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Modular and diverse synthesis of amino acids 
via asymmetric decarboxylative protonation 
of aminomalonic acids

Wei-Feng Zheng    1, Jingdan Chen    2, Xiaotian Qi    2    
& Zhongxing Huang    1 

Stereoselective protonation is a challenge in asymmetric catalysis. The small 
size and high rate of transfer of protons mean that face-selective delivery to 
planar intermediates is hard to control, but it can unlock previously obscure 
asymmetric transformations. Particularly, when coupled with a preceding 
decarboxylation, enantioselective protonation can convert the abundant 
acid feedstocks into structurally diverse chiral molecules. Here an anchoring 
group strategy is demonstrated as a potential alternative and supplement to 
the conventional structural modification of catalysts by creating additional 
catalyst–substrate interactions. We show that a tailored benzamide 
group in aminomalonic acids can help build a coordinated network of 
non-covalent interactions, including hydrogen bonds, π–π interactions and 
dispersion forces, with a chiral acid catalyst. This allows enantioselective 
decarboxylative protonation to give α-amino acids. The malonate-based 
synthesis introduces side chains via a facile substitution of aminomalonic 
esters and thus can access structurally and functionally diverse amino acids.

Face-selective addition to planar



 substrates or intermediates is one of 

the fundamental modes of asymmetric catalysis. Among asymmetric 
transformations




 that can be enabled by this paradigm, C–H bond for-

mation via protonation offers a straightforward approach to generate 
tertiary stereocentres that are prevalent in biomolecules1–3. Moreover, 
when planar intermediates generated




 from decarboxylation were inter-

cepted by an enantioselective proton transfer, it was shown that the 
decarboxylative protonation can bridge the easily available carboxylic 
acids and structurally diverse chiral molecules (Fig. 1a)4. However, the 
challenges associated with the enantiocontrol of asymmetric decar-
boxylation are daunting. Besides the inherent difficulty arising from 
the small size of the hydrogen atom and potential racemization of the 
product, the acidic nature of the decarboxylation reactants entails 
a catalytic pathway that is kinetically favoured over the background 
protonation that gives racemic products.
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Central to the face selectivity of proton transfer is the catalyst–
substrate interaction that fixes the orientation of planar substrates 

or intermediates. These favoured conformations



 are often organized 

with catalysts at the reaction site utilizing distinct interaction modes 
(Fig. 1b). While metal complexes are frequently used to generate chiral 
enolates as proton acceptors5–7, transfers between chiral proton donors 
and achiral acceptors are often enabled by ion-pairing8–11 or enzymatic 
catalysis12,13. Nevertheless, these interactions are often confined in the 
proximity of the protonation site. Their stabilization




 effects still fall 

short of coupling CO2 extrusion with a fast and stereoselective protona-
tion to enable a general asymmetric decarboxylation of carboxylic acids.

In this Article, an anchoring group strategy is proposed to enhance 
the enantiocontrol via a dual-site mode of interactions (Fig. 1c). We 
envision that besides the primary interactions at the reaction site, a 
tailored and ideally removable functional group on the substrate can 
create secondary interactions with the catalyst at a different location. 
In the case of asymmetric decarboxylation, it is proposed that while a 
chiral Brønsted acid14–17 interacts with the π bond of the enol intermedi-
ate during the proton transfer, a pendant substituent (the anchoring 
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protonation site. However, manipulating and organizing various types 
of non-covalent interaction in a coordinated fashion is not an easy task.

To examine our hypothesis, we selected the asymmetric decar-
boxylation of aminomalonic acids to amino acids as a model reaction, 
as the amino motif is an ideal test ground for anchoring groups that 
can be readily installed and detached (Fig. 2)20. While carbonyl-derived 
protecting groups of amines, such as amides and carbamates, can act as 

group) of the olefinic intermediate could dock at the backbone of the 
acid in return to further affix the couple (Fig. 1d). It is also hypothesized 
that attractive non-covalent interactions, including π–π stacking and 
dispersion forces, are good candidates for these secondary interac-
tions, as they are known to hold molecules together in a precise manner 
when working collectively18,19. Meanwhile, the weak nature of these 
forces is not expected to interrupt the primary interactions at the 
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Fig. 1 | Anchoring group strategy for asymmetric decarboxylative 
protonation. a, Stereoselective decarboxylative




