

c 

Determined by chiral HPLC analysis.

Table 25 .

 25 Formation of Linear double aldols 88 and their reduction to stereopentads 89.

	Entry	R 1	R 2	R 3	Yield, a % dr, b % ee, c %
	1	Me	Me	Ph	86	95:5	96
	2	Me	Me	4-MeC 6 H 4	79	96:4	97
	3	Me	Me	4-MeOC 6 H 4 86	95:5	98
	4	Me	Me	4-BrC 6 H 4	79	90:10 97
	5	Me	Me	4-CF 3 C 6 H 4	80	85:15 93
	6	Me	Me	4-CNC 6 H 4	80	88:12 93
	7	Me	Me	2-naphthyl	79	98:2	98
	8	Me	Me	2-furyl	68	97:3	98
	9	Me	Me	PhCH=CH	66	94:6	98
	10	Et	Et	Ph	71	92:8	98
	11	n Pr	n Pr	Ph	64	93:7	99
	12	Bn	Bn	Ph	72	93:7	99
	13	Bn	Bn	4-BrC 6 H 4	50	88:12 99
	14	Me	Et	Ph	71	90:10 97
	15	Me	n Pr	Ph	70	90:10 97
	16	Et	n Pr	Ph	52	83:17 99

a Isolated yield.

b 

Determined by 1 H NMR.

c 

Determined by chiral HPLC analysis.

Table 27 .

 27 Enantio-and diasteroselective reductive aldolisation of ,-unsaturated ketones. With benzaldehyde (2 equiv) in CH 2 Cl 2 instead of EtCN.

	Entry R 1 R 2	R 3	Yield, c % Syn/anti, d % ee, e %
	1	Ph Me Ph	70	94:6	91
	2 a	-ionone Ph	67	99:1	96
	3	i Pr Ph Ph	74	99:1	97
	4	Ph Ph 4-MeOC 6 H 4	72	95:5	85
	5	Ph Ph 4-BrC 6 H 4	78	97:3	94
	6	Ph Ph 4-NO 2 C 6 H 4	58	95:5	96
	7	Ph Ph 2-furyl	84	99:1	90
	8	Ph Ph (E)-CH=CHPh	91	95:5	51
	9	Ph Ph (E)-CMe=CHPh 71	98:2	50
	10 b	Ph Ph (E)-CH=CHPh	71	95:5	85
	11 b	Ph Ph (E)-CMe=CHPh 92	99:1	98
	a				

b 

With (R,R)-DIOPO 98 (10 mol%) instead of (S)-BINAPO 11

c 

Isolated yield.

d 

Determined by 1 H NMR.

e 

Determined by chiral HPLC analysis.

Table 28 .

 28 Enantioselective reductive aldolisation with tertiary amine as hydride donor.

	Entry R 1	R 2	R 3	Yield, a % Syn/anti, b % ee, c %
	1	Ph	Ph	Ph	83	95/5	95
	2	Ph	4-MeOC 6 H 4 Ph	84	97/3	93
	3	Ph	4-BrC 6 H 4	Ph	86	96/4	93
	4	Ph	PhCC	Ph	82	95/5	80
	5	4-MeOC 6 H 4 Ph	Ph	69	74/26	81
	6	4-BrC 6 H 4	Ph	Ph	83	97/3	88
	7	PhCC	Ph	Ph	56	89/11	84
	8	i Pr	Ph	Ph	73	94/6	89
	9	c Pr	Ph	Ph	79	70/30	32
	10	Ph	Ph	4-MeOC 6 H 4	81	96/4	90
	11	Ph	Ph	4-BrC 6 H 4	87	95/5	95
	12	Ph	Ph	2-furyl	57	97/3	90
	13	Ph	Ph	PhCH=CH	83	97/3	84
	14	Ph	Ph	PhCH 2 CH 2	50	96/4	89
	15	Ph	Ph	Cy	68	99/1	70
	a Isolated yield.					
	b Determined by 1 H NMR.				

c 

Determined by chiral HPLC analysis.

Table 29 .

