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Abstract

Many natural products and medicinal drugs are heterocyclic amines possessing a chiral quaternary 

carbon atom in their heterocyclic ring. Herein, we report the first catalytic and asymmetric 

Staudinger–aza-Wittig reaction for the desymmetrization of ketones. This highly enantioselective 

transformation proceeds at room temperature to provide high yields—even on multigram scales—

of nitrogen heterocycles featuring a chiral quaternary center. The products of this reaction are 

potential precursors for the synthesis of pharmaceuticals. A commercially available small P-chiral 

phosphine catalyst, HypPhos, induces the asymmetry and is recycled through in situ reduction of 

its oxide, mediated by phenylsilane in the presence of a carboxylic acid. The efficiency, selectivity, 

scalability, mild reaction conditions, and broad substrate scope portend that this process will 

expedite the syntheses of chiral heterocyclic amines of significance to chemistry, biology, and 

medicine.

Chiral heterocyclic amines are very common structural elements within the plethora of 

biologically active natural products and medicinally relevant compounds. Indeed, more than 

50% of the unique small-molecule drugs approved by the U.S. Food and Drug 

Administration through 2012 contained a nitrogen heterocycle.1,2 Six-membered 

heterocyclic amines, especially piperidines and piperazines, account for more than a quarter 

of the heterocyclic amine drugs; they appear, for example, in the structures of cocaine, 

morphine, codeine, and paroxetine (Scheme 1a). Among chiral heterocyclic amines, those 

possessing chiral quaternary carbon centers are particularly difficult to synthesize; more 

generally, the construction of quaternary centers in organic molecules remains one of the 

greatest problems in synthetic chemistry.3,4 This challenge increases in difficulty when all 
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four of the substituents are unique, and the enantioselective preparation of such molecules is 

especially demanding.

Even today, pharmaceutical companies often rely on chemical resolution for the separation 

of racemic mixtures into pairs of enantiomers.5 Enantioselective synthesis is, in principle, 

more economical and more environmentally friendly because it avoids wasting the unneeded 

enantiomer.6 One method for preparing all-carbon quaternary stereocenters is the 

desymmetrization of prochiral substrates featuring a quaternary carbon center—ideally in a 

manner that is catalytic and asymmetric.4 We have discovered the first room-temperature 

catalytic asymmetric desymmetrization of ketones through a Staudinger–aza-Wittig reaction, 

and herein we demonstrate its use in the versatile preparation of five- and six-membered 

nitrogen heterocycles.

Tertiary phosphines are powerful reagents for transforming the C═O bonds of ketones and 

aldehydes into C═C and C═N bonds, through Wittig and aza-Wittig reactions, respectively.
7–10 Enantioselective variants of these processes have been, however, only marginally 

successful to date, displaying poor substrate scope, providing products in low yields and 

with low enantioselectivities, requiring harsh conditions, and/or, most importantly, 

necessitating a stoichiometric amount of the chiral phosphine.11 In 2006, Marsden and co-

workers reported the first enantioselective Staudinger–aza-Wittig reaction, in which a 

stoichiometric amount of a chiral oxazaphospholane or diazaphospholane was applied to 

form piperidines through desymmetrization of 2-(3-azidopropyl)-1,3-diones (Scheme 1b).11b 

More recently, the Werner group documented the first example of a catalytic asymmetric 

Wittig reaction, with either microwave or conventional heating used to drive the reduction of 

the phosphine oxide (Scheme 1c);11c a moderate yield or low enantioselectivity resulted in 

each case, presumably because of the harsh reaction conditions.

With the preceding observations in mind, we recognized that the key to achieving a catalytic 

enantioselective Staudinger–aza-Wittig reaction—ideally one that proceeds at room 

temperature—would be identifying a chiral phosphine that not only induces high 

enantioselectivity but also forms an oxide that is readily reduced by a silane. Silanes are the 

most functional group-tolerant reducing agents for the phosphine oxides produced at the end 

of each cycle of the Staudinger–aza-Wittig reaction.12 Recently, 2-phenyl-2-

phosphabicyclo[2.2.1]heptane oxides have displayed efficiencies for silane-mediated 

reductions that are among the highest for all known phosphine oxides.13 Postulating that a 

chiral phosphine featuring a phosphabicyclo[2.2.1]heptane scaffold would undergo in situ 

reduction of its oxide under mild conditions, we tested the commercially available chiral 

phosphine “HypPhos,” derived from L-hydroxyproline (Hyp) (Scheme 1d).14 A 

stoichiometric amount of endo-phenyl-HypPhos A, containing a 2-aza-5-

phosphabicyclo[2.2.1]-heptane scaffold, facilitated the asymmetric Staudinger–aza-Wittig 

reaction of the (3-azidopropyl)indanedione 1a in quantitative yield, with an ee of 79%, at 

room temperature (Figure 2a). For the silane-mediated reduction of endo-phenyl-HypPhos 

oxide A·[O] to proceed at an appreciable rate; however, heating at 80 °C was required. 