 protonation. Inducing 

enantioselectivity of a decarboxylation reaction is a daunting challenge in 
catalysis, as the face selectivity of protonating the planar intermediates is difficult 
to control. However, these asymmetric decarboxylation transformations hold 
great promise for converting easily available carboxylic acids into valuable chiral 
building blocks. b, Established modes of face selectivity control. Conventional 
modes of catalysis control the face selectivity of proton transfer by fixing the 
conformation of planar intermediates in the proximity of the protonation 
site. For example, a metal complex is employed to form a metal enolate and 
enantiocontrol is imposed using its chiral ligand. Non-covalent interactions are 
used as well, as exemplified in ion-pairing and enzymatic catalysis, by electrostatic 
forces and hydrogen bonds, respectively. Nevertheless, these interactions are 

often inadequate to create a fast and selective protonation that can be coupled 
with a preceding decarboxylation. c, Dual-site mode of interactions between the 
catalyst and substrate (Sub.) or intermediate (Int.). In addition to the reaction 
site, an attached functional group on the substrate/intermediate is expected to 
create additional stabilization by interacting with the catalyst at a different site 
(for example the catalyst backbone). d, Proposed asymmetric decarboxylation 
facilitated by a non-covalent interaction anchor. In our proposal, while a chiral 
Brønsted acid catalyst and the enol intermediate undergo a proton transfer 
around the acid motif, an anchoring group on the substituent of the enol is 
expected to induce multiple non-covalent interactions with the backbone of the 
acid catalyst, including hydrogen bonds, π–π interactions and dispersion forces. 
NCI, non-covalent interaction; AG, anchoring group.
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interaction anchor. Chiral phosphoric
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
 acids can catalyse the asymmetric 

decarboxylation of aminomalonic acids, albeit with a limitation in 
enantioselectivity. As proposed, the amine anchoring group can provide another 
handle for optimizing the enantiocontrol. It is found that the incorporation of a 
para-nitro and a meta-methoxy group (Bz2) can enhance the enantioselectivity 
significantly, presumably by making the amide motif a better hydrogen-bond 

donor and/or creating a π–π interaction between the electron-deficient arene 
and the mesityl side arm of SPA. Further improvement was obtained when 
the methoxy group was replaced with a polyfluoro alkoxy chain, particularly a 
pentafluoropropoxy group (Bz7). The benefits of these fluorinated alkyl chains 
may be attributed to their dispersion forces with the C–H-rich backbone of 
the phosphoric acid. SPA, spirocyclic phosphoric acid; Bz, benzoyl; CPME, 
cyclopentyl methyl ether.
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hydrogen-bond donors and/or acceptors, a diverse collection of motifs, 
such as substituted arenes and functionalized alkyl chains, can be eas-
ily attached and optimized to induce weak interactions. The synthetic 
value of the decarboxylation is significant as well, as it would enable a 
malonate-based synthesis of chiral amino acids where their side chains 
can be attached via the facile alkylation of aminomalonic esters (see 
below, Fig. 3). However, previous attempts at the decarboxylative syn-
thesis of chiral amino acids via enzymatic21 and organobase22 catalysis 
were largely unsuccessful (Supplementary Fig. 1).

Results and discussion
Identifying and optimizing the anchoring group
An exhaustive examination of chiral phosphoric acids (Supplementary 
Fig. 2) for the asymmetric decarboxylation of malonic acid 1 to benzoy-
lalanine 2 did reveal a limitation of enantiocontrol, with spirocyclic 
SPA giving the best, yet a moderate, enantioselectivity (Fig. 2)23–25. As 
proposed, enhancements in




 enantioselectivity were obtained by the 

optimization of the amine anchoring group, indicating its engagement 
with the chiral phosphoric acid during the enantioinduction. Benza-
mide (Bz) was revealed to be a preferred choice compared with other 
protecting groups, including acetyl, pivalate and benzyl carbamate 
(Supplementary Fig. 5). Its aromatic ring can offer a further handle for 
structural modification to enhance non-covalent interactions. Indeed, 
a para-nitro group




 (Bz1) and a meta-methoxy group (Bz2) on the ring 

could join forces to improve the enantioselectivity. Both substituents 
can enhance the acidity of the amide proton, which in return may act 
as a stronger hydrogen-bond donor to strengthen substrate–catalyst 
interaction. Meanwhile, the electron-deficient arene can also interact 
with a mesityl side arm of SPA via π–π stacking. Next, we considered it 
geometrically possible that an extended side chain of the meta-alkoxyl 
group could further help anchor the enol intermediate. Although sim-
ple elongation of the alkyl chain is only negligibly beneficial (Bz3 and 
Bz5), the incorporation of multiple fluorides (Bz4 and Bz6–Bz8) raised 
the enantiocontrol to an excellent level, with the pentafluoropropoxy 
group (Bz7) as the optimal substituent. The final and critical increment 
of enantiocontrol




 by the fluorinated chain is proposed to originate 

from its dispersive interaction with the C−H bond-rich skeleton of the 
phosphoric acid that serves as an additional anchor to fix the confor-
mation of the enol.