 29 Enantioselective chlorinative aldolisation of metacrolein derivatives 105.

	Entry R 1	R 2	Yield, a % Syn/anti, b % ee, c %
	1	Me	Ph	91	91/9	75
	2	Et	Ph	90	66/34	61
	3	n Pent Ph	95	62/38	69
	4	i Pr	Ph	17	28/72	61
	5	Bn	Ph	83	0/100	41
	6	Me	4-BrC 6 H 4	94	87/13	73
	7	Me	4-MeOC 6 H 4 56	73/27	74
	8	Me	2-naphthyl 82	87/13	72
	9	Me	1-naphthyl 32	59/41	78
	10	Me	PhCH=CH	56	71/29	4

Enantioselective chlorinative aldol reaction of ynones

  Highly functional chloroalkylidene -hydroxyketones 108 can be obtained through a chlorinative aldol reaction of ynones 107[66]. Phenylpropynone 107 was reacted with benzaldehyde 62 in the presence of an excess of silicon tetrachloride and a catalytic amount of DIOPO derivative (Scheme 17). Among the tested Lewis bases (BINAPO 11 and DIOPO derivatives), the 2,8-dimethylphenoxaphosphine, DMPP-DIOPO 29 furnished the best results giving the chloroenone 108 in 89% yield and a moderate enantiomeric excess of 28%. In such reaction, stoichiometric amounts of 2,6-lutidine allowed to increase the yield by a factor 2 (89% vs 46%), while the enantiomeric excess was reduced from 37% to 28%.

	Scheme 17. Enantioselective chlorinative aldol reaction of ynones 107.
	II.3.

Addition to C=N bonds II.3.1 Reduction of imines

  Reduction of prochiral imines continues to be one of the most common method for the synthesis of valuable chiral amines that are structural motifs widely found in a great number of biologically active molecules. Therefore, general catalytic methods that are promoted by a readily accessible and reliable set of catalysts which afford chiral amine compounds in high enantiomeric purity still represent a great challenge.

	Scheme 18. Chiral tetrathia[7]helicene 111 catalyzed asymmetric reduction of N-benzyl
	imine.
	In 2014, Cauteruccio and Benaglia et al. reported the synthesis and characterization of a new
	class of configurationally stable chiral tetrathia[7]helicene (7-TH) 111 based tertiary
	diphosphine oxides that proved to be chemically active as Lewis base organocatalysts in
	enantioselective reactions [67]. More specifically, they demonstrated that these ligands can
	be used for the asymmetric reduction of imines 109. As disclosed in Scheme 18, complete
	conversion of the N-benzyl imine 109 was observed by using 10 mol% of helically chiral
	tetrathia[7]helicene (7-TH) 111 in the presence of trichlorosilane as reductant in
	dichloromethane at 0 °C for 24h, giving the corresponding chiral amine 110 in a moderate
	43% yield and low enantioselectivity (22%).

Table 30 .

 30 (S)-BINAPO 11 mediated asymmetric allylation of -hydrazo esters Determined by chiral HPLC analysis.c (R)-p-tol-BINAPO 54 was used instead of (S)-BINAPO 11. Reaction time was 15 h.

	Entry Allyltrichlorosilane hydrazoesters 112	syn/anti -Amino acids 114

b 

Table 31 .

 31 Substrate scope for (S)-BINAPO 11 mediated ring opening of meso-epoxides 117.

	Entry R	Time, h Yield, a % ee, b %
	1	C 6 H 5	4	94	90
	2	4-Me-C 6 H 4	2	93	84
	3	4-F-C 6 H 4	0.25	96	86
	4	4-CF 3 -C 6 H 4	0.5	97	86
	5	CH 2 OBn	12	92	35
	6	-(CH 2 ) 4 -	1	81	71
	7	-(CH 2 ) 6 -	72	81	50
	8	-CH 2 NTsCH 2 -1	95	34
	9	-CH 2 OCH 2 -	1	73	39
	a Isolated yield.			

b 

Determined by chiral HPLC analysis.

Table 33 .

 33 Asymmetric addition of diethylzinc to aldehydes 14 catalyzed by (R)-122.

	Entry	R	time	Yield, a %	ee, b %
	1	C 6 H 5	3	95	95
	2	4-CH 3 O-C 6 H 4	18	89	89
	3	4-CH 3 -C 6 H 4	8	>99	93
	4 5 c	4-Cl-C 6 H 4 4-CF 3 -C 6 H 4	1 4	98 91	94 97
	6	3-F-C 6 H 4	3	94	94
	7	Ph-C≡C	1	86	86
	8 9 10 11	Ph-CH 2 CH 2 c C 6 H 11 n C 5 H 11 n C 9 H 19	6 12 12 12	73 55 71 72	82 91 94 90
	12	2-Furyl	3	90	84
	13	3-Thienyl	2	94	92
	a Isolated yield.				

b 

Determined by chiral GC analysis.

c 

Reaction conducted at -20°C

Table 34 .

 34 Substrate scope for enantioselective 1,4-reduction of N-acylated -amino enones catalyzed by (S)-BINAPO 11.

	Entry	N-acylated -amino enone	Time, h	Product	
		R 1	R 1		Yield, a %	ee, b %
	1 2	Me i Pr	C 6 H 5 C 6 H 5	24 9	68 72	74 (R) 47 (R)
	3 4 c	C 6 H 5 Me	C 6 H 5 4-NO 2 -C 6 H 4	9 24	75 38	53 (S) 50 (R)
	5	Me	4-MeO-C 6 H 4	5	68	81 (R)
	6	Me	Me	2	58	26 (R)

a Isolated yield.

