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Abstract

Herein we report the first highly enantioselective allenoate-Claisen rearrangement using doubly 

axially chiral phosphate sodium salts as catalysts. This synthetic method provides access to β-

amino acid derivatives with vicinal stereocenters in up to 95% ee. We also investigated the 

mechanism of enantioinduction by transition state (TS) computations with DFT as well as 

statistical modeling of the relationship between selectivity and the molecular features of both the 
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catalyst and substrate. The mutual interactions of charge-separated regions in both the zwitterionic 

intermediate generated by reaction of an amine to the allenoate and the Na+-salt of the chiral 

phosphate leads to an orientation of the TS in the catalytic pocket that maximizes favorable 

noncovalent interactions. Crucial arene–arene interactions at the periphery of the catalyst lead to a 

differentiation of the TS diastereomers. These interactions were interrogated using DFT 

calculations and validated through statistical modeling of parameters describing noncovalent 

interactions.

Graphical Abstract

INTRODUCTION

Sigmatropic rearrangements, such as the Claisen rearrangement, are an exceptional synthetic 

platform for the rapid construction of structural complexity from relatively simple starting 

materials.1 Despite a century-long history of research on this class of transformations, the 

development of asymmetric examples remains a significant challenge with success only 

achieved on a case-by-case basis. As an example, the most traditional strategies to imparting 

stereocontrol are substrate-derived or auxiliary-controlled methods.2 In contrast, truly 

catalytic enantioselective Claisen rearrangements have only been reported with a limited 

number of systems, mostly based on chiral Lewis acids.3 In this context, we were intrigued 

by the so-called allenoate-Claisen rearrangement,4 an elegant, Lewis acid-catalyzed variant 

developed by Lambert and MacMillan in 2002, for which a highly enantioselective version 

remains elusive. In this transformation, an allenoate ester reacts with a tertiary allylamine to 

form a zwitterionic allyl-vinylammonium intermediate (Figure 1A and B), containing charge 

separation to facilitate a [3,3]-sigmatropic rearrangement. A Lewis acid catalyst is required 

to activate the allenoate for nucleophilic addition by coordination to the carbonyl oxygen. 

This mechanism determines that the prostereogenic domain of the intermediate is separated 

from the Lewis acid catalyst by >5 Å, which potentially explains the difficulty of rendering 

this rearrangement enantioselective.

We envisioned that chiral Lewis acid catalysis could be achieved for this reaction with 

phosphate counterions featuring an extensive chiral pocket (Figure 1C).4 The weak 

coordination of phosphates to cations would create an adaptable environment and potentially 
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allow additional stabilizing interactions between the phosphate and the ammonium moiety 

of the intermediate. Such a mode of interaction would place the chiral “ligand” in closer 

proximity to the prostereogenic domain of the intermediate, resulting in an environment 

more likely to render the process stereoselective.

RESULTS AND DISCUSSION

An initial evaluation of typical chiral phosphoric acid derivatives using racemic benzyl 2,3-

pentadienoate (1) and (E)-cinnamyl pyrrolidine (3) did not meet with promising results (see 

the Supporting Information (SI) for details). Therefore, we focused our attention on doubly 

axially chiral phosphoric acids (DAPs, Figure 1C).5 This unique catalyst architecture can be 

constructed from the homocoupling of two BINOL scaffolds resulting in a structure 

containing two chiral axes, while retaining a nondefined central axis. As compared to most 

common phosphoric acid catalysts, these scaffolds also have a larger chiral pocket, with 

numerous opportunities for noncovalent interactions (NCIs) to drive asymmetric catalysis 

(Figure 1D).6 Under this scenario, we found that DAPa provided β-enamino ester 4 in 50% 

ee with sodium carbonate (Table 1). Further investigations into the ester substituent afforded 

a moderate increase in selectivity (54% ee) when using 3-tert-butyl-phenol ester derivative 2. 

Intriguingly, any modification of the amine from pyrrolidine resulted in a dramatic loss of 

efficiency. Notably, the use of different bases failed to improve results although 

enantioselectivity was sensitive to the nature of the Lewis acidic cation.