Indeed, employing 20 mol % of HypPhos A with 2 equiv of phenylsilane at 80 °C resulted in 

the formation of the same product, but with diminished enantioselectivity (71% ee).
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Several research groups have demonstrated that the reductions of phosphine oxides are 

accelerated by acid additives, including phosphoric, benzoic, and triflic acids.15 To test 

whether our catalytic Staudinger–aza-Wittig reaction could be accelerated, such that it could 

proceed at appreciable rates (<2 days) at low temperatures (<80 °C), we tested the effects of 

various Brensted acids. 2-Nitrobenzoic acid provided the best results, facilitating the 

reaction at room temperature and giving the product in 95% yield and with 86% ee (Figure 

1a). Increasing the loading of 2-nitrobenzoic acid from 20 mol % to 50 and 100 mol % 

decreased the enantioselectivity to 75 and 68% ee, respectively, presumably due to 

racemization induced through a combination of excess acid and adventitious water. By 

adding molecular sieves as a water-scavenger, the enantioselectivity improved further, to 

90% ee, with the yield remaining near-quantitative at 99%.

To explore the origin of the enantioselectivity, we calculated the free energy profile for the 

aza-Wittig reaction of the iminophosphorane 3 derived from the chiral phosphine A and the 

azide 1f, with and without (see SI) benzoic acid as a model acid additive (Figure 1b,c). The 

calculations suggested that the reaction follows a [2+2]/retro-[2+2] cycloaddition pathway 

through the oxazaphosphetidine intermediate 4′.16 The enantioselectivity is induced by the 

chiral phosphine and is further enhanced by the acid.17 The acid protonates the imino 

phosphorane 3 to give the ion pair 3″.18 This ion pair can isomerize to the less stable 

hydrogen-bonded complex 3′, thereby activating the C═O group for the intramolecular 

[2+2] cycloaddition and, thereafter, accelerating the retro-[2+2] cycloaddition. The reactions 

leading to the major and minor enantiomers of the iminoketone have different rate-

determining steps: namely, [2+2] cycloaddition for the major enantiomer (TS3a′) and 

retro-[2+2] cycloaddition for the minor enantiomer (TS4b′). The enantioselectivity is 

enhanced by the stabilization of TS4a′ being greater than that of TS4b′. The chiral 

phosphine strongly favors transition states where the apical positions of the P-trigonal 

bipyramid are occupied by the breaking bond (in this case, P—N) and the P—C bond to the 

bridgehead carbon. This arrangement, present in TS4a′ but not in TS4b′, allows the phenyl 

group of the HypPhos unit to stabilize the breaking P—N bond, it avoids repulsion between 

the HypPhos unit and the substrate C—H units, and it positions the piperidine N atom to be 

accessible for proton transfer from the acid cocatalyst. For TS4b′, in contrast, the HypPhos 

phenyl group interferes sterically with the N⋯acid interaction, such that proton transfer is 

less advanced in the transition state; steric repulsion occurs between the HypPhos phenyl 

group and the substrate C—H units (see dotted line in Figure 1c); and the HypPhos phenyl 

group is aligned less favorably for stabilizing the P—N breaking bond (dihedral angle, 63°; 

cf. −78° in TS4a′). The calculated difference in overall activation energies for the formation 

of the two enantiomeric products in this acid-assisted aza-Wittig reaction is 3.0 kcal/mol. 

This value matches the experimental enantioselectivity within computational error, 

predicting that product 2f would be formed with an ee of 99%. In addition to its accelerating 

influence on the rate of the aza-Wittig reaction, the acid is also likely to accelerate the 

reduction of the phosphine oxide back to the catalytically active phosphine and, thus, 

increase the catalytic turnover.19

Given the limited number of substrates in the previous reports of asymmetric Wittig 

processes,11b,c we were gratified to find that the scope of our catalytic asymmetric 
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Staudinger–aza-Wittig reaction is indeed extensive and that the reaction is readily scalable 

(Scheme 2). When run using 2.5 g of the starting material 1a, the reaction produced the 

expected product 2a in 97% yield and with 89.4% ee. Both aryl and alkyl substituents at the 

quaternary center rendered products with high enantioselectivities and in excellent yields. 

Azidoindanediones presenting m-benzyloxyphenyl, p-tolyl, and o-anisyl substituents 

produced their iminoketones 2b, 2c, and 2d, respectively, with 84–90% ee’s and in almost 

quantitative yields. A 2-thienyl group was compatible with the reaction, furnishing its 

indanopiperidine 2e with 85% ee and in 91% yield. Methyl-, ethyl-, isopropyl-, allyl-, and 

benzyl-substituted indanediones formed their desired products 2f–2j in 89–97% yields and 

with 84–99% ee’s. Cyclopentyl-, cyclohexyl-, and cycloheptyl-substituted 

azidoindanediones gave the iminoketone products 2k–2m in 92–99% yields and with 90–

96% ee’s. Subsequently, we varied the substitution pattern of the indane motif. Switching 

the benzene ring to a naphthalene unit had little effect on the reactivity, resulting in 2n being 

formed in 92% yield and with 89% ee. In contrast, changing the electronic properties of the 

indane moiety influenced the facility of the Staudinger–aza-Wittig reaction. The presence of 

electron-donating dimethoxy groups necessitated a slightly elevated reaction temperature (35 

°C) to ensure an appreciable reaction rate, but led to the product 2o being obtained with 

lower enantioselectivity. Electron-withdrawing dichloro groups accelerated the reaction, 

furnishing the products 2p–2v with greater than 90% ee’s and in high yields. The azide 

chain can incorporate ether and ester linkages, allowing efficient syntheses of the 

dihydrooxazinone 2w (90% yield, 80% ee) and the dihydrooxazine 2x (92% yield, 87% ee). 