Scope of the asymmetric malonic ester synthesis
Aminomalonic acids bearing the customized anchoring group 
(Bz7) can be prepared in a divergent and modular fashion (Fig. 3). 
Starting from the inexpensive aminomalonate hydrochloride 3, a 
hectogram-scale benzoyl installation to 4 as a common intermedi-
ate followed by the unified alkylation and hydrolysis conditions, can 
generate structurally diverse diacids for decarboxylation. The detach-
ment of the anchoring group is equally facile. When a larger-scale 
decarboxylation under a lower




 catalyst loading was followed by hydro-

lytic work-up, analytically pure alanine salt (5) can be obtained by a 
simple extraction. This protocol also allows the recovery of the parent 
acid (Bz7OH) of the anchoring group and phosphoric acid catalyst 

Q16

Q17

Q18

Q19

that remain in the organic phase (Supplementary Fig. 7). We note 
that while reducing




 the SPA loading decreases the enantioselectiv-

ity (Supplementary Fig. 6), slow addition of substrates can revive 
the enantiocontrol, presumably by lowering the concentration of 
the achiral proton source (that is aminomalonic acid) to inhibit the 
background protonation that gives racemic amino acids. Meanwhile, 
the commercial availability of SPA of opposite configurations allows 
access to both natural and unnatural enantiomers of amino acids, 
such as alanine derivatives (+)/(−)-6.

Structurally distinct amino acids have unique functions and our 
method can prepare a diversity of them. The chiral phosphoric acid 
can accommodate extended alkyl chains (7–10) and cycloalkyl (11) 
groups to generate unnatural amino acids, including those isomeric 
to proteinogenic ones, such as norvaline (8) and norleucine (9). The 
approach also




 tolerates more crowded secondary alkyl substituents 

(12), albeit with slightly reduced enantioselectivity. When unsatu-
rated motifs are present in the side chain, they diversify not only the 
shape but also the further modification of the amino acids. As such, 
it is encouraging to find that various types of olefin, including mono-
substituted (13), 1,1/1,2-disubstituted (14 and 15) and trisubstituted 
(16) ones, as well as terminal (17) and internal (18) alkynes, can be 
integrated. Chains with multiple such motifs, including a diene derived 
from geraniol (19) and an enyne (20), are also compatible. Further 
transformations of these olefins and alkynes, such as coupling and 
oxidation reactions, are expected to generate amino acids of higher 
complexity. These functional groups have also been shown to facilitate 
chemical modification of peptides and proteins via metathesis26 or 
click reactions27.

The scope of functional groups stretches beyond unsaturated 
moieties. When a phenyl, indole or phthalimide




 was attached to the 

alkyl chain, unnatural analogues to phenylalanine (21), tryptophan 
(22) and ornithine (23) were formed, respectively. However, we note 
that the reduced enantioselectivity of 23 is proposed to result from 
the imide carbonyls that may interfere with the hydrogen bonding 
between the phosphoric acid and the enol intermediate. Malonic acids 
with a nitrile (24), acetal (25) or azide (26) group can also participate 
to give amino acids that inherit their versatile reactivity. Additionally, 
the acid catalyst operated smoothly on substrates with polyfunc-
tionalized skeletons derived from cholic acid (27) and estrone (28) 
and the stereocontrol remained excellent despite their large sizes. 
We also demonstrated a route from p-methoxybenzyl ether (29) to 
proline (32) that is potentially general, to access natural or unnatural 
cyclic amino acids. More importantly, given the abundant reactivity 
of alcohol (30) and alkyl iodide (31), the pair of intermediates in the 
sequence are of great synthetic value to access other functionalized 
acyclic amino acids as well.