As part of the reaction optimization, we developed a new route for the synthesis of DAP 

catalysts (Scheme 1). The previously reported method to establish the 2,2′-binaphthyl 

connectivity employed a Suzuki coupling, which required the preparation of two separate 

coupling partners starting from BINOL. The synthesis was shortened substantially using a 

Fe-mediated homocoupling for this connection, precluding any prefunctionalization at the 3-

position of the precursor. This new synthesis expedited the preparation of a library of DAPs 

and their subsequent evaluation as catalysts for the allenoate-Claisen rearrangement (Table 

1). The most effective derivative was DAPe that incorporates a remote adamantyl group and 

promotes the formation of 5 in 82% yield and 71% ee. Conducting the reaction at a higher 

overall concentration afforded significantly improved levels of enantioselectivity (90% ee at 

0.1 M) by minimizing the impact of the background reaction in favor of the DAP-catalyzed 

process.8 In the crystallization of the standard product 5, decarboxylation was observed to 

form 6, which allowed determination of the absolute configuration using crystal structure 

analysis (Table 2).

Substrate Scope.

Using the optimized reaction conditions, we explored the scope of the process (Table 2). 

Significant structural variation in the allenoate component (R2) was possible, affording a 

diverse range of β-amino-γ,δ-disubstituted esters including functional groups such as esters 

(11), a halide (13), an ether (15), and unsaturated moieties (17, 19) with excellent levels of 

stereocontrol. However, a longer alkyl chain had a negative effect on conversion (7, 9). 

Hypothesizing that a more electrophilic allenoate would increase the reaction rate, we found 

that trifluoroethanol-derived allenoates led to full conversion while retaining high levels of 
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stereocontrol (products B). For some substrates, the use of trifluoroethanol derivatives 

increased the ee by up to 20% over the tert-butyl phenol derivatives.9

Aryl allyl amines bearing both electron-rich and electron-poor groups at the para position 

underwent the reaction, resulting in moderate to good enantiomeric excess (20–24). While 

good selectivity was observed with a naphthyl allyl amine (27), a meta-(25) and ortho-

substituted (26) aryl allyl amine resulted in modest and more noticeable decreases in 

enantioselectivity, respectively. Moreover, we were pleased to observe that this catalytic 

system was capable of setting fully substituted carbons, including both a quaternary carbon 

(28) and a tertiary fluoride center (29), in promising levels of enantioinduction.

Computational Studies.

To gain insight into the mechanism of enantioinduction, we turned to computational 

chemistry.10–12 The weak, nondirectional interactions between the catalyst and reactants 

result in a flat potential energy surface (PES) for this system. The size and flexibility of the 

molecules involved further exacerbated the exploration of the PES. Thus, we aimed to 

restrict the computational analysis of the full catalyst system to the relevant 

enantiodetermining step. To identify that step, we began by computing the energy profile of 

the reaction mechanism in two limiting cases: (a) uncatalyzed and (b) purely Lewis-acid 

catalyzed using Na+ as a model Lewis acid (Figure 2). The mechanism consists of two steps: 

(i) nucleophilic addition of the amine to the allenoate and (ii) the [3,3]-sigmatropic 

rearrangement to the product. We found that, in either case, the addition is reversible and the 

rearrangement is the rate-limiting transition state (TS). The Lewis acid catalyst greatly 

facilitates the nucleophilic addition by activating the electrophile, lowering the free energy 

of activation from 19.1 to 9.5 kcal/mol, and stabilizing the zwitterionic intermediate by up to 

13.5 kcal/mol. This intermediate can adopt numerous conformations, and those with a 

geometry that can undergo the requisite [3,3]-sigmatropic rearrangement are 1.3 and 7.6 

kcal/mol higher in free energy than the most stable conformation in the uncatalyzed and Na
+-catalyzed reaction, respectively. In turn, the barrier for the rearrangement is not strongly 

impacted by the Lewis acid catalyst (ΔG‡ = 12.3 and 14.1 kcal/mol without and with Na+-

catalyst, respectively). This analysis suggests that, during catalysis with the sodium salt of 

DAP catalysts, the enantiodetermining step is the rearrangement and it is sufficient to study 

this step computationally with the full DAP catalyst.

According to computations using DAPb (ArC = 4-Me-C6H4), allyl amine 3 (ArA = Ph) and a 

model allenoate with R = Ph, the lowest free energies of activation are 13.9 kcal/mol to the 

major enantiomer and 15.6 kcal/mol to the minor enantiomer, with ΔΔG‡ = 1.7 kcal/mol. 

The Boltzmann-weighted average of 14 transition states for the rearrangement results in a 

computed ee of 77%. In comparison, the experimentally observed selectivity with this 

catalyst and the standard substrate (R = 4-tBu-C6H4) was 66% ee or ~0.9 kcal/mol. The 

early transition state of the rearrangement still reflects the charge separation that is present in 

the zwitterionic intermediate. Thus, the interactions between TS and catalyst are dominated 

by strong electrostatic interactions (Figure 3).13 In both pathways, the sodium cation 

assembles the transition state structure by several key contacts: an ionic interaction with a 

phosphate oxygen, a cation–π interaction with one of the outer naphthyl “side-walls” of the 
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catalytic pocket as well as an ionic interaction with the allenoate oxygen and another cation–

π interaction with the phenolate moiety at the allenoate. The partially positively charged 

ammonium moiety interacts via several C–H-anion interactions with the other phosphate 

oxygen.