Table 35 .

 35 Enantioselective 6-endo bromoaminocyclization of 2,4-dienyl N-tosylcarbamates catalyzed by a chiral phosphine oxide 135-Sc(OTf ) 3 complex.

	Entry	Substrate			Yield, a %	ee, b %
		R 1	R 2	R 3		
	1	Me	H	H	91	97
	2	Bu	H	H	79	93
	3	i Pr	H	H	84	95
	4	CH 2 OMe	H	H	77	97
	5	CH 2 OAc	H	H	71	95
	6	CH 2 N 3	H	H	65	95
	7	C 6 H 5			61	95
	8	4-Cl-C 6 H 4			71	95
	9	4-F-C 6 H 4			68	97
	10	Me	Me H	79	92
	11	Me	H	Me 81	98
	12				64	99

a Isolated yield.

b 

Determined by chiral HPLC analysis.
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chlorohydrin 118 with 94% ee and an excellent isolated yield of 97% under low catalyst loading. As illustrated in Table 32, the ring opening of stilbene epoxide derivatives proceeds well for substrates having an electron-deficient or -withdrawing group in the para or meta position on phenyl rings (Table 32, entries 1-9). For ortho-substituted stilbene oxide 117, no reaction was observed, indicating that the steric hindrance of substrate has a remarkable negative effect on the reactivity (Table 32, entry 9). Finally, reactions performed on linear or cyclic aliphatic meso-epoxides give the corresponding chlorohydrins 118 in high isolated yields but with rather significantly lower ee values. NMR data and kinetic studies together with asymmetric amplification experiments performed by Denmark's group in 2007 have suggested that the mechanism of the ring opening of meso-epoxides is thought to involve coordination of the Lewis base (LB) catalyst to SiCl 4 to generate a more Lewis acidic, cationic (bisphosphine oxide)SiCl 3 complex B (Scheme 22). This later species is then able to activate the epoxide favouring an S N 2 ring opening by a chloride anion via a hexacoordinate siliconate intermediate C to provide compound D [73]. Finally, the catalyst dissociates from the resulting trichlorosilyl ether to complete the catalytic cycle. Scheme 23. Proposed mechanism for addition of diethylzinc to aldehydes catalyzed by (R)-122.

Interestingly, this protocol has been extended to the catalytic asymmetric addition of other organozinc reagents such as n Bu 2 Zn and Ph 2 Zn to various aryl aldehydes as illustrated by some representative examples reported in Scheme 24. For instance, using 10 mol % of catalyst (R)-122 in THF-heptane at room temperature, the desired butyl adducts were obtained in 90-92% ee and 93-94% yields, while the desired phenyl adducts were obtained with 81-88% ee and excellent yields ranging from 86 to 99% in the presence of 10 mol % of diethylzinc as additive in THF-toluene.

Scheme 24. Asymmetric addition of n Bu 2 Zn and Ph 2 Zn to aldehydes catalyzed by (R)-122.

In 2008, Nakajima et al. demonstrated that achiral phosphine oxides can be suitable Lewis bases to promote conjugate reduction of ,-unsaturated carbonyl compounds [75]. In that report, preliminary experiments using chiral (S)-BINAPO 11 in the presence of 2 equivalents of trichlorosilane for the enantioselective 1,4-reduction of ,-unsaturated ketones 127 clearly shown the high potential of using chiral phosphine oxides as organocatalysts to reach high level of selectivity in such process. As outlined in Scheme 25, although only one example has been reported, the reduction of 1,3-diphenylbutenone 127 gave the corresponding chiral ketone 128 in 97% isolated yield with an excellent enantioselectivity of 97% using 10 mol % of BINAPO 11. Scheme 25. Enantioselective 1,4-reduction of 1,3-diphenylbutenone 127 catalyzed by (S)-BINAPO 11.

During studies on Lewis bases mediated asymmetric synthesis of chiral N-acylated -amino ketones, the same group discovered, by serendipity, that optically active 4H-1,3-oxazines 130 could be directly obtained via one-pot reductive cyclization of N-acylated -amino enones 129 using trichlorosilane as both reductant and dehydrating agent (Scheme 26) [76]. Initial screening of various chiral phosphine oxides for the reduction of the (Z)-N-benzoyl enone derived from 3-amino-1-phenylbutane-1,3-dione, showed that the use of (S)-BINAPO