Furthermore, we constructed both tetrahydropyridine and dihydropyrrole scaffolds having a 

phenalendione backbone. For the tetrahydropyridine 2y, the exo-phenyl-HypPhos B 
produced the iminoketone in 63% yield and with 71% ee. For dihydropyrrole formation, 

both the HypPhos catalysts A and B displayed similar reactivities. Phenyl-, p-anisyl-, and o-

tolyl-substituted azidophenalendiones delivered their dihydropyrrole products 2z–2ab in 85–

95% yields and with 84–87% ee’s. X-ray crystallographic analysis of compound 2q 
established the (S)-configurations of these products.

Indano[1,2-b]piperidine motifs have been excellent sources of new medicinal leads.21 

Recently, scientists at Astellas Pharma established them as potent antagonists of the N-

methyl-D-aspartate (NMDA) receptor, which is associated with several neurological 

disorders, including Alzheimer’s and Parkinson’s diseases (Scheme 3a).22 Substituents at 

the quaternary carbon center of the indanopiperidines influence their activities, as does the 

stereochemistry of the ring juncture. Notably, the enantiomers of the most potent (ethyl-

substituted) indanopiperidine were chemically resolved at Astellas Pharma through three 

rounds of selective salt formation using enantiopure dibenzoyltartaric acid. Given the high 

bioactivity of indanopiperidine derivatives, manipulation of the Staudinger–aza-Wittig 

reaction products 2 could produce potentially useful compounds for drug discovery. Lithium 

aluminum hydride (LAH)-mediated reduction of 2a and subsequent mesylation rendered the 

methanesulfonate 6 as a single diastereoisomer (92% yield over two steps) (Scheme 3b). 

Global reduction of 6 with magnesium in methanol removed the sulfonate group and 

reduced the imino group to form the desired indanopiperidine 7 with a cis ring juncture. 

Reductive amination with formaldehyde then formed the tertiary amine 8. When we 

performed the reduction of 6 with sodium borohydride (NaBH4) in methanol, selective 
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reduction of the imino group delivered the diastereoisomerically pure indanopiperidine 9, 

having a trans ring juncture, in 78% yield. Selective removal of the sulfonate group of 6 was 

achieved using sodium naphthalenide, providing the imine 10 in 90% yield. The 

indanopiperidine 11, having a trans ring juncture, was obtained in two ways: from the 

mesylate 9 (through removal of the sulfonate) in 78% yield and from the imine 10 (through 

reduction of the imino group) in 85% yield.

Many contemporary methods for the construction of chiral heterocyclic amines are based on 

transition metal catalysis.23 The methodological advance presented herein involves main 

group-based catalysis. Fundamentally, the combination of a P-chiral phosphine and a 

Brønsted acid enables catalysis at room temperature, providing a strategic blueprint for 

taking a canonically stoichiometric phosphine-mediated reaction and rendering it catalytic 

and enantioselective. The ready availability of the HypPhos catalysts and the high efficiency, 

selectivity, and practicality of this catalytic enantioselective Staudinger–aza-Wittig process 

foretell its lasting impact on the preparation of chiral nitrogen heterocycles having relevant 

biological and medicinal applications.
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Figure 1. 
Rationalization of the observed enantioselectivity. (a) Optimization of the reaction 

conditions. (b) Free energy profile for the formation of the major (R, black lines) and minor 

(S, gray lines) enantiomers of the iminoketone in the aza-Wittig reaction of the 

iminophosphorane 3 in the presence of benzoic acid. (c) Structures of the transition states 

TS4a′ and TS4b′, highlighting the key stereodetermining interactions. Calculations 

performed with M06-2X/6-311++G(d,p)-SMD(toluene)//B3LYP/6-31G(d)-SMD(toluene). 

Numbers in italics are Gibbs free energies in kcal/mol.
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Scheme 1. 
Evolution of the Strategy toward the Catalytic Asymmetric Staudinger–aza-Wittig Reaction
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Scheme 2. Scope of the Catalytic Asymmetric Staudinger–aza-Wittig Reaction
aReaction performed using 2.5 g of the substrate. bReaction performed at 35 °C. cHypPhos 

B used as the catalyst.
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Scheme 3. 
Transformations of a Staudinger–aza-Wittig Product: Syntheses of NMDAR Antagonists
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