The synthesis of functionalized phenylalanines was also heavily 
investigated, given their prevalence in drugs and their role as a vessel 
to convey special functions to peptides and proteins (Table 1)28. We 
envisioned that the easy availability of assorted benzyl halides and 
their facile substitution reactions would help the asymmetric synthesis 
provide a reliable supply of these amino acids. Indeed, substituents 

Q20

Q21

Q22

Fig. 3 | Synthesis of amino acids with diverse alkyl chainsa. a, Malonate-based



 

preparation of amino acids. Aminomalonic acids bearing the tailored benzamide 
(Bz7) can be prepared on a large scale while the anchoring group is easily 
detached via hydrolysis to give amino acid hydrochloride salts (for example 5). 
Amino acids of both configurations, such as (+)/(−)-6, can be obtained by using 
commercially available phosphoric acids. b, Preparation of alkyl-substituted 
amino acids. The chiral phosphoric acid is tolerant of primary and secondary 
alkyl groups of distinct shapes (7–12). c, Compatibility of the decarboxylation 
with unsaturated functional groups. Aminomalonic acids with unsaturated 
substituents, including diverse olefins (13–16), alkynes (17 and 18), dienes 
(19) and enynes (20), can all participate in the decarboxylation to give the 
corresponding amino acids. d, Accommodation of substrates with a large library 

of functional groups. The diversity of functional groups that can be introduced to 
amino acids is immense (21–28). Meanwhile, cyclic amino acids (for example 32) 
are also accessible using the desymmetrization and subsequent derivatization. 
UAA, unnatural amino acid; Phe, phenylalanine; Trp, tryptophan; Orn, 
ornithine; Ser, serine; DDQ, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone. aUnless 
noted otherwise, the decarboxylation was performed using aminomalonic 
acid (0.2 mmol) and SPA (0.02 mmol, 10 mol%) in 4 ml CPME at 80 °C (see 
Supplementary Section 7 for details). bThe large-scale reaction was performed 
using 2.5 mol% (R)-SPA with 3.0 mmol aminomalonic acid slowly added via a 
syringe pump (see Supplementary Section 7 for details). cThe yield and e.e. were 
obtained after recrystallization.
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of different shapes and electronic properties can all be carried along 
the route to corresponding phenylalanine derivatives (34–44). The 
diversity of functionality that can be introduced is ample. Besides the 
NMR-active fluorides (34 and 42) that are known to assist structural 
studies of proteins29, both partners of the azide–alkyne cycloaddition 

(45 and 48) are compatible. In addition to an enolizable methyl ketone 
(43), the amino acid with a benzophenone motif (46) that was shown to 
enable enzymatic photocatalysis was also obtained30,31. The catalyst’s 
tolerance of aryl nitrile and alkyne, as well as large terphenyl groups, 
allowed us to prepare privileged non-canonical fluorescent amino 
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acids (47–49)32. Substitution patterns (50 and 51) and aromatic rings 
(52–55) other than these para-substituted phenyl groups (34–49) 
are equally well accommodated. We note that




 the couple of fluoro 

substituents in 50 were shown to reinforce C−H-π interactions within 
peptides by enhancing the acidity of aromatic hydrogens33. Meanwhile, 
the ortho-iodide motif (51) would help derivatize the phenylalanine core 
via cross coupling. Malonic acids with a naphthalene (52 and 53) or het-
erocycle (54 and 55) can also decarboxylate to give non-proteinogenic 
amino acids. Notably, slight reduction in stereocontrol can




 be observed 

when an ortho substituent is present (for example 51 and 53), presum-
ably due to the steric repulsion inside the catalyst pocket. Nevertheless, 
a simple recrystallization can enhance the enantiopurity without a 
large loss of yield.

Synthetic applications
Isotope-labelled amino acids are also accessible (Fig. 4a). These struc-
tures are in high demand given their diverse applications across several 
fields, including proteomics, pharmacokinetics and diagnostic radiol-
ogy34,35. The decarboxylation-based synthesis can provide a modular 
approach that is highly flexible regarding the identity of isotopes and 
the targeted positions in amino acids. For example, the α-13C and 15N 
isotopes can be introduced via a condensation reaction to an oxime 

Q23

Q24

using labelled diethyl malonate or sodium nitrite, followed by reduc-
tion and benzoylation to α-13C- or 15N-4. On the other hand, the labelled 
side chains can be readily connected via substitution, as demonstrated 
by the preparation of d3-56. Subsequently, all three labelled malonic 
acids were decarboxylated under acid catalysis to give enantio- and 
isotope-enriched alanines (57–59).