The transition state is further oriented by NCIs with the same naphthyl side-wall that 

coordinates Na+. There are two striking differences between the transition states leading to 

either enantiomer. First, in the major-enantiomer TS, the phenyl group of the allyl amine 

substrate (ArA) fits into a space at the catalyst that is confined by ArC and one of the “inner” 

naphthyl units, effectively stacking the three arenes with two edge-to-face arene–arene 

interactions. Conversely, in the minor-enantiomer TS, that same phenyl group ArA engages 

in a staggered sandwich-type arene–arene interaction with ArC. The second major difference 

is the orientation of the phenyl ester group relative to the sodium cation, which results in a 

weaker cation–π interaction in the minor enantiomer TS. According to distortion–interaction 

analysis,14 the major enantiomer TS is stabilized by 4.1 kcal/mol greater interaction energy 

over the minor enantiomer TS, while the distortion energy for both TS is nearly identical.

This analysis suggests why DAP catalysts generally display higher enantioselectivity in this 

transformation than the more commonly employed chiral phosphoric acids: The extended π-

system of the “outer” naphthyl moieties serves to fix the TS in place via mutual interactions 

with Na+, while at the same time offering a large area for NCIs with the TS and a pocket that 

is large enough to accommodate the extended TS of the allenoate-Claisen reaction.15

As part of the exploration of the catalyst conformations, we noted that the DAP catalyst can 

adopt two diastereomeric conformations. In the synthesis, the biaryl axes of the 1,1′-

binaphthyl units are introduced as single (Ra)-atropisomers. In the coupling that sets the 

2,2′-binaphthyl axis, only the (Ra,Ra,Ra)-diastereomer was obtained, as elucidated by 

crystal structure analysis of DAPa.6b,16, Our computational study suggests that the central 

biaryl axis of the catalyst is configurationally flexible at room temperature with ΔG‡ = 12.4 

(phosphoric acid, R = H), or 7.8 (sodium phosphate, R = Na) kcal/mol for the inversion 

(Figure 4A). The relative free energies of the (Ra,Sa,Ra)-diastereomers are +2.8 and +0.3 

kcal/mol for R = H and Na, respectively. In agreement with the crystal structure, this relates 

to a preference for the (Ra,Ra,Ra)-diastereomer in the phosphoric acid. Nevertheless, the low 

inversion barrier and close relative free energies suggest that both configurations might be in 

equilibrium under the reaction conditions where the catalyst presumably is present as the 

sodium salt.

We computed transition states for the rearrangement with DAPb for both catalyst 

diastereomers and found the lowest pathways to either enantiomer to proceed via the 

(Ra,Ra,Ra)-conformation diastereomer of the catalyst interacting with the reaction 

intermediate in a conformation that ultimately corresponds to the minor enantiomer. Thus, 

both catalyst diastereomers might contribute to the observed product distribution. 

Nevertheless, the lowest TS at the (Ra,Sa,Ra)-diastereomer of the catalyst leads to the major 

enantiomer with ΔΔG‡ = 1.6 kcal/mol, which is nearly the same relative free energy of the 

lowest minor enantiomer TS. Also, the most stable catalyst–intermediate geometry features 

the (Ra,Sa,Ra)-configuration.
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Synthesis of a Triply Axially Chiral Phosphate Probe.

Attempts to characterize this equilibrium experimentally by circular dichroism and NMR 

were unsuccessful due to the low solubility of the sodium phosphates. Therefore, we decided 

to synthesize a triply axially chiral phosphoric acid (TAP) TAPa with ArC = 4-tBu-C6H4 

(Figure 4B) on the basis of the hypothesis that it would not be able to undergo axis inversion 

under the reaction conditions. The 4-substituted binaphthol scaffold rac-32 was obtained in 

synthetically useful yields by oxidative Fe-catalyzed homocoupling of 4-methyl-2-naphthol 

31 which, in turn, was prepared according to a reported procedure via sequential 

intermolecular acylation–intramolecular Friedel–Crafts reaction from benzoyl chloride and 

propyne gas. Enantiomerically pure binaphthol 32 was obtained by chromatographic 

separation of its diastereomeric menthyl carbonate derivatives. After neat deprotection, a 

synthetic route slightly modified from the one to access the DAP catalyst (see the SI for 

further details) yielded the triply axially chiral catalyst TAPa. Crystal structure analysis of 

intermediate 34 revealed that the relative configuration of TAPa is the same as that of DAPa 

in the crystal structure, but the absolute configuration of all three chiral axes is the opposite 