The alkyne- or azide-substituted amino acids generated in our 
study (17, 26, 45 and 48) can rapidly conjugate with biologically active 
cores, reflecting their potential application in discovering new amino 
acid- or peptide-based therapeutic agents (Fig. 4b). With a generic 
copper catalyst, the cycloaddition




 between the propargyl group in 17 

and the azide motif in zidovudine proceeded smoothly (60). Another 
amino acid–antiretroviral drug conjugate was prepared from the 
azido-containing product (45) and propargyl-tethered lamivudine 
(61). Saccharides and amino acids can also connect using the same 
strategy (62).

Besides serving as anchoring groups, the 3-alkoxy-4-nitrobenz 
amides, once reduced to anilines, are often found in bioactive  
small molecules and peptides owing to their capability of imitating 
the α-helix conformation (63, Fig. 4c)36. Thus, a representative route 
towards these motifs was devised. Starting from the tailored ami-
nomalonic acid (64), the asymmetric decarboxylation using (S)-SPA 

Q26

Table 1 | Diverse preparation of functionalized phenylalanines
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Unless noted otherwise, the decarboxylation was performed using aminomalonic acid (0.2 mmol) and SPA (0.02 mmol, 10 mol%) in 4 ml CPME at 80 °C (see Supplementary Section 7 for 
details). aThe yield and e.e. were obtained after recrystallization. AA, amino acid; Bn, benzyl; CnF, cyanophenylalanine; EnF, ethynylphenylalanine; BpF, biphenylphenylalanine.

http://www.nature.com/naturechemistry


Nature Chemistry

Article https://doi.org/10.1038/s41557-023-01362-3

afforded an unnatural alanine motif (65) to serve as the C-terminus of 
the helix mimetic. Subsequently, the N-terminus was unmasked by a 
hydrogenation of the nitro group (66). The following acylation and 
ester hydrolysis produced DNA gyrase B inhibitor (67)37.

Mechanistic and density functional theory studies
Analysis of initial rates (Fig. 5a) showed that the decarboxylation fol-
lows first-order kinetics in the malonic acid (S6) but is zeroth order 
with respect to the acid catalyst (SPA). Meanwhile, the lack of lag and 
exponential phases of product growth, as well as the constant enanti-
oselectivity throughout the whole reaction (Supplementary Fig. 12), 
excluded the rare possibility of autocatalysis and autoinduction38. 
Overall, these kinetic data are consistent with a rate-determining 
self-decarboxylation followed by an enantio-determining phosphoric 
acid-mediated protonation. Indirect evidence of this scenario was also 

obtained (Fig. 5b). When a racemic



 half acid (68) was reacted with SPA, 

enantioenriched amino ester (69) was generated but the recovered 
half acid (70) remained racemic, indicating the irrelevance of the CO2 
extrusion step in the enantiocontrol.

Density functional theory (DFT) calculations were also carried 
out (Fig. 5c). Computational studies with substrate S6 suggest that the 
self-decarboxylation via transition state TS-1 requires a 1.2 kcal mol−1 lower 
energy barrier than that of the SPA-catalysed pathway through TS-2S. This 
demonstrates




 that the monomolecular self-decarboxylation pathway is 

more favoured. The lower energy barrier of self-decarboxylation can be 
attributed to the multifold hydrogen bonds in the bicyclic bridged-ring 
structure of TS-1. The amide group plays a critical role in promoting 
the decarboxylation by forming hydrogen bonds with the proton and 
renders TS-1 distinct from conventional six-membered cyclic transition 
states (Supplementary Figs. 13 and 14). Moreover, the theoretical studies 
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
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be introduced via an early-stage oxime formation, while the labelled side chains 
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alanine residue. aThe yield and e.e. were obtained after recrystallization.
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corroborate the experimental results that the decarboxylation is the 
rate-determining step as the following SPA-mediated protonation of 
enol Int-1 has a lower energy barrier (see below, Fig. 6).

Notably, the DFT-optimized structure of TS-1 also correlates with 
the findings from the screening of the amine anchoring group (Sup-
plementary Fig. 5). As can be seen from the Hammett plot (Fig. 5d), the 
negative ρ value matches the hydrogen bonding between the amide 
carbonyl and the acid proton in TS-1 that builds up positive charge at the 

ipso carbon. Besides tuning the rate of decarboxylation, these secondary 
benzamides also play a profound role in enantiocontrol (Fig. 5e). Control 
experiments using phenylmethylmalonic acid (71) or malonic acids with 
a tertiary amide motif (72 and 73) all gave largely inferior enantioselectiv-
ity, indicative of the indispensable participation of the secondary amide 
and its proton in the protonation inside the acid pocket.

DFT studies have witnessed a N–H···O hydrogen bond formed 
between the amide and the phosphoric acid in SPA-catalysed 
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Fig. 5 | Mechanistic experiments and consideration. a, Kinetics of



 the 

decarboxylation. The decarboxylation expresses first-order kinetics in malonic 
acids and the initial rate is irrelevant to the concentration of chiral phosphoric 
acids. These data are consistent with a rate-determining CO2 extrusion in  
the absence of acid catalysts. b, Decarboxylation of a monoacid. The reaction 
of malonic ester half acid (68) generated chiral decarboxylation products but 
recovered racemic reactants, which serves as indirect evidence for the pathway 
of self-decarboxylation followed by SPA-mediated protonation. c, Pathways  
of CO2 extrusion. Computational study of the decarboxylation of S6. Both 
the SPA-mediated decarboxylation and the self-decarboxylation (without 

SPA) pathways are explored. The latter were proved to be more favoured, 
being consistent with mechanistic experiments. All energies were calculated 
at the M06-2X/6-311 + G(d,p)/SMD(CPME)//M06-2X/6-31 G(d,p) level of 
theory. d, Electronic effects of the anchoring group. The Hammett plot of the 
substituents on the anchoring group showed a negative ρ value, indicating a 
positive charge build-up during the CO2 extrusion that is consistent with TS-1. 
e, Control experiments using three tailored malonic acids. The decreased 
enantioselectivity of the control experiments using three substrates (71–73) 
demonstrated the indispensable role of the secondary amide motif (that is 
NHBz7) in enantiocontrol.
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energy profile




 for the protonation. The SPA-mediated protonation through 

TS-3 is determined to be the enantiocontrol step. b, IGMH analysis of the non-
covalent interactions in TS-3. TS-3S has more hydrogen bonds and a stronger 
π···π interaction. c, Illustration of the numbers of major non-covalent interactions 
in enantiomers of TS-3. TS-3S has more dispersion forces and a stronger π–π 
interaction. d, Quantitative steric–electronic effect dissection using energy 
decomposition analysis based on absolutely localized molecular orbitals (ALMO-
EDA) for the quantitative evaluation of ligand–substrate interactions on the 
enantioselectivity. The structure of the transition state was separated into the 

SPA fragment and the enol fragment in EDA. EDA calculations along the intrinsic 
reaction coordinate (IRC) of protonation were performed and the comparison 
of results between TS-3R and TS-3S at a C–H distance of 1.38 Å (observed in 
TS-3S) is shown here as an example to show the dominating role of the dispersion 
interaction. The corresponding structure of TS-3R with a C–H distance of 
1.38 Å is obtained through IRC fitting based on cubic spline interpolation. See 
Supplementary Figs. 16–19 for details and extended explanation. The solvent 
effect is considered in an implicit manner using the solvation model density 
(SMD) solvation model (Supplementary Table 1 and Supplementary Fig. 19).
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protonation transition states TS-3S and TS-3R (Fig.  6). This 
SPA-catalysed protonation pathway




 is kinetically favoured over 

the diacid S6-involved self-catalysis pathway (via TS-5a) and the 
intramolecular 1,4-hydrogen shift pathway (via TS-5b). More 
importantly, the SPA-catalysed protonation is proved to be the 
enantioselectivity-determining step and the following proton transfer 
through TS-4 is barrierless (Fig. 6a). The computational results indicate 
that the activation free energy of TS-3S is 6.7 kcal mol−1 lower than that 
of TS-3R. The calculated energy difference suggests a much higher 
enantioselectivity than the experimental result (see above, Fig. 2, 94% 
e.e.). This may be due to




 the limitations of the implicit solvent model 

in fully simulating the steric and electronic properties of cyclopentyl 
methyl ether (CPME). Particularly, as ethereal CPME can catalyse pro-
ton transfer, the background protonation to racemic products may 
proceed more easily than the calculated barriers (that is of TS-5a and 
TS-5b) indicate.