(Figure 4C). Due to a change in naming priority imposed by the methyl groups, the axis of 

the 1,1′-binaphthyl moieties is denoted (Ra) in this opposite configuration. The reaction 

employing TAPa under the standard conditions provided the product in −95% ee (Figure 

4D), providing the same enantiomer of the product as the opposite enantiomer of DAPd (ent-
DAPd). Thus, TAPa provides the same product enantiomer as the DAP catalyst of the same 

absolute configuration, but with improved enantioselectivity. Introduction of four methyl 

groups into the catalyst could change several features of the catalytic pocket, such as the 

dihedral angle of the central chiral axis, and these structural changes might contribute to the 

increased enantioselectivity.

Still, the observation is consistent with the hypothesis that the central “flexible” axis of the 

DAP catalyst in the transition state is in the configuration that observed in the ground state 

(crystal structure). Thus, the TAP catalysts, which are less accessible, provide a valuable 

platform for examining the stereochemical impact of the more synthetically tractable DAP 

catalysts.

Statistical Modeling.

While the transition state computations provided insight into the mode of enantioinduction, 

the effect of structural changes of either the catalyst or the allyl amine on the 

enantioselectivity of the reaction was not apparent. We investigated these structural 

dependencies using statistical analysis tools.17 By developing multivariable linear regression 

(MLR) models that relate the properties of the reaction components to the enantioselectivity 

of the corresponding reaction, we can learn about the factors that determine selectivity using 

all the available data. Based on the transition state structures, we paid special attention to 

molecular features that describe the noncovalent interactions between catalyst and allyl 

amine, in particular these three critical NCIs: (1) ArC(side)–ArA(π) edge-to-face complex 

and (2) ArA(side)–naphthyl(π) edge-to-face complex in the major TS, and (3) ArC(π)–

ArA(π) sandwich complex in the minor TS (Figure 5, also cf. Figure 3). According to the 

general approach we have previously published,18 each interaction component was 

represented by simple probes: ArC and ArA were represented as the corresponding H-capped 
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arene, and the naphthyl section of the catalyst was represented by a benzene probe. Then, the 

NCIs between these probes were quantified by determining the equilibrium interaction 

distance and energies in idealized interaction geometries resembling the TS geometries. The 

equilibrium distances were found by interpolation from single point distance scans using 

symmetry-adapted perturbation theory (SAPT) at the sSAPT0/jun-cc-pVDZ level.19–21 For 

each interaction geometry, several conformers may exist depending on the symmetry of the 

probes. This is taken into account by using as separate modeling features both the lowest and 

highest interaction distance and energy found in any of the interaction conformers as well as 

their Boltzmann-weighted average. Using the linear catalyst and substrate variation data as 

the training set (all catalysts with ArA = Ph, all substrates with ArC = 4-Ad-Ph; 24 samples) 

and all simultaneous variations of both components as the validation set (13 samples), we 

found that the enantioselectivity of the training set can be estimated reasonably well by a 

multivariable linear regression model using only these NCI descriptors, with a coefficient of 

determination (R2) of 0.77 for the training set (Figure 5, top). This adds further credibility to 

the importance of all three NCIs in the transition states, as well as indicating that structural 

changes of catalyst or allyl amine impact the enantioselectivity through modulation of these 

NCIs. In line with this hypothesis, the descriptors for NCIs in the major TS both contribute 

with a negative coefficient and the NCI descriptor for the minor TS contributes with a 

positive coefficient (lower energies as well as shorter distances indicate stronger NCIs; thus, 

a negative coefficient indicates that stronger interactions result in higher enantioselectivity).

Nevertheless, while this model may be an underfit for the linear catalyst and substrate 

variation data, it cannot predict the simultaneous variations equally well, as indicated by the 

lower R2 = 0.56 of the validation set. In other words, not all structural effects on the 

enantioselectivity are represented by the model and by the NCI. Thus, we obtained 

electronic and steric properties of the catalysts and allyl amines from DFT computations and 

sought to identify an MLR model combining such features with the NCI descriptors (Figure 