To unravel the origin of enantiocontrol, the independent gradient 
model based on Hirshfeld partition (IGMH)39 was used to study the 
non-covalent interactions between the SPA fragment and the enol frag-
ment in both TS-3S and TS-3R. Various interactions between




 fragments 

are visualized in Fig. 6b and the numbers of interaction pairs are tabu-
lated in Fig. 6c. A wider green surface between the aromatic rings, which 
represents a stronger π···π interaction, is observed in TS-3S between 
the electron-deficient benzene of the benzoyl anchoring group and the 
mesityl side arm of SPA (Fig. 6b). Moreover, two more pairs of C–H···X 
(X = O, F) interaction exist in TS-3S than in TS-3R (Fig. 6c). Notably, 
the electrostatically positive methylene and negative fluorine on the 
fluorinated alkoxy side chain (that is –OCH2CF2CF3 of Bz7) are spatially 
well contacted with the phosphoric acid. Particularly in the favoured 
transition state (TS-3S), the alkoxy chain on the anchoring group is 
closely embedded in an open pocket composed of a pair of methyl 
groups from mesityl substituents (c2 and c4), two oxygen atoms of the 
acid motif (c3 and c5) and a methylene group on the spirocyclic back-
bone (c1) via five pairs of dispersive interaction (Fig. 6c). Though weaker 
than hydrogen bonds, the large number of these dispersion forces from 
the tailored benzoyl anchoring group (Bz7) prove indispensable to the 
excellent level of enantiocontrol (see above, Fig. 2).

Furthermore, energy decomposition analysis based on absolutely 
localized molecular orbitals (ALMO-EDA)40–46 was conducted to quan-
titatively evaluate the effect of different ligand–substrate interactions 
on the enantioselectivity. Comparison of the EDA results between 
TS-3R and TS-3S reveals that the more stabilizing dispersion interac-
tion in TS-3S is the dominant factor controlling the enantioselectivity 
(Fig. 6d). According to previous




 studies exploring the nature of weak 

interactions, C–H···X interactions are claimed to be mainly from dis-
persion and the electrostatic effect47 while π···π interaction is mainly a 
dispersion effect48,49. Thus, the ALMO-EDA result provides a quantita-
tive complement for the qualitative IGMH analysis. Collectively, they 
clarify that the enantiocontrol stems from the more favoured disper-
sion induced by the stronger C–H···X and π···π interactions in the enol 
protonation step, primarily between the anchoring group and the acid  
catalyst.

Conclusion
We have demonstrated




 that a tailored benzamide motif can be installed 

on aminomalonic acids to induce multiple types of noncovalent interac-
tion, including hydrogen bonds, π–π stacking and dispersion forces, 
with chiral phosphoric acids. The joint effects of these weak interactions 
proved indispensable to fix the enol intermediate inside the catalyst 
pocket and create a kinetically favoured pathway for protonation and 
thus allow an asymmetric decarboxylation to chiral amino acids. This 
study indicates that besides conventional catalyst modification, the 
use and structural optimization of anchoring groups on reactants could 
serve as an important tool to enhance catalyst–substrate interaction 
and thus unlock elusive reactivity and selectivity.
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Methods
General procedure for asymmetric decarboxylation
To an oven-dried 25 ml Schlenk




 tube was added the malonic acid 

(0.2 mmol, 100 mol%) and (R)-SPA (11.0 mg, 0.02 mmol, 10 mol%, pur-
chased from Daicel Chiral Technologies and used as received). The flask 
was sealed with a rubber septum and evacuated/refilled with nitrogen 
three times. Then 4 ml CPME was added to the tube via a syringe under 
a nitrogen atmosphere and the reaction mixture was stirred at 80 °C 
for 5–20 h. After the reaction mixture was cooled to room temperature, 
0.8 ml MeOH and 0.8 ml 2 M TMSCHN2 (800 mol%) were added to the 
reaction mixture, which was stirred for an additional 1 h. The solvent 
was removed under reduced presure and the filtrate was purified by 
flash column chromatography (hexanes/ethyl acetate) to obtain the 
decarboxylation product.

Data availability
The data supporting the findings




 of this study are available within the 

paper and its Supplementary Information. Crystallographic data for 
compound (+)-6 has been deposited at the Cambridge Crystallographic 
Data Centre (CCDC) under deposition no. CCDC 2206851. These data 
can be obtained free of charge from the CCDC (http://www.ccdc.cam.
ac.uk/data_request/cif). Source data are provided with this paper.
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