5, bottom). This model includes descriptors for the steric profile and the electronic 

properties of the allyl amine, the dispersion potential of the catalyst substituent, and two of 

the aforementioned descriptors for NCIs between catalyst and allyl amine. The standard 

deviation dP of the dispersion potential parameter recently introduced by Pollice and Chen22 

relates to the distribution of sites of stronger and weaker dispersion around the substituent 

and as such is also influenced by the substituent shape. This shape-dependence of two terms 

in the regression model perhaps represents the complexity of the catalyst–TS interactions. In 

the DFT computations discussed above, we identified 14 different TS structures for the 

rearrangement at the catalyst. Thus, it is feasible that the presence of ortho or meta 
substituents on either component alters the TS geometries to an extent that another TS 

structure becomes favored over those shown in Figure 3. Thus, the regression model might 

reflect such changes via shape-sensitive descriptors B1×B5(ArA), dP(ArC), and, to some 

degree, both NCI terms.

CONCLUSION

In conclusion, we have achieved an enantioselective allenoate-Claisen rearrangement using 

DAP catalysts under basic conditions and investigated the origins of the unique ability of 

this catalyst architecture to impart enantiocontrol over this reaction. DFT studies 
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demonstrate the stabilization of charge-separated regions of the transition state via 

interactions with the sodium cation and the phosphate anion. The enantiomeric transition 

states are differentiated by numerous noncovalent interactions between the extended 

catalytic pocket of the DAP catalyst architecture. The impact of structural changes to either 

the catalyst or the allyl amine on the enantioselectivity can partially be attributed to 

modulation of arene–arene interactions at the periphery of the catalyst, as suggested by 

statistical parametrization modeling. Furthermore, the mechanistic investigations revealed 

the configurational flexibility of DAP molecules. Both the computational analysis and the 

synthesis of triply axially chiral phosphoric acid catalysts revealed that the more stable 

conformation of the catalysts is likely responsible for the observed product. It is likely that 

there will be reactions in which the opposite will be true, and these studies provide a 

platform for these future examinations. More broadly, these findings provide the impetus for 

further explorations on the role of flexibility in catalyst-derived selective reactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Hypothesis for an enantioselective catalytic allenoate-Claisen rearrangement.
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Figure 2. 
Free energy profile of the mechanism of the allenoate-Claisen reaction between allyl amine 

3 and a model allenoate with R = Ph. Black, uncatalyzed; light blue, Na+-catalyzed.
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Figure 3. 
Lowest transition state structures for the major (ΔG‡ = 13.9 kcal/mol) and minor (ΔG‡ = 

15.6 kcal/mol, ΔΔG‡ = 1.7 kcal/mol) enantiomer pathways. The insets illustrate the most 

important NCIs between catalyst and transition state with representative interaction 

distances in Å (top) and NCI plot visualizations (bottom).13

Miró et al. Page 14

J Am Chem Soc. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Influence of the catalyst 1,1′-binaphthyl axis configuration on the selectivity in the 

allenoate-Claisen rearrangement. (A) Computed free energy profile for the axis inversion of 

DAPa as acid and as sodium salt. (B) Synthesis of the triply axially chiral phosphoric acid 

TAPa. (a) Propyne (1 atm), AlCl3 (1.5 equiv), DCM 0.1M, 4 h, rt. (b) FeCl3 (10 mol %), 

(tBuO)2 (1.5 equiv), DCE 0.2M, 72 h, rt. (c) (1R)-(+)-menthyl chloroformate (1.2 equiv), 

Et3N (1.2 equiv), DCM 0.18M, 30 min. (d) Separation of diastereoisomers in automated 

column chromatography system, then: pyrrolidine (12 equiv), THF 0.05M, 2 h, rt. (e) Six 

steps; see the SI for details. (f) (i) POCl3 (2.0 equiv), pyridine 0.19 M, 95 °C, 2 h; (ii) H2O 

0.19 M, 95 °C, 24 h. (C) Crystal structures of DAPa and 34. (g) From ref 6b. (D) 

Enantioselectivity of DAPd, ent-DAPd, and TAPa in the allenoate-Claisen rearrangement of 

2 and 3 under standard conditions.
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Figure 5. 
Multivariable regression model relating structural variations of allyl amines and catalysts to 

the observed enantioselectivity (expressed as ΔΔG‡) of the respective combination. ArC 

refers to the variable arene residue of the catalysts, and ArA refers to arene substituents at 

the allyl amine.
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Scheme 1. 
Revised Synthesis of DAP Catalysts
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Table 1.

Optimization of the Reaction Using Allenoate 2

a
Using DAPa.

b
Using DAPd.
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Table 2.

Scope of the DAP-Catalyzed Enantioselective Allenoate-Claisen Rearrangement

a
Crystal structure after decarboxylation of 5. BF4− counterion omitted for clarity.
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